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PREFACE

Before you, lies the dissertation entitled as “Strongly correlated Transition Metal Oxides:
Synthesis, Structure, Magnetic, Dielectric and Dynamical properties” the basis of which is
the investigation and study over the field of new single phase multiferroic materials in the
category of transition metal oxides. The present dissertation has been written to fulfill the
graduation requirements for the degree of Doctor of Philosophy from the department of
Materials’ Science and Engineering of the University of loannina in cooperation with the
Institute of Electronic Structure and Laser (IESL) of Foundation for Research and
Technology-Hellas (FORTH) located in Heraklion, Crete.

The present thesis has been motivated by the revival of interest on multiferroic materials
where competing magnetic interactions may lead to coupling of electric and magnetic
order which further allows the utilization of such fundamental mechanisms to multiple
technological applications. The so called “d° vs d” problem” which makes the simultaneous
coexistence of a magnetic moment and charge dipole nearly impossible and as a result, the
existence of single phase multiferroics non-trivial, has set the challenge and initiated an
investigation over whether multiferroism can rely in d-electron magnetism having

ferroelectricity induced through a geometrical route.

The will to uncover such highly sought materials while pursuing fundamental study of the
driving mechanisms of magnetoelectricity guided me to focus my research on polymorphs
of the geometrically frustrated NaMnO, system in order to answer my queries. My
research question and the path to the final results has been formulated together with my
supervisors Dr A. Lappas and Prof I. Panagiotopoulos who supported me all the way from
the starting point of the material synthesis, the setting up of the experimental station, the

organization of the experimental process and the analysis of the results.
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ABSTRACT

The discovery of materials with coexisting magnetic and ferroelectric orders, has revived
the interest of condensed matter physics and materials’ science communities maintaining
the great promise of such fundamental mechanisms in devising applications ranging from
portable magnetoelectric (ME) sensors and memories to radar technologies.

The present PhD thesis is a study in the field of strongly correlated systems where coupled
properties arise from the interplay of charge and spin degrees of freedom over lattice
topologies enabling competing magnetic interactions and therefore emergence of coupling
of electric and magnetic order. Non-perovskite, two-dimensional (2D) Na-Mn-O oxides are
revisited in scope of this in both polycrystalline and large single crystal forms.

Among Na-deficient polymorphs, hexagonal a-Nag;MnO, (single crystals) has been
investigated for the first time as a playground of competing interactions due to mixed Mn
valence (Mn** / Mn®"), fostered by Na vacancies in the structure. The competition of FM
(Mn*-Mn*) and AFM (Mn**-Mn®") interactions is believed to be the origin of the
magnetic instability leading to a glassy ground state leaving also their footprint in the
dielectric permittivity measurements.

Competing FM and AFM interactions are also investigated as the origin of the anisotropic
magnetic properties witnessed in a-NayMnO, (x= 0.96) single crystals. Neutron single
crystal experiments show a well-established AFM long range order which vanishes above
26 K while a coexistent canted antiferromagnetic state persists up to 45 K. In both alpha
powders and a-Nag gsMnO- single crystals, the dielectric permittivity suggests the onset of
the commensurate magnetic long range order (T~ 45 K) which in the case of the powders
allows a magnetocapacitance effect.

Compositional modulations in f-NaMnO,, which are depicted as an intergrowth of a- and
B- like oxygen coordinations, are found to trigger a proper-screw magnetic ground state
which evolves into collinear commensurate AFM state. Features in the dielectric
permittivity coincide with the onset of the commensurate AFM order giving away also the
contribution of the a- structural domains.

Further understanding of the mechanisms that dictate the relief of frustrated interactions
and establishment of magnetic order together with the role of structural complexity in the

form of domains or domain-walls is a direction that warrants further exploration as it will



help us to resolve whether other coupled electron degrees of freedom are likely to be
generated in this family of oxides.



INEPIAHYH

H avaxdAivyn vAk®v 6to. 0moio GUVLTAPYEL LOYVNTIKY KOl GLONPONAEKTPIKY TAEN £XEL
AVOTPOPOJOTNCEL TO EVOLOPEPOV GTOV TOUEN TNG PUGIKNG CUUTVKVOUEVNG VANG KoL GTNV
guPHTEPT KOWVOTNTO TNG EMOTHUNG TOV VAKOV EVOOPPUVOVTAG TNV EPELVA LE GKOTO TNV
a&lomoinom OeeM®ODGY PLOIKAOV UNYAVICUDV GTNV ENVONCT TEYVOLOYIKMOV EPUPLOYDV.

H mapovoa ddaxtopikn datpifr| amoterel perAétn oto medio TV 16xLPA GLGYETILOUEVOV
oLGTNUATOV 6OV 01 GVLEVYUEVES 1O1OTNTEG TPOKLATOVY GaV OAANAETIdpacn TV Padumv
elevbeplag tov MAektpoviov (eoptio, d10otpoeopur). H tomoroyio xpvotaAiikon
TAEYLLATOG UTOPEL VAL SIOUOPODOCEL QDTN TV CAANAETIOPOOT EMTPEMOVTOG OVTAYOVICTIKEG
payvnTikés aAAnAemdpacelg kot mboavy cV{ELENS NAEKTPIKNG Ko payvnTikhg Taéng. o
TNV TOPOTAVE UEAETN EMAEXONKAV SLOPOPETIKES TOAVLOPPIKES PAGELS TOL GLGTHIATOG
Na-Mn-O Aoym ¢ €vdoyevong YEMUETPIKNG (LOyVNTIKNAG) OYANGNG OV TPOKLATEL OO
v Tpiymvn T0moAoyio TOL KPLGTOAAKOD TAEYLOTOG TV KATIOVTOV Layyaviov.

Meta&h TV VTOGTOUEIOUETPIKOV o€ NATPIO  TOADUOPO®V TG  OIKOYEVELNG,
povokpvotoAdlot tov  a-Nag7MnO,  avamrtdyOnkav pe okomd TV pHEAETN TV
AVTOYOVICTIKOV GLONPOUAYVITIKOV KOl OVTICIONPOUAYVNTIKOV OAANAETIOPAGE®Y OTMG
AVTEG TPOKVTTOLV AOY® TOV HKTOV G6OEVOLG TOL payyoviov (Mn** / Mn3+). 2mv dmapén
AVTOYOVIGTIKOV OAANAETIOPAGE®V OTOSIOETOL 1] LOYVNTIKT AGTADELD TOV GLGTHILOTOG TTOV
odnyel og Pacikn KATAGTAGT VOADIOVS OTLY OTMG KOl Ol KOVOUOAIES) TOV TOPATPOVVTOL
OTIG LETPNOELS OMAEKTPIKNG oTOOEPEC.

Ou 1d1eg avtayoviotikés arAniemdpdoelg eetdlovior ¢ otti TG OVICOTPOTIKNG
HOYVNTIKAG  CULUTEPLPOPAS TV  KPLoTAAA®wV  0-NaggsMnO,. Ilepdpoata okédaong
VETPOVI®OV OMOKAAVTTOLV TNV £YKABIOPLOT CUUUETPNG OVTIGIONPOUAYVNTIKNG TAENG otV
Bepelmon katdotaon n omoio eapaviletar v and Toug 26 K evd cuvumdpyovoa
oTpePAOUEVT] avTIGONPOUAYVNTIKY Katdotaon empével péxpt tovg 45 K. Acbevy
eawvopeva oty Bgpuokpactoky] eEEMEN TG dmAekTpikng otabepds epeavifovtor ot
onuelo poyvntikng petdfoong otnv coppetpn Kotdotaon pokpdg eupéreag ( LRO)
emonpaivovtog o0Cevén HeTaED NAEKTPIKNG KO LOYVITIKNG TAENC.

2NV TEPITTMON TOL GTOLYEIOUETPIKOV TOAOHOopPov B-NaMnOy, 1 evodliaynq oty dmapén
LUIKPOSOUKADV TEPLOYDV TOV OVIKOVV KOt 6T 2 TOAVHOpPO. (- , B-) OHOPPOVEL Lia

DepleMdON KOTACTOON EMKOEWOOVG OMV EVEM KOL GE VTN TNV TEPIMTOOT OMAEKTPIKES



«OVOUOALEG»  ovvaviovior oty Ogppokpocio  eykabidpvong TG GOUUETPNG
AVTIGIONPOUOYVITIKNG TAENG.

[Tepartépm KaTOVONOT TOV UNXOVICU®V 7OV VLIAYOPEHLOLY Apom TG OYANonG Kot
eykafidopvon HoyvnTIKNG TAENG KOOMC Kol 0 pOAOG TNG KPLOTOAAIKNG OVOLOLOYEVELNG
amoterel medio ocvveyllopevng €pevvag Kot Umopel vo 00MYNoEL OTNV KATOVONGT TOL
Tpomov oVlevéng Podumv ehevbepiog culgvypévov NAEKTPOVIOV Kal TmG avtd umopel va

00MYNoEL 6 GVLEVEN NAEKTPIKTG KO LOLYyVNTIKNG TAENG O QUTIV TV O1KOYEVELD 0EEDIMV.
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holder area has not been fully covered with sample powder). The green arrows represents the
reflection 011 as defined by Billaud et.al [7] ....cccooveiiiiiiieie e 175

Figure 5-3 X-ray-powder diffraction pattern of the feed rod (black line) and a crashed crystal boule
(red line) of #11 single crystal batch (table 3-5). Green ticks represent the 15769 card of 3-NaMnO,
and turquoise ticks are attributed to a-Nay7MnO, phase. Impurities of $-Na, ;MnO, phase (magenta
arrow) are observed in the phase of the grown crystal. ... 176

Figure 5-4 X-ray-diffraction patterns of a crystal flake of #5 batch (black line) and of the empty

sample holder (gray line). Turquoise ticks represent a-Nay;MnO, as presented by Parant et. al [1].

Figure 5-5 (a-b) Actual picture of boule and cleaved flakes and Laue photograph of the flat side of
flake of batch #5. The Laue photograph match the simulation pattern of (001) plane of hexagonal
ST 04 (o2 o7=] | TR 178

Figure 5-6 (a) Laue photograph of the flat side of a cleaved flake of batch #5 (b) Laue photograph
of the flat side of a cleaved flake of batch #12. Both photographs are identical and match the

simulation pattern of (001) plane of hexagonal P6s/mmc Cell. ... 178

Figure 5-7 Precision picture of reflections of (a) Okl plane , (c) hOl plane and (e) hkO plane and
simulation using the P63/mmc hexagonal cell in view direction (b) [001], (d) [010] and (f) [001].

Figure 5-8 Schematic of the P6s/mmc hexagonal structure of the crystals a-Nay;MnO,; projections
in the (@) ac plane showing the alternation of layers between the MnOg octahedra and the Na

cations in a prismatic site revealing the P2 stacking SEQUENCE. ...........cocerereiieinienisine e 183

Figure 5-9 Schematic of the P63/mmc hexagonal structure of the crystals a-Nag;MnO,; projections
in the ab plane where the triangular topology of the Mn is clear. The MnOg octahedra is non Jahn-
Teller distorted. Mn is represented by purple spheres and Oxygen with red. .........ccccevvvvviierennne. 183

Figure 5-10 SEM image depicting (a) the layered morphology of the as-grown crystal flake of a-
Nag7MnO,, (b) a close-up view of the stacking layers. Inset in (a) is the EDS pattern revealing a
NAIMINT 0,68, ...ttt b e b e e bt e b e e e e be e nte e nreenreennaeanrs 186

Figure 5-11 A close up of the surface of a flake with a surface stoichiometry ratio of Na:Mn =

Figure 5-12 X-ray photoelectron spectra (XPS) showing the fitted deconvolution of (a) the main
Mn 2p;, peak, and (b) the main Na 1s peak for the same crystal flake; for the component curves
see main text. Comparing the area ratio of the fitted XPS data provides an estimate of the
Mn*":Mn*" (ca. 2.5:1) and Na:Mn (ca. 0.56:1) surface elemental ratios...........c..ccccoeeevrererrrnnnns 188
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Figure 5-13 Cleaved crystal flake of a-Nay,;MnO, mounted in two different orientations for
magnetization measurements. From left to right are presented: orientation of the flat surface of the
crystal flake, mount on holder with H field in parallel with the [001] direction, mount on the holder
with the H field perpendicular to the [001] direction (details in texXt).........c.ccooevviviiiiiiniencnenenen. 190

Figure 5-14 ZFC-FC susceptibility measurements of a single crystal a-Nay;MnO, flake at two
selected orientations (H/c left panel in blue and H-L ¢ right panel in black), at applied field of 100
Oe. The insets in (), (c) present the zoomed area of susceptibility, where the start of the bifurcation
and the broad feature are indicated. The dashed vertical lines from right to left, are indicative of the
maxima of the broad hump (T¢) and the sharp peak (Ty) respectively. Red arrows point at the start
of ZFC-FC bifurcation in €ach Orientation. ...........cccooeeieieiniisse e 191

Figure 5-15 ZFC-FC susceptibility measurements of a single crystal a-Nay;MnO, flake at two
selected orientations (H//c left panel and H-L c right panel), at applied fields of 10 kOe. The insets
present a zoom of the bifurcation in the low temperature area. ...........c.ccoevereieeinienieneneseseens 192

Figure 5-16 Magnetization measurements of single crystal a-Nap;MnO, flake at two selected
orientations. M(H), hysteresis loops between applied fields of -20 kOe< H< +20 kOe. ............... 194

Figure 5-17 Top panel: ZFC-FC dc susceptibility measured at 100 Oe in H//c orientation. Middle
panel: ZFC-reference and ZFC-ty curves measured at 5 Oe with the Tw= 22 K, Bottom panel:

“Ageing” or “memory” curve which is the subtraction of ZFC-reference curve from ZFC-ty, curve.

Figure 5-18 Dielectric permittivity of the a-Nag;MnO, crystals measured with the stimulating ac
field in parallel to [001] direction (schematic) at frequency of 100 kHz. Several runs were taken

starting from a ZFC protocol and a series of FC protocols. ..........ccccoeevveiiviiiicvcce e 197

Figure 5-19 Dielectric permittivity of the a-Nag;MnO, crystals measured with the stimulating ac
field in parallel to [001] direction (schematic) at frequency of 100 kHz. Left panel: ZFC run and 1%
derivative, Roght panel: FC 10" run and 1% deriVatiVe. ............cc.couvveeevieerereeeeeseeeseeesesseenesnenn, 197

Figure 5-20 ZFC-FC susceptibility measurements of a) a single crystal a-Nay;MnO, flake at H//c
left panel and b) of polycrystalline powder of Birnessite NaozsMnO, x 0.2 H,O right panel, at
applied fields of 100 Oe and 200 Oe respectively. The insets present the inverse susceptibility in

the case of the crystal H// C OFeNtatioN. ........cccoovviiiriiirieeee e 200

Figure 6-1 Schematic of the C2/m monoclinic structure in the stoichiometric a-NaMnO2;
projections in the (a) ac plane showing the alternation of layers between the MnO6 octahedra and

the Na cations and (b) ab plane where the triangular topology of the Mn is clear. The green and
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blue lines show inequivalent (J1, J2) magnetic interactions along bm and [110]m (subscript m for
monoclinic). Mn is represented by purple spheres, Na with yellow and Oxygen with red............ 204

Figure 6-2 AFM spin configuration represented in the C2/m monoclinic cell of a-NaMnO,. The
spin arrangement consists of AFM chains running along the monoclinic bm axis. In the ambm
plane, the chains are stacked ferromagnetically along the [1-10], direction and
antiferromagnetically along [110],. Coupling between adjacent MnO2 layers along the cm
AIFECHION IS FIML ..ottt 205

Figure 6-3 X-ray powder diffraction pattern of a polycrystalline sample of a-NaMnO, (black
continuous line). The indexing of the Bragg reflections has been done according to the 21028 cif
file of the ICSD data base, which corresponds to the blue vertical lines. The magenta vertical line at
15.7 deg correspond to the 002 peak of the sodium deficient Nay;MnO,. The red arrows are

attributed to reflections of the mylar film. ... 208

Figure 6-4 Examples of 2 different batches. Left panel batch of 1 gr. Right panel batch of 4 gr
(scale up). Bragg peaks of B-NaMnO, (001), a-Nay;MnO,., (002) and B-Na,;MnO, (002) are
detected and represented with green, turquoise and magenta lines respectively. The black arrow
point the peak Of NagMNO . .....c.iiiiiiiiiee s 209

Figure 6-5 XRPD pattern of a mixed batch of a-NaMnO, used as starting powders (black line) and
the same batch sintered (refer to batch #3 in table 3-4) shown in red line. Blue ticks represent the
21028 card of a-NaMnO, and green ticks the 15769 card of f-NaMnO,. Impurities of B-Nay;MnO,
(magenda), MnO (orange) and Mn3O, (grey) are observed both starting powders and sintered rod.
The high background in low angles is the contribution of grease which was mixed with the powder

as a protective media against MOIStUre and OXYJEN. ......c..cveiriririnerieierieeeeeese e 210

Figure 6-6 XRPD pattern of a sintered feed rod used for successful growth (black line) (refer to
batch #9 in table 3-4). Blue ticks represent the 21028 card of a-NaMnO,. Impurities of B-NaMnO,
(green arrow) B-Nay;MnO, (magenda arrow), MnO (orange arrow) are observed. The high
background in low angles is the contribution of grease which was mixed with the powder as a
protective media against moisture and oxygen when there was not available sample holder for air-

SENSITIVE SAMPIES ... ettt ettt e et et eseeete e e saeeneenteaneeeeseeeneeseeens 211

Figure 6-7 XRPD pattern of a crashed crystal boule of #9. Blue ticks represent the 21028 card of a-
NaMnO, and green ticks the 15769 card of B-NaMnO,. Impurities p-Nay;MnO, (magenta arrow),
MnO2 (black arrow) are observed. Red arrows point out the mylar contribution of the sample
410] [0 1= USSP TSP PP 212
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Figure 6-8 a) Laue photograph of the boule facet and b) Laue photo of the flat side of a cleaved
flake, both matched with the simulation pattern of (-202) plane of monoclinic C2/m produced with
CIYSTAI IMKET . ...t bbbttt b e 213

Figure 6-9 (a-b) Laue photograph of the flat side of a cleaved flake of batch#9 and the actual
picture of the flake. (c-d) Laue photograph of the flat side of a cleaved flake of batch #8 and the
actual picture of the flake. Both photographs are identical and match the simulation pattern of (-
202) plane of monoclinic C2/M Cell..........ooiiii e e 214

Figure 6-10 Precision picture of reflections of (a) Okl plane , (c) hOl plane and (e) hkO plane and
simulation using the C2/m monoclinic cell in view direction (b) [001], (d) [010] and (f) [001]. The
gray arrows point out reflections of weaker intensity that could not be indexed by the C2/m cell, the
light blue arrows point systematic absences of the C-centered unit cell while the red arrows point at

examples of multiple refleCtions PEr SITE........cciii i e e 216

Figure 6-11 Precision picture of reflections of Okl plane and simulation using the (a) C2/m
monoclinic cell and (b) Pmmn orthorhombic cell in view direction [100] . The light blue arrows
point out reflections of weaker intensity that would either belong to another lattice anda have been

well indexed with Pmmn or were indexed as systematic absences with a blue X. ..........c.ccccccoee.. 218

Figure 6-12 SEM image depicting (a) the layered morphology of the as-grown crystal flake of a-
Nag.gsMnO,, (b) a close-up view of the Stacking layers ..o viviieiii i 221

Figure 6-13 A close up of the surface of a flake that initially had a surface stoichiometry ratio of
Na/Mn = 0.96/1 taken on 3 different dates having the flake exposed at ambient conditions. (a) 26"
April, (b) 27" April, (c) 24" May of the same year. The tables on the top right corners present the
EDS results for Na and Mn relative proportions (AOMIC %0) .........coveerereieieieiiesese e 222

Figure 6-14 SEM picture through a developed cracked after 1 month of exposure at ambient
conditions of the flake with initial Na/Mn = 0.96/ 1 ratio. (a) x2700 zoom and (b) x20000 zoom in
the inner part of the crack. EDS spectra reveals reduced amount of Na in the interior of the crack
(Atomic %: Mn=82.11, Na= 6.71, C= 11.18). ...ccciiriririieresieeeeinie et 223

Figure 6-15 SEM image depicting (a) the layered morphology of the as-grown crystal flake of a-
NaggsMnO,, (b) a close-up view. X-ray photoelectron spectra (XPS) showing the fitted
deconvolution of (c) the main Mn 2p3, peak, and (d) the main Na 1s peak for the same crystal
flake; for the component curves see main text. Comparing the area ratio of the fitted XPS data

provides an estimate of the Mn*:Mn** (ca. 0.14:1) and Na:Mn (ca. 0.96:1) surface elemental ratios.
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Figure 6-16 X-ray photoelectron spectra of three as-grown specimens (Table 6-2), showing the
fitted deconvolution of (a-c) the main Mn 2p3, peak for the three chosen crystal flakes and (d-f) the
corresponding Na 1s peak for the same crystal flakes. ... 226

Figure 6-17 (a) Two-phase Le Bail refinement of the synchrotron X-ray diffraction data (300 K)
from a pulverized a-NayesMnO, single crystal; observed (circles), calculated (black line) and
difference (bottom) profiles are shown. Vertical ticks indicate the predicted reflection positions in

the monoclinic P2/m (top set) and orthorhombic Pnmm cell settings (bottom set). ...................... 227

Figure 6-18 Multi-phase refinements of the synchrotron X-ray diffraction data (300 K) collected on
a pulverized single crystal of o-NagesMnO,; observed (circles), calculated (black line) and
difference (thick line at the bottom) profiles are shown. Vertical ticks indicate the predicted
reflection positions in (a) two-phase Le Bail model assuming the monoclinic C2/m (top set) and
orthorhombic Pnmm cell settings (bottom set) (b) two-phase Le Bail model assuming the

monoclinic C2/m (top set) and tetragonal | 41/md of Mn304 cell settings (bottom set)............... 228

Figure 6-19 (a) Two-phase model where the monoclinic P2/m (top set) phase is treated by the
Rietveld method and the minority orthorhombic Pnmm phase (bottom set) by the Le Bail approach;
(b) three-phase Le Bail model assuming a majority, monoclinic C2/m (top row), hexagonal a-
Nag7MnO, (P6s/mmc; middle row) and orthorhombic B-NaMnO, (Pnmm; bottom row) type of
polymorphs. Quality of fit factors and lattice parameters are compiled in Table 6.1. ................... 229

Figure 6-20 Schematic of the refined P2/m monoclinic structure in a-NaggsMnO,, projected in the
ac- (a) and ab- (b) planes. The distorted oxygen coordination environment for neighboring Mn-sites
is depicted by alternating color-shading of the MnOg octahedra in the [010] direction, while
intercalated Na-cations are represented by gold/yellow-colored spheres. The interlayer Mn-Mn
separation is marked (a), and the differing Mn-oxygen apical (O,,) and equatorial (Og,) bonds of
the in-plane spatially anisotropic triangular lattice are portrayed (b)......c..ccoovrivevieriveienieneerienenn, 230

Figure 6-21 ZFC-FC susceptibility measurements of a single crystal a-NagesMnO, flake at three
selected orientations (a- b- c; top raw of sketches), at applied fields of 100 Oe (left panel) and 10
kOe (right panel). The insets present the 1% order derivative of the ZFC susceptibility................. 237

Figure 6-22 Indication of a spin-flop transition in dc-susceptibility of a-Na0.96MnO2 crystals

measured in b and ¢ directions as SNOWN N the INSEITS. ......vvveeiieeeee ettt r e ee s 238

Figure 6-23 Magnetization measurements of single crystal a-NagssMnO, flake at three selected
orientations. M(H), hysteresis loops between applied fields of -20 kOe< H< +20 kOe. The small
decrease in the saturation magnetization in panel (f) (small red arrow) indicates the evolution of a

SUDLIE COMPELING PrOCESS. ... veieeiiieie ettt ettt ettt e et e e steete e e saeeneenteaneeeeseeeneeseeenen 239
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Figure 6-24 Temperature evolution of the hysteresis loops’ parameters for a single crystal o-
NagesMnO, flake. The saturation magnetization (Ms), remnant magnetization (Mg) and coercive
field (Hc) at selected orientations, b (inset, left panel) and ¢ (inset, right panel). The small decrease
of the Mg for c orientation (bottom panel) is an indication for the development of competing
ProCESSES DEIOW 26 K. ...t 240

Figure 6-25 Susceptibility measurements of parent powders and single crystal flake in 3 selected
orientations (a), (b)& (c). (a- d) Low temperature plateau (e- h) broad bump around 200 K related

£0 [oOW-AIiMENSIONA] AFM INTEIACTIONS. .. ..vvveieieeeite ettt e st e et e e e s e e e s st e s aesb et essarreeesassreeessanres 241

Figure 6-26 The red arrow and circle corroborate that the non-zero scattering at d~ 2.87 A, while o-
NaggsMnO, is still in the paramagnetic state (T> 45 K), originates from the nuclear structure; it is

indexed as 010 on the basis of the P2/m monocliniC CeIL..........ocoveeoveieeeeeee e 243

Figure 6-27 Temperature evolution of the intensity of the a-NageMnO, neutron diffraction peaks
in a limited d-spacing section (left panel) and the integrated intensity versus temperature (right
panel) for the main scattering features of magnetic origin.] (a), (d): Bragg peak at the (010) lattice
position. The intensity of the nuclear reflection is subtracted and only the magnetic contribution is
presented. (b), (e): Bragg peak at the (%2 %2 0) lattice position. (c), (f): The broad asymmetric
scattering (diffuse) around the (12%20) lattice point indexed as (Y2 %2 1). Red lines represent the fit to
TNE AALA (SEE TEXL). 1.eiteeitii et bbbttt 244

Figure 6-28 Reciprocal space intensity maps of a-NaggsMnO; in the HKO (a, ¢) and in the %2 KL
(b, d) lattice planes at (a, b), 35 K (¢, d) and 1.5 K; x and y axes are presented in reciprocal lattice
units (r.l.u.). The 2D character of the coexisting magnetic scattering is depicted by means of the
elongation of the diffuse component along the L direction. At the base temperature (b, d), the
strong increase in intensity at the L= 0 position indicates the increase of the spin-correlation length.
The subscripts of the Miller indices at the scattering features of the maps, point to either nuclear (n)

or magnetic (M) peak CONLIIDULIONS. .......coiiieii ittt ens 245

Figure 6-29 Magnetic-field dependence of the (010) reflection at 1 K (b) and 50 K (c) respectively.
The progressive intensity saturation at 1 K is in line with the weak-ferromagnetic character of the
OFAEIEA SEALE. ...ttt b et r et n e ettt b e nn e ren e 247

Figure 6-30 Magnetic field dependence of the scattering features at 1 K and 50 K, for (a, b) a well-
shaped sharp peak indexed at the (2 %2 0) lattice position in P2/m cell system and (c, d) a diffuse
scattering contribution in the vicinity of (2 %2 0) Bragg position, described as (2 Y2 1)................ 248

Figure 6-31 (a) A d- spacing section of the single crystal neutron diffraction patterns as a function
of temperature. Intensity of AFM peak with propagation vector k =% % 0 (contour plot on the left)

being at least 1 order of magnitude more intense than the FM peak described by propagation vector
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k; = 0 0 0 (contour plot on the right). Both contributions are indexed in P2/m monoclinic system
(b) Temperature evolution of the integrated intensity of the two different magnetic regimes indexed
in ky;= 000 (FM- black spheres)) and k = %42 %2 0 (AFM- red spheres) suggesting a coexistence of
both FM and AFM orders as temperature goes below 26 K. The existence of the plateau of the
weak FM contribution (gray spheres below 26 K) confirms that only a fraction of the magnetic
MOMENTS OFET AFM. ... ettt et e te e esae s e besneeneeseeaneeneeanen 249

Figure 6-32 Proposed magnetic models for (a) the k;= (000) component, (b) the antiferromagnetic
k= (%2 % 0) state, and (c) a likely low-temperature ferrimagnetic stripe-like structure; plus and
minus signs indicate the spin-orientation at adjacent Mn-sites, while the different colors indicate
the symmetry in-equivalent magnetic sites. For clarity only one triangular Mn-layer is shown,
assuming a ferromagnetic stacking sequence along the c-axis, for both propagation vectors. The
magnetic space group and the associated irreducible representations are also given for each spin

(ot0] 01 110 TN T = 1o o PSSR 251

Figure 6-33 Dielectric constant (&') (black symbol-left Y-axis) and dielectric loss (black thin line-
right Y-axis) of a-NaMnO, measured with a ZFC protocol at 1 kHz, applying 1600 V/m upon
heating. The inset on the &', (T) shows the weak feature observed below 50 K.........c..cccccvvvrenee. 255

Figure 6-34 Dielectric constant and dielectric loss of a-NaMnO, measured at low frequency area:
111 Hz, 1 kHz, 20 kHz. Inset shows the low temperature feature. ..........cccccevvvveierenieeiesieecese s 256

Figure 6-35 Two different runs of Dielectric constant measured at 1 kHz (left panel) and 100 kHz (
right panel) with Vrms= 1600 V/m. (Top panel) Dielectric constant against temperature. (Bottom

panel) 1% derivative curves calculated from dielectric constant against temperature. ................... 257

Figure 6-36 Dielectric constant of ¢(T) of a-NaMnO,, measured upon heating at 1 kHz under
applied magnetic fields from 0 T- 14 T. Top panel: The whole temperature range. Bottom panel:
low temperature area of the same measurement zoomed in. The measurement under zero (0 T)
magnetic field was carried out twice: first before the application of the magnetic fields, represented

with the turquoise and second in red, after the magnetic fields have been applied........................ 258

Figure 6-37 Left-bottom axes (black): Ae’ (%) calculation against Temperature for H= 14 T
showing the maximum change in the values of dielectric constant with the application of the
external magnetic field. The MDE is of 0.05 % at 47 K. Right-top axes: shift of the critical
temperature Ty with respect to the applied magnetic fields. Ty refers to the temperature where the

AIlECtriC CONSLANT 1S MAXIMUM. 1.eeeiteeiie ettt ettt e e e e e sttt eeseseee e ereeesssasesereeereeesssasesnreeereeesssaesnreees 259

Figure 6-38 Dielectric permittivity of the a-NagesMnO, crystals measured parallel to [-202]
direction (schematic) at 2 different frequencies of 20 kHz (orange) and 100 kHz (red). The inset

show the 1* derivative of the dielectric permittivity measured at 20 KHZ. ..........ccccoevvvvevrvennnnns 261
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Figure 6-39 Dielectric permittivity of the a-NagesMnO, crystals measured parallel to [-202]
direction at f= 100 kHz (red). The inset show the 1% derivative of the dielectric permittivity
MEASUrEA At 100 KHZ. ....oeeeeiceeeie ettt e s s e e s s b b e e e s s b b e e e s sab e e e e s sbbeeessbbnnesins 262

Figure 6-40 The thermal evolution of the magnetic scattering at d~ 5.05 A; the diffuse component

precedes the growth of the Bragg contribution at the (V2 %2 0) commensurate lattice position. ..... 264

Figure 6-41 Schematic of Mn-spin canting (ab-plane view), a possibility due to non-negligible
hole-concentration (n) in the off-stoichiometric a-NayMnO, (n= 1-x). According to Ouyang et

al [33]a weak ferromagnetic component is expected to develop along the b-axis of the monoclinic
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Chapter One: Introduction

With the term “Strongly correlated materials” we refer to a wide class of compounds often
emerging unique and unusual physical properties while offering a strong technological
potential. In such materials the ability to exhibit magnetism, to conduct electricity and heat
is fundamentally linked to the electronic dynamics and interactions with the atomic nuclei
and other electrons. On the same side, the discovery of materials with coexisting magnetic
and ferroelectric orders, namely magnetoecletrics[1] has revived the interest of condensed
matter physics in materials science communities. More precisely it challenged the design
of systems where electric and magnetic orders could be strongly coupled maintaining the
great promise of such fundamental mechanisms in devising applications ranging from
portable magnetoelectric (ME) sensors and memories to radar technologies [2]. In view of
the broad field of applications, basic research becomes imperative to understand the
principles that may produce the appropriate microscopic processes for ferroelectric and
magnetic order to coexist and be mutually coupled.

1.1 Scope

The present dissertation wishes to uncover such highly sought material-systems where
fundamental studies could be pursued. The main research has been evolved in the field of
the study/characterization of strongly correlated systems where coupled properties arise
from the interplay of charge and spin degrees of freedom over lattice topologies which

enable competing magnetic interactions. In particular, the focus has been on the A"M**O,




(A= H, Li, Na; M= 3d transition metal) mixed-metal oxides, from the family of
delafossites [3] whose properties have enormous potential for future high-capacity Na-ion
re-chargeable batteries [4]-[7] that could meet the needs of intermittent renewable energy
sources while offering solutions for information storage and processing technologies. [8]
Our work has pointed out that non-perovskite, two-dimensional (2D) Na-Mn-O oxides are
good candidates for such a kind of magnetoelectricity so the focus was put on layered
polymorphs of NayMnO, (0.7< x< 1) system which in the case of stoichiometric
compounds, crystallize in a distorted variant of the 3R polytype a-NaFeO, structure (R3m)
due to the deformation of the MnOg octahedra caused by the Jahn-Teller effect, inherent to
the Mn**. Because of this, a-NaMnO, becomes monoclinic (C2/m), the B-NaMnOs,
appears to adopt an orthorhombic cell (Pmnn) while the a-Nap;MnO, crystallizes in the
hexagonal P6s/mmc structure.

Geometrical frustration due to triangular lattice together with the existence of mixed
valence of Mn (Mn*/ Mn*") introduced a palette of competing interactions that frame the
anisotropic properties of the systems through lattice distortions. More specifically, Jahn-
Teller effect favors the formation of anisotropic structures and consequently of anisotropic
transport and magnetic properties while mixed valence of Mn offers the possibility of
electronic delocalization over the metal-oxygen framework. In addition to these, the
crystal chemistry of NaxMnO; allows for polymorphism due to oxygen-layer gliding
processes. [6], [9], [10] As a fact, their performance is mediated by phase transitions
between nearly degenerate structural types (e.g. designated, as O3- (3R; R-3m) and P2-
(P6s/mmc)), while extended defects (e.g. stacking faults) formed between various crystal
domains, render the apparently simple NaxMnO, compounds metastable. Therefore, new
insights on the impact of their inherent compositional variation are sought in order to
explain their complicated sequences of electronic, structural, and magnetic processes.

The structural complexity of the system and the potential emerging of magnetoelectric
coupling have been the starting point and motivation for this study which wishes to
enlighten the path towards the understanding of processes that relieve frustration in favor
of an ordered ground state.

As an introduction, the underlying physics relevant to these compounds will be discussed
after a short description of the experimental methods employed for the completion of the

present study. A summary of types of multiferroics and the root mechanisms of emergence




and coupling of magnetic and electric degrees of freedom is then presented, leading into an
outline of the current thesis.

1.1.1 Methods

We intensified training on the Floating zone technique and pursued a quality single crystal
growth by controlling the stages of the preparation and sintering of the rods and also the
conditions during the growth procedure itself. Starting from the polycrystalline powders of
two different polymorphs of our 2D manganese oxide system, a-NaMnO, (monoclinic)
and B-NaMnO; (orthorhombic), we obtained mm to cm sized crystals.

X-ray diffraction (XRD) approaches (Laue method for single crystals and Bragg-Brentano
for powders) together with electron microscopy (SEM / EDX) and XPS experiments
allowed for the basic characterization of the structural and chemical characterization,
while single crystal xrd and Synchrotron x-ray diffraction has been employed to define the
crystal structure.

The magnetic properties have been studied by a Superconducting Quantum Interface
Device (SQUID) while dielectric permittivity of the compounds studied in this thesis in a
wide temperature range (5- 320 K) and under magnetic fields (up to 14 T) an appropriate in
—house set up and a custom made measurement stick were developed. Physical
Measurements were also held in a commercial PPMS system which worked as a guide for
the development of in house MD station.

For the dynamic properties Na NMR measurements were performed supported by
inelastic neutron scattering work performed in MARI direct geometry chopper
spectrometer (ISIS, UK) and also on the DCS spectrometer (NIST, USA). The crystal and
magnetic structure on temperatures has been studied by Neutron Powder Diffraction
Experiments in the ISIS- Rutherford Appleton Laboratory, Oxford, United Kingdom.

1.2 Single lon interactions

1.2.1 lons in anisotropic environments

1.2.1.1 Crystal fields

The crystalline environment of a magnetic ion in a solid highly determines some of its
properties. The anions and cations in a crystal will generally arrange themselves in such a

way as to minimize the effects of electrostatic repulsion. This arrangement is dependent on




the atomic orbitals, and can have a significant influence on the magnetic properties which
are exhibited. The effect of Coulomb repulsion between the electron wave functions of the
ion and its nearest neighbors, defines the interactions that gives rise to eigenstates with
different energy levels. These eigenstates are highly dependent on the symmetry of these
wavefunctions and the symmetry of the crystalline environment. The effects of crystal
fields are strong for d-electrons because their wavefunctions extend a relatively long way
from the nucleus towards the surrounding ions, whereas f-electron wavefunctions are
smaller and are partly shielded from Coulomb interactions with the surroundings by the s-

and p-electrons in filled levels.
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Figure 1-1Crystal field splitting of the d-orbital in an octahedral crystal environment [11]

The compounds central to this thesis have a rock-salt crystal structures developed by layers
of octahedra with a central Mn**/Mn** ion surrounded by O% ions (fig. 1-2). Electrostatic
forces in this case occur between the d orbital of the Mn ion and the p orbitals of the
oxygen ions. The d orbitals, in the case of Mn** (3d*) ions, can take five different forms:
the eq4 levels (d,?and dxz,yz), defined with the orbitals pointing along the x-, y- and z-axes;
and the tyg levels (dyy, dy, and dy;) in which the orbitals point between the axes. The three p
orbital types, py, py and p,, point along each respective axis. Therefore, in the octahedral
environment the ey orbitals will be in a higher energy configuration than the tyy orbitals.
[11]

There is a corresponding splitting of the d orbital energy levels, as shown in Figure 1-1.
The amount of splitting, 4, is dependent on such factors as the geometry of the octahedra,
the repulsion between the ions, and the effects of Jahn-Teller distortion, as discussed in the

following section.
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Figure 1-2 Magnetic ion (purple sphere) in a (a) non-distorted and a (b) Jahn-Teller distorted
octahedral environment of Oxygen ions (red and yellow spheres)

1.2.1.2 Jahn-Teller effect

In a 3d ion, there are six ty4 States and four ey states, separated by an energy gap that can be
occupied. These are orbitally degenerated, [12] and in cases that these states are partially
filled it may be energetically favourable for the lattice to distort spontaneously, thus
lowering the degeneracy. This phenomenon is known as the Jahn-Teller effect and it works
as balancing mechanism in which the energy gained by the system due to elastic strain is
outweighed by the energy lost by a lowering of the energy of the occupied orbitals. An
illustration of this effect in a Mn**Og environment is shown in figure 1-2b, where the
distortion is a stretching of the octahedron along the z-axis. The preferred spin
configuration in this case (according to Hund’s first rule) is for the spins to all align

parallel, which would give three electrons in the lower energy ty4 levels and the remaining
electron in the higher energy ey level. By distorting the octahedra via a stretch along the z-
axis and a contraction along the x- and y-axes, the ey and tyg levels are split in energy in

such way that the lone electron in the eg state can now occupy a lower energy level (Figure

1-3). Such distortions of the crystal structure can occur in magnetic systems lowering the

overall energy.
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Figure 1-3 The 3d energy levels of Mn3+06 in an octahedral environment before (left) and after
(right) o Jahn Teller distortion

1.2.2 Classification of layered structures

Most common layered structures are built up of layers of MeOg (3d transition metals)
octahedra sharing edges. Stackings of these layers with different orientation along the c-
axis, drives polymorphism modulating interlayer interactions and possible ion orderings.
[13]

Early investigation of two-dimensional layer oxides was performed by Delmas and
Hagenmuller in the early 1980s.[9], [14], [15] They defined the crystal structure of layered
compounds depending on the stacking sequence of alkali ions between layers introducing a
specific nomenclature to describe them. Sodiated transition metal oxides, Na;.xMeO, (Me:
transition metal), were representatively classified into two main groups, O3 type and P2
type (Fig. 1-4), by Delmas et al..[15] Those crystal structures consist of edge-sharing MOg
octahedral layers in alternation with Na ion layers where the Na ion may sit in an
octahedral (O) or a prismatic (P) environment. The number (02, O3, P2, and P3) indicates
the packing number of Na ion octahedral or prismatic layers within each unit cell. The O3
type is stable when the Na content is high in Na;.xMeO, (X is close to 0), in which the
average oxidation state of Me is close to 3+. Reversible structural transformation of O3 <
0’3 < P3 « P’3 may happen with the extraction/insertion of Na+ ion. In cases where Na+
ions are partly extracted from the crystal structure creating Na vacancies, the prismatic
environment is favored for the remaining Na+. This extraction induces strong repulsion of

oxygen in the Na layers causing expansion of the interlayer distance. Na+ diffusion occurs




faster in the P’3 phase due to the greater interlayer distance compared to O3. These
transitions are followed by

gliding of the MeO, slice without breakage of Me—O bonds, as proposed by Delmas et
al..[15]

The P2 type has a different optimal environment for Na compared to the O3 type. In
particular, the structure is stable when the Na content is in the range of 0.3-0.7 in Naj-
xMO, in which the average oxidation state of M is above +3. The presence of vacancies in
the structure causes strong repulsion of oxygen in the Na layers, resulting in expansion of
the interlayer distance. This leads to Na+ ions occupying prismatic (P) sites due to the
large Na ionic size. Na+ ions occupy two different types of trigonal prismatic sites: Nas
(Nal) contacts the two MOg octahedra of the adjacent slabs along its face, whereas Nae
(Na2) contacts the six surrounding MOg octahedra along its edges. Adjacent Na; and Nae
sites are too close together (considering the Na+ ionic radius) to be occupied
simultaneously.

Phase transition from P2 to O2 or between P3 and O3 types are of low energy cost and can
take place at room temperature since they don’t demand breakage of the Me-O bonds as
mentioned earlier. In contrary to that, P2 to P3 (or O3) transcriptions require breakage of

the aforementioned bonds since there not only shifting of the MeOg layers but also a tilt of
60°. [6]
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Figure 1-4 Classification of the different layered structures adopted in Na-Mn-O systems.MeQ6
layers are in blue and Na cation in yellow.[13]

Interactions among ions are strongly modulated by gliding of MeO2 sheets leading to the
formation of superstructures. In the cases of low cost transformations the resulting
structure unavoidably develops stacking faults. [16]

In the specific case of Mn based layered structures, complexity arises by the coexistence of
the active Jahn Teller of Mn®* and non-Jahn Teller active Mn**. Jahn Teller distortion
results in reduction of the unit cell symmetry while the synthesis conditions tailor the
distortion in the cases of the P2 type as they alter slightly the Na content. [6] The
fluctuating Mn valence in between +3 and +4 may initiate structural and electronic

modifications that have a strong impact on the physical properties of the resulting system.




1.3 Collective interactions- Magnetism

Thales of Miletus (625 to 547 BC) is the first person known to have considered magnetism,
an account of which appears in Aristotle's De Anima. [17] Science has progressed
somewhat in the intervening years, however fundamental magnetic phenomena are still
providing a means for us to test the limits of our knowledge.

A magnetic moment originates from the angular momentum of a charged particle. In
quantum magnetism there are two components that make up the total angular momentum J

and define the magnetism: the orbital angular momentum L, whose total magnitude is

equal to A,/I(I + 1), and the spin angular momentum S with a magnitude of /s(s + 1).
The projection of L and S along the z-axis is Am; and Am, respectively. The principal (n),
angular (1), magnetic (m;), spin (s) and spin magnetic (ms) quantum numbers define the
quantum state of an electron; the Pauli exclusion principle, which states that electrons
occupying the same position in space and time must differ by at least one quantum number,
is one of the characteristics that defines the electronic properties of solid state materials
while the sequence of occupation of localised electrons in an atom is governed by Hund’s

rules.

1.3.1 Magnetic Interactions

The exchange interaction arises due to Coulomb interactions arising from the overlap of
electron wavefunctions in a material. [11] The Heisenberg Hamiltonian, H, for exchange
interaction terms is given by:

H=~=%i]iSi" S (1-1)
Where J;; is the exchange interaction between the i" and ™ spins, having a positive value
corresponding to ferromagnetism and a negative value corresponding to
antiferromagnetism.
In a ferromagnet adjacent magnetic moments are aligned parallel, whereas in an
antiferromagnet they are antiparallel along one or more directions. The periodicity of
ferromagnetic order is equal to the separation of the magnetic moments, whereas for
antiferromagnetic order the repeat period is doubled. There are many other magnetic
structures that can arise, for a variety of reasons, where the periodicity is different. For
example the magnetic moments may be helically ordered so that along a particular

direction neighboring moments are rotated by a fixed angle relative to their neighbors.




Such order can be commensurate, where the period of the magnetic order is equal to an

integer number of lattice units, or incommensurate where it is not.

1.3.1.1 Superexchange

Direct exchange refers to the interaction between neighboring moments, but if the process
occurs via some intermediate process it is termed indirect exchange or superexchange. If
we consider a system with two magnetic atoms, each with a single d-orbital electron,
separated by an oxygen atom their wavefunctions will not directly overlap. In an ionically
bonded system, the oxygen ion will have two electrons in its p-orbital which will overlap
with the d-orbitals of the magnetic atoms (Fig. 1-5). The energy of the system is lowered if
the magnetic atoms order antiferromagnetically, since the electrons are then free to move
from the oxygen ion to either side magnetic ion. Conversely, if the magnetic ions order
ferromagnetically, the oxygen electrons will not be able to move due to the Pauli Exclusion
Principle.

The Goodenough-Kanamori-Anderson (GKA) rules are a set of guidelines for estimating

the sign and relative magnitudes of superexchange interactions.
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Figure 1-5 Two mangetic atoms interacting with an oxygen atom ,O. (a)Antiferromagnetic
alignment is favored by superexchange interaction since it allows coupling the spins of magnetic
cations indirectly through the intervening oxygen ions in contrary to (b) and (c)
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1.3.1.2 Double-exchange

Mixed valency of a magnetic ion may be the origin of a ferromagnetic exchange
interaction. A strong example is the case of Mn that can exist in +3 and 4+ oxidation states.
The ferromagnetic alignement is attributed to the double exchange mechanism as described
in figure 1-6. The eg electron on a Mn3+ ion can hop to a neighbouring site only if there is
a vacancy there of the same spin (since hopping proceeds without spin-flip of the hopping
electron). If the neighbour is a Mn4+ which has no electrons in its ey shell, this should
present no problem. However, there is a strong single-centre (Hund's rule number 1)
exchange interaction between the eg electron and the three electrons in the tyy level which
wants to keep them all aligned. Thus it is not energetically favourable for an ey electron to
hop to a neighbouring ion in which the tyq spins will be antiparallel to the ey electron.
Ferromagnetic alignment of neighbouring ions is therefore required to maintain the high-

spin arrangement on both the donating and receiving ion [11]

(a) (b)

"

||\

Mn3*+3d* Mn#* 3d3

Figure 1-6 The single state exchange interaction favours hopping if neighbours are (a)FM aligned
and does not favor hopping when neighbouring ions are (b) AFM aligned [11]

1.3.1.3 Dzyaloshinskii-Moriya

Another kind of interaction, the Dzyaloshinskii-Moriya (DM) or anisotropic exchange
interaction, arises due to spin-orbit coupling. In the case of superexchange there is a
mixing of the ground state and excited state of the system due to the presence of a non-
magnetic ion such as oxygen, whereas here the spin-orbit interaction can lead to the ground
state of one magnetic ion interacting with the spin-orbit excited state of the other magnetic

ion. The form of the DM Hamiltonian is:
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H=D-(5xS) (1-2)
when acting between the i and j™ spins. The vector D is finite provided that the crystal
field acting on the two spins does not present inversion symmetry at the half-way point of
the vector joining the two spins. The effect of the DM interaction is often to provide a
small canting of the moments in an antiferromagnetic structure, resulting in weak
ferromagnetism as the spins to lie preferentially at right angles to one another, in a plane
perpendicular to D. If there are other interactions acting on the system then such a situation
may not be realized, and instead the DM interaction may result, for example, in spins lying
in the same plane and rotating slightly from site to site. The DM interaction favors non-

collinear spin ordering, which has important implications for multiferroic properties.

1.3.2 Magnetic response to an external field

The response of the moment to the presence of a magnetic field is described by a quantity
known as the magnetic susceptibility () which depends on whether the band contributing
to the magnetic moment is localized or itinerant as well as the interaction between it and
other magnetic particles in the lattice.

Diamagnetism and Paramagnetism describe two types of magnetic response to an applied
field characterized by negative and positive susceptibility respectively. Diamagnetism
results in the magnetic polarization opposing the applied field and in classical
electrodynamics it can be explained by Lenz’ rule. According to Lenz’ rule, when a
magnetic field induces circular currents in a material this responds by a field that opposes
the applied field. In quantum electrodynamics the same effect is described by the Larmor
theorem; electrons precess around the direction of their spin in the presence of the
magnetic field with a frequency equal to o, = eH/2m where H is the magnitude of the
applied field, m is the mass of the electron and e the

electronic charge. The resulting negative susceptibility is:

Xaia = 22 (1) (1-3)
where p is the magnetic permeability of free space, n the number of magnetic atoms in the
sample, Z is the atomic number of the atom and (r?)the mean square distance of the
electron from the nucleus.

On the other hand, Paramagnetism is a result of already existing unordered magnetic
moments in a system aligning with the field. In a set of weakly interacting moments the

susceptibility is approximated as follows using the Brillouin function:
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where peff is the effective magnetic moment on each of the n sites, kB is Boltzmann’s
constant and T the temperature. This is known as Curie’s Law and enables an estimate of
the magnetic moment on each atom to be made from the experimental magnetic
susceptibility data. The effective magnetic moment is related to the total angular

momentum by:

Hzpr = giipJUJ + 1) (1-5)
where g; is the Landé g-factor, ug the Bohr magneton and J the magnitude of the total
angular momentum, equal to L + |S]|.

The response of a real magnetic material to an applied magnetic field H is measured by its
bulk magnetization M. The magnetization M is defined as as the number density of the

magnetic dipole moments aka the magnetic moment (m) per unit volume (V):

M= % (emu/ cm?) (1-3)
and it is related to the external magnetic field (H) and the magnetic induction within the
sample (B) by the following relation:

B = uy(H + M) (1-4)
with the susceptibility defined as y = M/H.

1.3.3 Magnetic order

The choice of some materials to display finite magnetism in the absence of applied fields
as a result of strong interactions between the magnetic atoms is called magnetic order. The
most common ordering patterns for the magnetic moments in a material are termed
ferromagnetic (FM) and antiferromagnetic (AFM). The former implies parallel alignment
of all the spins along a unique direction and the latter is described by two interpenetrating,
opposite-oriented FM lattices which lead to a zero net magnetization. Below a critical
ordering temperature (termed the Curie temperature (Tc) in FM and the Néel temperature
(Tn) in AFM), the moments in the sample align as indicated in the figure. Above these
ordering temperatures the moments display no long range order but may be aligned with an

applied field according to the Curie-Weiss law:

_
X=7T%

(1-5)

w
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Where where 6,, is equal to the Curie temperature or the negative of the Néel temperature,

and C stands for the Curie constant which equals to C::—Ii Ng? J(3+1).
The Curie-Weiss theorem explains phenomenologically the appearance of magnetic order.
The introduction of mechanical exchange interaction J by Heisenberg differs to the “mean
field” approach of Weiss model describing the interaction between specific magnetic sites.

Specific approximations to the Heisenberg model include the Ising model, in which the
spin vector operator is one dimensional and has only two states (“spin up” and “spin
down” aligned along a particular crystallographic direction) and the XY model, in which
the two dimensional spin operator allows the moments to rotate in the (x, y) plane. The
onset of magnetic order in any of these approximations may be estimated by examining the
behavior of the free energy above and below the transition temperature. How a physical
quantity of the system varies around the critical temperature is defined by its critical
exponent; the exponents for the magnetization M [and therefore magnetic order parameter
W], M(¥) x (T, — T)? , and the isothermal susceptibility y o (T — T;)7Y are listed in
table 1-1. A comparison with experimental data enables the determination of the nature of

the phase transition to be made.

Table 1-1 Critical exponents for a variety of magnetic models, after reference[11]
2D Ising 3D Ising XY Heisenberg  Mean Field

Spin Dimensionality (d) 1 1 2 3 -
Crystal Dimensionality 2 3 3 3 i
(D)

B 0.125 0.326 0.345 0.367 0.5
y 1.75  1.2378(6) 1.31(6)  1.3888(3) 1

1.3.3.1 Antiferromagnetic order

Antiferromagnetism can exist in many forms, with the common theme of sublattices of
moments arranged so as to cancel each other out thus giving no net magnetization in the
absence of an applied magnetic field. If the sublattices are not equally opposed in a way
that a net magnetisation is present, the system is called ferrimagnetic. These different
configurations together with the ferromagnetic one are illustrated in Figure 1-7 bottom

panel. Antiferromagnetic order can be described as commensurate when the periodicity of
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the spins is linked to the crystal structure or incommensurate otherwise. Depending on the
configuration of the crystal lattice and the symmetry breaking involved in the magnetic
ordering transition, there may be many different ways of arranging an equal number of up
and down moments onto a three dimensional set of magnetic atoms. Four types of
commensurate AFM ordering that are met orthorhombic crystal settings are shown in
figure 1-7 top panel.

In an antiferromagnetic coordination, below the Néel temperature, the magnetization
depends on how the applied field is oriented with respect to the moments. In cases where
the field is aligned perpendicular to the spin polarization axis, the moments will tilt
towards H leading to a roughly temperature independent susceptibility. When the field is
aligned along the magnetization direction of one lattice (and hence antiparallel to the
second lattice) the application of a field at zero temperature will have no net effect
resulting in zero magnetic susceptibility. Increasing the temperature produces thermal
agitations of the spins that will increase the magnetization until the temperature reaches an

energy equal to the strength of the exchange integral at Ty.

Figure 1-7 Top panel: Schematic representation of magnetic ordering in A,C,E and G- type
Antiferromagnets. Bottom panel:(a)ferromagnetic (B) antiferromagnetic and (c) ferromagnetic
spin alignements
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1.3.1 Complex magnetic structures

Noncollinear magnetic orderings, which may arise from competing interactions, have their
spins ordered neither parallel nor antiparallel to one another. The spin propagates in the
lattice in a way that is the determined by the crystal structure and the spin configurations
can be classified into two types of spiral structures, cycloid and proper screw (fig.1-8).
[18] Structural modulations are in the base of complex non collinear magnetic orders such
as spiral, cycloid and conical magnetic orders. Such noncollinear magnetic ordering is
strongly connected with ferroelectricity in magnetoelectric multiferroics explained by
mechanisms such as the aforementioned Dzyaloshinsky- Moriya interactions and d-p
hybridization mechanism. [18] The potential to break the inversion symmetry and produce

a spontaneous (FE) polarization P is briefed in Figure 1-9. [19]

Proper screw > >
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Figure 1-8 Schematic of cycloid and proper screw type magnetic ordering [18]
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Figure 1-9 Schematics of non-collinear magnetic ordering as presented in reference[19]showing
the direction of developing polarization in the cycloidal and transverse conical propagation.

1.3.2 Dimensionality of Magnetic Lattices

One way magnetic systems can be categorized is according to the lattice dimensionality d
and the dimensionality of the magnetic moments D. The d dimensionality is related to the
crystallographic structure and topology of the magnetic sublattice of the system under
study and allows the distinction between 1-d (chain like), 2-d (layered) and 3-d (Space)
networks. The dimensionality D of the magnetic moments, refers to the geometric
restrictions that apply on the magnetic moments. Thus refers to the anisotropy of the
magnetic spin system. D=1 refers to Ising spin system with one reference axis (spins point
up or down), XY-systems allow the magnetic moment lay in one defined plane and are
described by D=2 while D=3 describes the o-called Heisenberg magnets where the spins
are allowed to point at any direction in space and so are isotropic. Possible combinations of
these dimensionalities are presented in table 1-1.

1.3.2.1 Competing interactions and low dimensionality

When we refer to low dimensionality magnetism we are referring to the reduction of d

dimensionality that is related to the dimension of the magnetic exchange pathways.
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Low-dimensional magnetism is a result of specific principles potentially responsible for
the reduction of the spin dimension from the three dimensional physical space. The
obvious one is enlarged distances because of missing “bridging” ions corresponding to a
particular direction or even two directions within the crystal structure. Secondly, the
Kanamori-Goodenough’ superexchange rules may reduce the strength of antiferromagnetic
interactions in cases where the two interacting magnetic moments define the right angle
with the bridging oxygen ion. [20], [21] Compounds that incorporate these structural
aspects can be characterized by strong electronic correlation exhibiting a number of
unusual magnetic properties that are related to strong quantum fluctuations.

In a Heisenberg system consisting of uniform spin chains with only nearest-neighbor
antiferromagnetic coupling, the ground state, according to Haldane, strongly depends on
the value of the spin. [22] If the chain consists of half-integer spins it should exhibit long
range order. In contrary to that, integer-spin systems are of short-range nature in their
ground state with an exponentially vanishing correlation function while expressing
robustness to external perturbations. This happens due to an energy gap (Haldane gap)
between the ground state and the lowest excited state in the excitation spectrum of an
integer system. [23] So the observation of a spin gap in a integer-spin system is strongly
related to lowering of dimensionality.

In cases of 2D triangular antiferromagnets, such as the system under study, where the
degeneracy of competing magnetic exchange routes is diminished by one, a spatially
anisotropic triangular lattice is formed. The triangular lattice as a paradigm of
geometrically frustrated spin may be resolved in this way through this lowering of the

dimensionality of the magnetic interactions.

1.3.2.2 Origin of Spin gap

The spin gap in one and two dimensions can be attributed to the integer nature of spins, a
special exchange topology, frustration of the underlying spin lattice or dimerization, which
is the consequence of a broken translational symmetry. Lower dimensional interactions
may be described by the 1D or linear chain systems, 2D planar systems, and spin ladders.

In a 1D chain, intra and inter chain interactions appear while the later become more
dominant as the temperature is lowered. In this case the origin of the spin-gap behavior
may be a lattice dimerization, which may set-in in the case of soft lattices in the direction

of the chains while the chains are well magnetically separated. This is the case for in spin-
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Peierls systems. Another possible mechanism leading to spin-gap behavior in one-
dimension (1D) is sufficient frustration due to next-nearest-neighbor antiferromagnetic
exchange interaction. It was shown by Majumdar and Ghosh that when the next-nearest
exchange accounts for exactly half of the nearest-neighbor exchange, the Heisenberg
model is exactly solvable and has a two-fold degenerated singlet ground state [24]. This
solution was recently used also as a guide for constructing various more or less artificial
spin Hamiltonians with the spin-liquid ground state and gapped magnetic excitations [25].
In two dimensions a route to the gapped excitation spectrum is a modified exchange
topology. Such case may be expressed in triangular lattices as well as in the Kagomé
lattice, where the antiferromagnetically coupled triangles share corners instead of sites in
contrast to the familiar triangular lattice [26], and in the Shastry-Sutherland lattice [27].
SrCu,(BO0:s3); is topologically equivalent to the two-dimensional Shastry-Sutherland lattice.
In this case the ground state of the model Hamiltonian takes into account the
antiferromagnetic exchange coupling J with the nearest-neighbor Cu?* magnetic moment
and the antiferromagnetic exchange J° to four next-nearest neighbors. [28] In the present
study we confirm the existence of correlations

The spin ladder systems serve as a bridge between one- and two-dimensional spin systems
(fig. 1-10). They consist of a specific number of strongly magnetically coupled chains of
infinite length and finite width. The features associated with ladder systems are dependent
to the number of legs of the ladder. In odd-legs ladders there is no spin gap and have a
power-law vanish of the spin correlation functions while in even-leg ladders there is a spin
gap and a spin liquid ground state. As the number of legs increases we reach two
dimensions and the magnitude of the spin gap is reduced to zero and this is why not all

two-dimensional systems exhibit a spin gap.
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Figure 1-10 Schematic of the geometry of 2-leg and 3-leg spin ladders as crossover between 1D
chain and 2D spin system. Reprinted from reference [29]

1.4 Frustration

According to the Third Law of Thermodynamics the entropy of a system goes to zero as
the temperature approaches zero.[30] This implies that in the absence of any energy
present in a closed thermodynamic system that might excite its parts out of their ground
energy states, a single macroscopic ground of the lowest overall energy should form.
Nevertheless observations prove the existence of systems that have degenerate
macroscopic ground states meaning that even when T=0 there is possibility that the system
might alternate between different states. If these degenerate ground states are an outcome
of the inability of the system to simultaneously minimize all interactions among its
constituents, then the system can be classified as frustrated.

In the world of magnetism the term “frustration” was initially introduced in order to
express the impossibility of simultaneous satisfaction of all exchange processes in a spin
glass. According to Moessner and Ramirez, what is conceived as frustration is a situation
where “..interactions between magnetic degrees of freedom in a lattice are incompatible
with the underline crystal geometry..” [31] In the case where frustration is related to the
lattice geometry it is more specifically described as “geometric frustration” and produces
classically degenerate states of matter with a potential for emergent quantum properties.
Thus it is a path to “magnetic frustration”. Since geometrical frustration leads to
degeneracy of ground states it potentially leads to exotic, macroscopically degenerate spin-
liquid ground states for which magnetic order is absent even at zero temperature. [32], [33]
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The simplest example of a geometrically frustrated system is the triangular lattice Ising
antiferromagnet where not all interactions can be satisfied simultaneously. The
Hamiltonian in this case can be described as follows:

H = YaujplijSiS; Si,Sj=x1lor 1,1 (1-6)
where the spins S;; are unit vectors, i and j are sites of a periodic lattice and J;j is assumed
to depend only on their relative position. In figure 1-11 a square geometry of lattice with
an antiferromagnetic configuration is presented where there is clearly no conflict in the
antiferromagnetic exchange paths of the spins. In the triangular topology though, once the
two of the three spins are aligned antiferromagnetically, the third one can no longer point
in a direction opposite to both other spins. As a result, instead of the two ground states
mandated by the Ising symmetry (up and down), there are six ground states. On 2D and 3D
lattices, such degeneracies can persist. When they do, fluctuations are enhanced and

ordering is suppressed.

Figure 1-11 (a) Non-frustrated square lattice where each spin can be antialligned
antiferromagnetically with all each neighbors (b) Frustrated Triangular lattice where two
neigbhoring spins are paired AFM while simultaneously the third remains frustrated

On the basis of this fact, Ramirez introduced a simple empirical measure of frustration that

has become widely used.[34] At high temperatures, the spin (or magnetic) susceptibility of

. . C .
a local-moment magnet generally follows the Curie-Weiss law, y = where T is

w

temperature and C is the Curie constant. This allows extraction of the Curie-Weiss
temperature, 6w, from a plot of 1/y versus T. |6«| provides a natural estimate for the strength
of magnetic interactions (6w< 0 for an antiferromagnet) and sets the scale for magnetic
ordering in an non-frustrated material. By comparing the Curie-Weiss temperature with

the temperature at which order freezes, T., the frustration parameter, f, is obtained: f = |G|/
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T.. Typically, f >5-10 indicates a strong suppression of ordering, as a result of frustration.
For such values of f, the temperature range T.< T< |fw| may define the spin-liquid regime.

If one extends a spatial dimension, the triangular lattice becomes face-centered-cubic
(FCC) lattice (fig.1-12 (a)). A simpler but stronger two-dimensional frustrated system is
kagomé lattice, with the coordination number 4 (Figure 1-12 (b)) while the three-
dimensional version of the kagomé lattice is the known spinel. The pyrochlore lattice as
shown in Figure 1-12 (c) is an often visited playground for the study of a novel magnetic
ground state called “spin ice”.
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Figure 1-12 Schematics of geometrically frustrated (a) triangular lattice, (b) kagomé lattice, (c)
pyrochlore lattice as it is partially reprinted by references [32], [35]

1.4.1 Triangular lattice antiferromagnet

In addition to the low dimensionality, intriguing physics could take place when the
symmetry of lattice does not fit with the symmetry of the exchange interaction, such as
triangular lattice with antiferromagnetic exchange interaction, simply triangular lattice
antiferromagnet (TLAF). [36]-[39] The low temperature magnetic phase diagram of TLAF
is determined by many factors because the frustration results in the proximity of a
macroscopic number of states in the energy landscape, reminiscent of spin glass.[40]
However, a distinct difference between the geometrically frustrated system and the spin
glass is that the degenerate ground states are separated by a tiny energy gap or no energy
gap for the former, but noticeable energy gaps for the latter.

With the quasi-two-dimensional (2D) triangular-lattice MnO: layers, the compounds
AMNO: (A=Na, Cu) [41], [42] are of great interest as model compounds for the study of

geometrically frustrated magnets and motivated the present study.
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1.4.2 Magnetic ground state of frustrated systems

Magnetic frustration may lead to a variety of possible magnetic ground states. Three are of
most interest, magnetic long range order forming a Néel state, spin glass ground state and
spin liquid state.

The Néel state is a case of true long range magnetic order as it is described by a
compromise between competing interactions. Since an antiferromagnetic alignment in the
triangular topology is not possible for obtaining a long range magnetic order, a relief of
frustration would results in a configuration in which neighboring spins are oriented by
forming 120° deg angles relative with each other. [43] Such reorientation initiates the
establishment of non collinear long range magnetic orders with helical or cycloidal spin
arrangements.

In the case of spin liquids, instead of minimizing the total energy by relieving frustration
through entering one state of compromising interactions a large number of equivalent
states is generated. These states are based on spin-pairs that are coupled
antiferromagnetically and by carrying a 180° degree flip on such pair a degenerate state is

formed.

1.4.2.1 The spin-glass state

Spin glasses must contain two basic properties: Disorder (or randomness) and Frustration
according to Ramirez [34] Namely, the process of disordering the lattice leads to frustrated
interactions. Such a state is best described as a short range magnetic ground state where the
overall spin orientation is random and almost static.

The energy topology of a spin glass can be viewed as numerous local energy minima
separated by many different large energy barriers, which impede relaxation between the
different minima. As a result, a spin glass exists in a metastable state, since its constituents
seemingly cannot overcome the large energy barriers and form a global ground state.

Spin glasses have a number of magnetic experimental signatures. However, they share
many of these signatures with other magnetic systems, meaning that experiments showing
evidence for glassiness do not necessarily indicate that the measured material is a spin
glass. To start with, measurements of the magnetization M as a function of temperature at
very low fields first after initially cooling the material in zero applied magnetic field (ZFC)
and then after initially cooling the sample in the measurement field (FC). Since the spin

glass exists in a metastable state, we will see a bifurcation in the resulting M(T) data at the
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glass temperature created by the different initial states of the ZFC and FC measurement. A
process where the spontaneous re-organization of the spin structure in a spin glass occurs is
a relaxation experiment. In that, a ZFC magnetization is taken by measuring M as a
function of time at a temperature below the glass transition. Once we apply the field M will
slowly change from M = 0 to the value that would have been obtained if we had used the
FC procedure. The time over which this will happen, though, can be paraphrased from
Mydosh’ book as being, “[greater than] the average lifetime of a graduate student [which]
is only about 10%s. [44] AC magnetic susceptibility experiments also lend great insight in
determining if a material is a spin glass. Since we can make these measurements at various
frequencies, we can probe the distribution of spin relaxation times in a spin glass. Also,
application of even a static magnetic field as small as H ~ 0.01 T can be sufficient to
disturb the spin glass state in a way that the peak in the y(T) broadens and shifts to lower
temperatures with the increase of the field. As expected, due to the absence of periodic

spin structure, no Bragg peaks are expected to be found in the diffraction patterns.

1.4.2.2 Re-entrant spin-glass

In mixed valence Mn oxides is met the phenomenon of competing FM (attributed to double
exchange, DE)) and AFM (attributed to Superexchange ,SE) interactions. Any lattice
distortion in such systems may affect the proportion of these competing interactions and so
create various forms of magnetic order. In systems where the DE interaction is dominant in
comparison to AFM interaction, there may still be frustration and there is high possibility
that the system will show a reentrant spin glass state in low temperature. [45], [46] In these
systems as the temperature is lowered a paramagnetic to ferromagnetic (or
antiferromagnetic transition happens first and as the cooling proceeds the system re-enters
a spin-glass state.

Re-entrant ferromagnets have striking properties and their magnetic response is
exceedingly sensitive to the magnitude of the applied magnetic field [45]. Thus, it is a
demanding task to reach a regime of linear response to be able to investigate intrinsic (not
field-driven) response functions. The low temperature spin-glass state of these systems
exhibits a substantially enhanced field regime of linear response compared to the high
temperature ferromagnetic phase and exhibits the dynamic characteristics of a pure spin-
glass state. In contrast, the frustrated ferromagnetic phase at higher temperature possesses

an enhanced ageing behaviour the response function changes dramatically with age (tw).
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The dynamics of the ferromagnetic phase show rejuvenation on decreasing temperature,
but no memory phenomenon [47]. Thus, there are manifestations of disorder and
frustration in the dynamics of the ferromagnetic phase of re-entrant systems; however, the
equilibrium spin structures developed are more fragile and susceptible to temperature and

field disturbances than the corresponding features in standard spin-glasses.
1.5 Multiferroicity and Magnetoelectricity

A multiferroic material is one in which more than one type of ‘ferroic’ order exists
simultaneously- spontaneous polarization, magnetization and strain, exhibited individually
in ferroelectric, magnetic and ferroelastic materials respectively. A schematic of the
coexistence of at least two of the antiferro/ferri/ferromagnetism, ferroelectricity and
ferroelasticity, namely multiferroism, is illustrated in figure 1-13. The term “multiferroic”
(MF), initially coined by Schmid, [48] is usually applied to materials in which there is a

coupling or coexistence of magnetic and ferroelectric (FE) order though.

Magnetoelectric

Figure 1-13 Illustration of “multiferroism” as a combination of “ferroic” properties related to
lattice, spin and charge. In a ferroic material, polarization P, magnetization M and strain ¢, are
spontaneously formed to produce ferromagnetism, ferroelectricity or ferroelasticity, respectively.

It is worth to clarify here that there is a tricky overlap of the “multiferroics” and
“magnetoelectric” definition which is incomplete. Magnetoelectrics (ME) may be

multiferroics but this is not always the case. More precisely, magnetoelectric coupling may




exist whatever the electric or magnetic order parameters are (not necessary that are
ferroelectric and ferromagnetic at the same time). [1], [2] Magnetoelectric coupling is the
coupling between magnetic and electric degrees of freedom and may arise directly between
the two order parameters or indirectly via strain. The result will be an electric (magnetic)
polarization induced by a magnetic (electric) field.[49] Although there are MF materials
that are not ME and vice versa, the ME effect in single-phase materials is stronger when
they are also MFs. For this reason, the development of these classes of materials is
motivating although the case of multiferroic which combines both ferromagnetic and
ferroelectric order is very rare, due to restrictions imposed by structural, physical and
electronic properties[50]

As mentioned earlier, ME/MFs allow the possibility of switching the magnetization with
electric field [51]-[54]. Such option opens the door for information storage applications as
it could remove the main hindrance in the miniaturization of magnetic random access
memory (MRAM), where the write operation requires magnetic fields or large currents
[55] as well as setting new threshold for low power logic-memory devices.[2], [56]
Another application field is related with the development of memory bits with multiple
stable states [57], [58] or mixed memory and logic functions with various applications in
the world of spintronics. [59], [60].

In recent years there has been an upsurge in research into such materials, although
examples of this behavior have been already known since 1960 where magnetoelectric
coupling has been confirmed in antiferromagnets Cr,O; by Dzyaloshinskii by the
observation of a magnetization being induced by the application of electric field and vice
versa. [61]
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Figure 1-14 Venn diagram reprinted from J.F.Scott[2] after Eerenstein et al. [1] with
representative oxides after Bibes et al.[62].

The revival of the magnetoelectric effect led by Fiebig [63] has inspired new paths of
exploration into the multiferroic “jungle”. Extensive studies related to the fundamental
mechanisms that sculpt the resulting magnetoelectric behavior have followed as well as
further improvement in the experimental methods that probe such mechanisms straight to
the final point of multiple applications. Recent extended review of Spaldin and Ramesh
[64] commenting on the progress on the fundamental understanding of the coupling
mechanisms, advances in characterization and modeling tools support that the era of
“multiferroic material by design” is within reach while a parallel review of Cheng focuses
in cutting-edge technologies of composite ME materials which can be more easily
engineered.

Apart from the fact that ME/MFs are of applied interest because they allow various types
of novel magnetic and electric device structures the field of multiferroics is very attractive
for research also from fundamental point of view. The complexity of ME/MFs makes them
of fundamental interest as a playground to study electronic behavior, coupling magnetic
interactions and electric dipolar order. In the following section the driving mechanisms

behind the magnetoelectric behavior will be briefly presented.
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1.5.1 Classification of multiferroics

Typically the multiferroic family has been ordered in three main “types” namely Type I,

Type Il and Type I multiferroics.

1.5.1.1 Type I Multiferroics

According to Khomskii [49] Type-I multiferroics are “older” and more numerous. Having
critical temperatures of the magnetic and ferroelectric transitions well above room
temperature they have been promising for applications if not for the coupling between
magnetism and ferroelectricity in these materials has been rather weak. Such examples are
ferroelectric perovskites which are of a displacement type or lone pair type such as
BaTiOs;. In the same category lay the geometric ferroelectrics such as hexagonal
manganites like the case of YMnOs [65], [66] where the ferroelectricity originates from the
Mn-O-Mn variation and tilt of the MnOs polyhedra due to magnetoelectric coupling[67].
In case of more complex structured boracites and fluorites like BaMnF, the ferroelectricity
was recently found to have geometric origins and so it is classified to geometric
ferroelectric.[2], [68] Charge order has proved to give rise to net electronic polarization in
RE manganites with mixed valence transition metal as in the case of R;.xCaxMnO3[69] as

well in triangular lattices like LuFe,Q,.

1.5.1.2 Type Il Multiferroics- Improper MFs

Multiferroics that are categorized as type II are named as “improper” and express
ferroelectricity induced by spin order. The resulting ferroelectricity and hence the ME
coupling is typically larger than in type | materials.[70] Breakage of inversion symmetry
by magnetic order may happen in various ways that can merely divide this type-Il in three
subcategories. The first group consists of MFs that have a collinear magnetic order and so
ferroelectricity arises by symmetric exchange striction (SE). An example is CazCoMnQOg
which consists of 1D chains of Co and Mn. [71]. Magnetic order in this case breaks the
spatial symmetry by distorting the bonds for the sake of electric polarization. In the second
group there are the materials that are non-collinear magnetically ordered described by
cycloid or spiral spin arrangements, where anti-symmetric striction (SE) drives the electric
polarization. In this case the polarization is driven by weaker spin-orbit coupling
interactions. In this case Dzyaloshinskii —Moriya interaction is the driving force. Finally, in

the third subgroup the ferroelectricity is induced by the magnetic p-d hybridization.
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Most of the type Il MFs show magnetic frustration which originates by lattice topology. In
principle frustration leads to large degeneracy in the ground state but in cases, after cooling
the material down to finite temperature the frustration may be relieved and long range
order may be established based on compromising spin configurations which further initiate
non-collinear spin arrangements like the ones mentioned earlier.

Some frustrated triangular lattice materials with a delafossites structure (ABO) that belong
to this category are AgFeO; [72], ACrO; [73], NaFeO; [74], in which ICM phases down to
base temperature are resulting in admixture of noncollinear arrangements with cycloidal
and spiral components generating magnetic field switchable polarization P, naming
CuFeO; [75] as the most visited one. The emergence of ferroelectric polarization can be
explained by both the extended inverse Dzyaloshinsky—Moriya effect and the d — p

hybridization mechanism. [18]

1.5.1.3 Type Il Multiferroics — Disordered MFs

Disorder multiferroics as defined by Kleemann [76] escape the conventional schematics of
type-I and type-11 multiferroics, where two types of ferroic long-range order are expected
to coexist under different interdependences and promise to attain a maximized bilinear (a
or EH) magnetoelectric (ME) effect under well-defined symmetry conditions. As a
consequence a higher order ME response occurs. In this family one can find materials that
relax in a glassy ground state. What these have in common is the indication of a strong
higher order ME effect where Ae o< H2. Nevertheless, also the first order EH-type ME
effect has been observed specifically in cases where metastable homogeneous parameters
are induced by field cooling as in the case of EuTiO3. The contribution of the higher —
ordered terms of the free energy formula in the understanding of ME effects will be further

discussed as it is highly related to the observed results of the systems under study.
1.5.2 Coupling of magnetic and electric degrees of freedom- Requirements

1.5.2.1 Electron configuration

Conceptually the mere existence of multiferroics is highly non trivial. [50] For most
magnetic materials, the magnetic moments arise from unpaired electrons in partially
occupied d orbitals and/or f orbitals. However, the spontaneous formation of a charge
dipole usually needs empty d orbitals as a condition of having a coordinate bond, i.e. the

so-called dp rule. Thus, the key ions involved in typical magnetic materials and those in
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polar materials are different, making these two areas of research nearly isolated from each
other. This so-called “d® vs d" problem” was one of the first to be studied theoretically at
the beginning of the recent revival of multiferroics. [49] Towards the solution of this
conflict come single phase multiferroics containing two cations, one of which provides the
ferroelectricity (stereochemical activity of 6s® ‘lone pair’ of electrons) while the other
induces magnetism from 3d electrons like in the case of BiFeOs. [64] Another case of two-
cation materials could offer the combination of f electrons provide magnetism while the d°-
ness such as in EuTiOs.[77] Nevertheless multiferroism can rely even in d- electron
magnetism having the ferroelectricity induced through a geometrical route by lifting the
inversion center through tilting or other mechanism. [64]

1.5.2.2 Symmetry

As mentioned earlier, for the majority of materials there is no cross-coupling between
electric and magnetic properties. This can be explained also by examining the effect of
time and spatial inversion operations on the system. A strong coupling between the
magnetic and electric degrees of freedom was observed in an insulator as an intrinsic
property of matter, at 1894 by Piere Curie.[78] Curie even then claims that “it is the
symmetry that creates the phenomenon”, recognizing that the magnetic symmetry is the
key ingredient for the existence of magnetoelectricity.

The electric polarization and electric field change sign under spatial inversion, and are
invariant under time reversal. Conversely, the magnetization and magnetic field are
invariant under spatial inversion and change sign upon time reversal. The magnetoelectric
susceptibility tensor is invariant for a material with inversion symmetry. A non-zero value
for o can only occur for a material which breaks both time and spatial inversion symmetry.
A representation of the effect of symmetry on the coupling is illustrated in figure 1-15.
According to an extended review by Schmid only 13 point groups allow breaking of both

time and space symmetry. [79]
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Figure 1-15 Schematic representation of the effect of spatial inversion and time reversal on (a)
ferromagnets, (b) ferroelectrics, (¢) multiferroics. Reproduced from reference[1]

1.5.2.3 Ordering

Either charge ordering or magnetic ordering is often in the roots of a magnetoelectric
behaviour. Charge ordering leads to a small band gap, high conductivity and small
ferroelectric hysteresis in magnetite FesO, while in newly discovered metal-organic
frameworks allows the coexistence of robust ferroelectricity and magnetic order almost at
room temperature. [80] Magnetic ordering as commented earlier and breakage of the
inversion symmetry may cause a spontaneous polarization. That puts spin spiral ordering
and other non collinear spin arrangements in the spotlight for exploration of possible

magnetoelectric coupling in such magnetically ordered materials.

1.5.2.4 Geometry of structure

Another contrast between ferroelectric and ferromagnetically ordered systems is the way
structure is distorted. While ferroelectrics undergo a phase transition as temperature
changes, low temperature phase being non-centrosymmetric, ferromagnetic materials show
significant Jahn-Teller distortion arising from partially filled d-shells. The latter is almost
absent in most ferroelectrics as it has been postulated that Jahn-Teller distorted structure
may have less driving force for off-center displacement of B-ions in the octahedra.

In addition to direct coupling, there may be instances of indirect coupling mediated by

strain. This is likely to arise in two phase systems where two components are coupled via
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strain. However, more recently, in cubic SrMnO3 and EuTiOs, strain mediated ME effect is

observed in single phase.

1.5.2.5 Electric properties

Electrically, while a ferroelectric material must be an insulator, it is not a constraint for a
ferromagnetic material. For most ferromagnets, electronically speaking, the conductivity is
due to high density of states at the Fermi level while the same is not true for ferroelectrics
and insulators. However, there are a few magnetic oxides, such as half metallic magnets
and ferrimagnetic oxides which show reasonable spontaneous magnetism while
simultaneously being semiconducting or insulating.

In figure 1-5, Reprinted from Spaldin and Ramesh [64] , the “root” mechanisms of the
interplay between magnetic and ferroelectric mechanisms is beautifully summarized as an
attempt to present the complex characteristics that should be met in a compound in order to

act as a multiferroic.
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Figure 1-16 Multiferroics family tree reprinted by reference [64] Different combinations of ‘root’
magnetic and ferroelectric mechanisms are presented.




1.5.3 Classification of driving mechanisms based on electrons degrees of

freedom

Due to their different origins, it is nontrivial to couple magnetism and electric polarity
together in solids.[50] In spite of this conceptual complication, research in the past few
years have found several “glues” as mentioned by Dong et al., that are hidden behind the
symmetry restrictions and ordering, that may link these apparently disjoint phenomena.
[81], [82]

The first one is related to the spin-orbit coupling which is a relativistic effect. In principle,
a charge dipole breaks the space inversion symmetry, while a spin breaks the time reversal
symmetry. Time and space are independent in non-relativistic physics, but the relativistic
effect can link time and space. Thus, the spin-orbit coupling may link magnetic moments
and charge dipoles. As an example, a non-collinear magnetic order with chirality breaks

inversion symmetry which can be translated through the spin orbit coupling into a charge
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Figure 1-17 Schematic of the three mechanisms( spin-charge, spin-orbit, spin-lattice) behind the
magnetoelectric coupling. Charge dipole on the left indication of ferroelectricity a magnetic
moment on the right indicative of magnetism.

dipole.

The second as called “glue” is the spin-lattice coupling. The magnetic interactions between
magnetic ions, both the regular symmetric exchanges and the antisymmetric
Dzyaloshinskii-Moriya interaction, depend on the details of the electronic exchange paths.
Microscopically, the changes of bond angles and lengths seriously affect the overlaps




between wave functions and, thus, the exchanges. On this aspect, crystal distortions may
tune the crystalline field in favor of coupling of already existing magnetism and polarity in
a material.

The third “glue”- mechanism relates to the spin-charge coupling, mediated by the charge
density distribution. [83] Since carriers (electrons or holes) can be spin-polarized in
magnetic systems, the local magnetization (or even the magnetic phases) can be tuned by
modulating the distribution of the charge density.

In real materials’ world all three glue-mechanisms may cooperate even if one acts as the
primary driving force and is crucial to investigate in detail in order to better understand the

magnetoelectricity in multiferroics.

1.5.4 Magnetoelectric effect

Landau theory describes the magnetoelectric effect in a single phase material through

expansion of the free energy expression in an electric field E and/or magnetic field H as:

F(E, H) = FO_PiSEi - MlSHl - ESOEU ELE'] - E/’LOI'LL]HLH] - aijEiHj

1 1 1
— 5 BijkEiHjH, — S yH;EjEy — - 6 E;EjH) H, (1-7)

Here ¢ and u are the dielectric permittivity and magnetic permeability respectively. The
second and the third term in Equation (1-7) are the temperature dependent electrical
polarization, P;®, and magnetization, M;°. Fourth and fifth terms describe the effect of
electrical and magnetic field on the electrical and magnetic behavior respectively, while
sixth term consisting of a;; describes linear magnetoelectric coupling. The next two terms
consisting of Six and yi are third rank tensors and represent higher order coupling
coefficients.

Differentiation of Equation (1-7) with respect to electric and magnetic fields respectively

leads to polarization and magnetization expressions as presented below:

= 17 —-0F 1 1
Pi(E‘ H) = a_El = Pis + ESOSU E] + aUH] + Eyl]kHlE]Ek — e (1-8)

o o\ —0F 1
M;(E,H) = T M; + popiHy + aijE; + BijEiHy + SvijEjEe — -+ (1-9)
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In most cases, we are interested to know about the linear magnetoelectric coefficient, a;;, as
magnetoelectric effect is linear in most compounds. This coefficient basically quantifies
the dependence of polarization on magnetic field or of magnetization on the electric field.
In case of multiferroics, although many linear magnetoelectric effects are expected because
these materials often possess large susceptibility and permeability respectively, this is not a
necessary condition as some ferroelectrics and ferromagnets do show small dielectric
susceptibility and magnetic permeability.

Increased interest has recently arisen in second-order EH? and E°H, and third-order E?H?
effects, synonymously also referred to as £, y, and ¢ effects, respectively. They are very
precisely measured, e. g., by ME Superconducting Quantum Interference Device (SQUID)
susceptometry [12] via the electric field-induced magnetization components of (1-9). It is
worth to mention that high-order ME effects have been successfully summarized by
Schmid [48]. The tensor f in equation (1-7) parameterizes a magnetic-field-induced ME
effect. It was first observed by Hou and Bloembergen, who called it the
‘paramagnetoelectric effect’. [84] It represents the most thoroughly investigated higher-
order ME effect. It is allowed in time symmetric media and, thus, in the absence of long-
range magnetic order. On the same side, the tensor y in equation (1-7) parameterizes an
electric-field-induced ME effect. It is allowed in centrosymmetric media and was observed
by Cardwell. [85]

The magnetoelectric coupling may be experimentally probed either directly or indirectly.
Indirect measurements of magnetoelectric coupling include measurement of changes in the
magnetization near the magnetic transition temperatures or changes in dielectric constant
near the magnetic transition temperature. However, such measurements do not provide any
mechanistic insight into the coupling constant. Direct measurements measure magnetic
response of material to an applied electric field or electric response to an applied magnetic
field.

1.6 Structure of Dissertation

In the present thesis we detail the systematical study of layered Na,MnO, (x= 0.7-1)
systems.

In chapter 2, various experimental techniques that have been used for the study of nuclear
structure, chemical characterization and several physical properties of the synthesized

specimens, are briefly described. These include in-house lab-hosted methods and
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instrumentation for measuring dc magnetic susceptibility, dielectric constant. Each
technique probes different physical properties of samples and specific phenomena are
observed, accordingly, which are described in the same chapter. The detailed description
of the experimental procedure of selected techniques is also presented in Appendix A.

The protocols and methods of synthesis of the materials under study are detailed in chapter
3. The growth of quality single crystals of different air-sensitive polymorphs of NaMnO,,
progressed by floating zone technique (FZT), utilizing our experience gained during
missions in the laboratories of the Physics Department of the University of Warwick and
has been an innovation to the field of NaxMnO, compounds. The availability of sizable
crystals is crucial for experimental techniques that require large volumes of areas, such as
neutron scattering, a powerful technique to study nuclear and magnetic structure.

In chapter 4, B-NaMnO, has been revisited for a thorough study of the crystallographic and
dynamical properties. A single phase nuclear structure model has been used to describe the
structural modulations that are strongly connected to the evolution of the magnetic
structure from an AFM long range order to a proper screw magnetic state, hinting on
possible emerging ME effect.

Starting from polycrystalline powders grown under Ar atmosphere (B-NaMnO,) single
crystals of a-Nag7MnQO; crystallized in hexagonal system have been grown with FZT. In
chapter 5, the anisotropic magnetic susceptibility features are commented indicating a
glassy behavior at low temperatures as well as a preliminary dielectric characterization.
Finally, single crystals of a-NaggsMnO, grown with FZT are presented in chapter 6. An
interesting interplay between competing interactions initiated by the Mn**/ Mn** ratio
gives rise to local inhomogeneities allowing the existence of a weak FM component
observed in anisotropic magnetic measurements while single crystal neutron experiment
confirms the coexistence of short range correlations and AFM long range order. Features in
dielectric permittivity measurements in both powders and single crystals suggest the onset
of magnetic order while a weak magnetocapacitance effect is observed in powders’
detailed dielectric study.

In the end, in chapter 7, the wake of this experimental journey is put into few words

together with perspectives inspired by the current study.
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Chapter Two:

Experimental Methods

The main experimental techniques that have been utilized for the investigations and
realizations described in this thesis will be presented in this chapter. There will be given
details over methods covering sample synthesis and preparation, as well as laboratory
measurements using both in-house custom-made experimental installations and standard
instrumentation for characterization of physical properties. The underlying physics of X-
ray scattering and neutron scattering experiments carried out at central large scale facilities

will be also briefly described.
2.1 Solid state synthesis

All the polycrystalline samples used for the experiments detailed in the present thesis have
been prepared in the Functional NanoCrystals Laboratory (FUN-L) in the Institute of
electronic structure and laser (IESL-FORTH), in Crete, using solid state reaction. As solid
state reactions, are defined reactions between or within solid reactants to yield a solid
product and are prototypical of solvent free reactions. A remarkable difference between
solid state reactions and reactions using solvents is that solid state reactions occur within
the rigid constraining environment of the crystal lattice. [86], [87] The finite environment
of the reactant crystal lattice can control the Kinetic features of a reaction and hence the
nature of products while high temperatures are necessary to provide the energy for thermal

movement of the ions in order to surpass lattice restriction. Nevertheless, however high the
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heating temperature, it still remains well below the melting point. The product of such
reaction is not necessarily the thermodynamically most stable product available to the
system, but is rather the one dictated by the reaction pathway available in the surroundings
of the solid. Solid state synthesis is a quite simple and cost efficient method and rather
common for preparation of polycrystalline oxides. However simple and cost efficient
though, they are intrinsically slow since despite the reactants are well mixed in particle
level they are quite inhomogeneous in the atomic level. [88] Other drawbacks of the
method is the production of secondary phases that are formed in temperatures lower than
the final heating temperature while there is possibility to find unreacted traces of the
starting materials in the final product.

For the synthesis of NaMnO, polymorphs, the chosen reacting agents had to be accurately
weighted in an appropriate ratio, well mixed and ground to fine powder before being
pelletized. Due to volatility of Na and sensitivity to ambient conditions of the final
products, the reaction was taking place under continuous flow of specific gas atmosphere
and the final product was often “quenched”. Typically, powders were heated 1-3 times for
24-hours sessions (dwelling time) or more, at temperatures up to 950°C in alumina
crucibles without any preheating of the reactants. Details for all used protocols will be
presented in chapter 3.

2.2 Single Crystal growth

Single crystals have been vital to studies of a plethora of anisotropic systems giving the
opportunity to better understand the physical mechanisms behind magnetic and magneto-
electric behavior and so offering a boost in the exploration of multiferroic materials. Apart
from multiferroicity, the necessity to further explore local magnetic behavior motivated the
quest for single crystals of the Na-Mn-O system under study. The thermodynamically
stable crystals are a powerful tool in the understanding of challenging Na-Mn-O system in
which very similar free-energies of its polymorphs suggest compositional modulation at
low energy cost and realization of intermediate phases. Taking into account the demanding
nature of the air-sensitive samples in the Na-Mn-O phase space, it is worth noting that only
recently we succeeded, for the first time, in having optimized the growth conditions and
reached into phase-pure crystal specimens. The crystal growth covers a wide range of
study on synthesis, nucleation, growth rates, translation rates, morphological stability,

seeding process, segregation, stability, growth interfaces, growth atmosphere and
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crystalline defects. As it is expected also the selection of the crystal growth method
depends on various parameters of requirement such as the growth Kinetics, size, shape,
purity and the cost involved in the process of the growth. The 3 general classifications of
the numerous methods of crystal growth are: i) growth from solid phase, ii) growth from
vapour and iii) growth from liquid phase (growth from melts & growth from solvent).[89]
All attempts for crystal growth of the system Na-Mn-O that have been made until now
belong in growth from liquid category.
The first attempts for single crystal growth of the Na-Mn-O system have been done by
Jansen, Hoppe and Brachtel back in the 1970s using sealed crucible technique while the
hydrothermal method was later used by Hirano for sub stoichiometric polymorphs of the
system. [90]-[92] The hydrothermal technique has the ability to grow crystals which are
not stable at the melting point. The crystal growth is achieved in an apparatus consisting of
a fused high pressure metal vessel called the autoclave. The result of the first NaMnO,
crystals was needle-like crystals of 1-2mm length and ©= 0.1 mm.
Since then, the growth of large volume crystals has remained elusive. Among the
numerous methods available and under the guidance of Prof. Balakrishnan the methods of
Flux and Floating Zone have been explored in the quest of sizable single crystals of Na-
Mn-O that were crucial for the large scale experiments and will be further described in the

following paragraphs.
2.2.1 Flux method

Flux growth is the growth of crystal from molten salt solvent. The principle of the flux-
growth is similar to the growth in solution: the temperature is higher and related to the
melting temperature of the flux in this case. Flux is defined as a molten solvent in high
temperature and allows the growth to carry on well below the melting temperature of the
solute material which is the main advantage of the method. Simple metals (Ni, Fe...),
oxides (B,O3, Bi,O3), hydroxides (KOH, NaOH), salts (BaO, PbO, PbF, and other halides
...) can be used as solvents. The growths demand high temperature furnace equipment and
the crystals grown by this method are free from mechanical and thermal constrains. [89]
However, the choice of flux is yet a difficult procedure as it entails various
thermodynamical factors. From the solubility point of view, a desirable flux should be
chemically similar to the character of bonding to the solute and it should not be a barrier to

the solute movement in the flux. Other desirable properties of the ideal solvent are: Low
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reactivity with the crucible, ease of separation from the grown crystal by physical or
chemical means, low tendency of solvent to creep out of the crucible etc.

High temperature
Box furnace

Alumina crucible
Flux solution
Crystals

Brick

Figure 2-1 Schematic (internal view) of high temperature box furnace during the Flux growth of
single crystals

In the case of Na-Mn-O system we experimented with 2 different fluxes using of NaCl and
B,O; after studying similar system NayCoO,. The protocols and results will be described in
detail in chapter 3 for all systems studied in the present thesis.

2.2.2 Floating zone technique

The floating Zone (FZ) method for single crystal growth is based on the zone-melting
principle and was invented by Theuerer in 1962. It is a method developed from Bridgman-
Stockbarger method. The basic idea in float zone (FZ) crystal growth is to move a liquid
zone through the material. If properly seeded, a single crystal may result. It is most broadly
utilized in growing crystals of silicon but it proved beneficial for high purity growth of
sizable crystal boules of magnetic materials including manganese perovskites, low
dimensional compounds, frustrated magnets and superconducting compounds. Its main
advantage is the absence of crucible which is one of the sources of contamination in the
other methods while it gives the grower the opportunity to control atmosphere, pressure
and growth rate. The growths are carried in optical furnaces. There are systems of different
geometries (two or four elliptical mirrors) equipped with halogen or xenon lamps that
ensure a uniform temperature profile as the light is focused in a well-defined area, creating

a narrow region of high temperature which is called the “hot zone”. Direct temperature




measurement in the image furnace by pyrometry is not possible since, by definition, all
viewing axes inside the mirrors are focused on the image of the lamps. It is therefore the
lamp temperature, rather than the sample temperature that is probed during the growth.
The growths of the Na-Mn-O system were carried out using a 2 mirror Canon Machinery
SC1-MDH 11020 (University of Warwick) with standard double elliptical mirror geometry
equipped with two 1.5 kW lamps, which can reach a maximum operating temperature of
2000 degrees Centigrade. The floating zone technique demands long rods of
polycrystalline samples. These polycrystalline rods are prepared by compacting the powder
into a waterproof balloon before compressing isostatically by submerging in water and
applying high pressure (>150 kg cm2). The resulting rods are sintered to reduce the
possibility to crumble upon handling. One sintered polycrystalline rod, which is used as a
feed, is suspended from a shaft using platinum wire (which is non-reactive and has a high
melting point). A second polycrystalline rod or crystal of the same compound is mounted
directly underneath and used as a growth “seed”. Both are enclosed inside a sealed quartz
tube in the optical floating zone furnace, as shown in Figure 2-2. The shafts of the “feed”
and “seed” rods are counter-rotated and are brought close to each other at the center of the
furnace. The temperature in the “hot zone” is gradually increased until both rods reach
their melting points. At this point they are brought together to create a molten zone which
is held together by the surface tension of the material. The counter-rotation movement
tends to homogenize both the temperature distribution and composition in the molten zone.
Both rods are lowered through the hot region in a way that the feed rod is transformed
from solid polycrystalline to molten state and then into a single crystal boule as it leaves
the high temperature zone and re-solidifies upon slow cooling. One of the most challenging
aspects in this method is the stabilization of the molten zone that ensures a quality crystal.
This stability can be maintained by controlling the power of the light bulbs so as to
raise/lower the temperature in the zone while controlling the individual rate at which each
shaft is lowered. Small adjustments to their positions are usually necessary especially
during the initial formation of the molten zone. Crystal growth can be carried out in a
variety of atmospheres as air, oxygen, inert gases and combination of these under
continues flow or under controlled pressure. Details about the growth protocols followed

for the single crystals used in the present thesis will be given in chapter 3.
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Figure 2-2 Schematic of an optical furnace with feed and seed rods mounted.

2.3 Basic Structural and Chemical characterization techniques

2.3.1 X-ray diffraction[93], [94]

X-ray diffraction is the principle technique in solid state chemistry used for “fingerprint”
characterization of crystalline materials and determination of their nuclear structure. In a
preliminary characterization it is used to define the phase and provide the first information
about the quality of the synthesized sample.

If a sample is bathed in a parallel beam of monochromatic x-rays, the incident rays will
scatter isotropically from the atoms in the sample. If the sample also exhibits crystalline
order, the x-rays scattered in certain directions will be in phase, reinforcing one another to
produce a measurable signal. As illustrated in figure 2-3 the x-rays hit atoms A and B and
scatter in all directions. The path difference between the trajectories of the two waves are
reflected at the same angle so as the blue rays are in phase with each other. Path length

differences for rays between the first and second layers will be equal to:

sC + Ct = Dsinf + Dsinf (2-1)



file:///C:/LAb/ThesisMy/EA_Thesis.docx
file:///C:/LAb/ThesisMy/EA_Thesis.docx

Figure 2-2-3 The diffraction processing real space. Parallel monochromatic x-rays (red) are
incident on the planes of atoms (purple spheres. The scattered rays that are in phase with one
another are shown in blue. Reproduced from Thesis of Dr Wooldridge.

From which the Bragg law is derived and written as follows:

nk=2Dsin 0 (2-2)
where X is the wavelength of the X-ray beam, 6 is the incident angle, and d is the distance
between crystal planes. The value for D is dependent on the Miller indices h, k and |.
It is clear that diffraction provides a nondestructive technique that determines the spacing
between lattice planes in a crystalline sample from which the crystal symmetry and lattice
constants may be deduced.
The best visual representation of the phenomenon of diffraction has been introduced by
P.P. Ewald. Consider an incident wave with a certain propagation vector, k;, and a
wavelength, . If the length of ko is selected as the inverse of the wavelength |ko| = 1/A then
the entire wave is fully characterized and it is said that Ky is its wavevector.
When the primary wave is scattered elastically, the wavelength remains constant. Thus, the
scattered wave is characterized by a different wavevector, ki, which has the same length as
Ko: |Ki| = |ko] = 1/X.
The angle between ko and kj is 26 (Fig. 2-4, top panel-left). We now overlap these two
wavevectors with a reciprocal lattice (Fig. 2-4, top panel-right) such that the end of kg
coincides with the origin of the lattice. As shown by Ewald, diffraction in the direction of
ki occurs only when its end coincides with a point in the reciprocal lattice. Considering
that ko and k; have identical lengths regardless of the direction of k; (the direction of ky is
fixed by the origin of the reciprocal lattice), their ends are equidistant from a common

point, and therefore, all possible orientations of k; delineate a sphere in three dimensions.
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Figure 2-4 Top panel: The incident (ko) and diffracted (k;) wavevectors originating from a
common point (left) and the same two vectors overlapped with the two-dimensional reciprocal
lattice, which is based on the unit vectors a+ and b= (right). The origin of the reciprocal lattice is
chosen at the end of k0. Bottom panel: The visualization of diffraction using the Ewald’s sphere
with radius 1/4 and the two dimensional reciprocal lattice with unit vectors a* and b* The origin of
the reciprocal lattice is located on the surface of the sphere at the end of k.

This sphere is called the Ewald’s sphere and it is shown schematically in Fig. 2-4.
Obviously, the radius of the Ewald’s sphere is the same as the length of ko, in other words,
it is equal to 1/A. The simple geometrical arrangement of the reciprocal lattice, Ewald’s

sphere, and three vectors (Ko,kz, and d'r) in a straightforward and elegant fashion yields

Braggs’ equation.




The Ewald’s sphere and the reciprocal lattice are essential tools in the visualization of the
three-dimensional diffraction patterns from single crystals. They are also invaluable in the
understanding of the geometry of diffraction from polycrystalline (powder) specimens.
If a stationary single crystal is randomly oriented and irradiated by monochromatic X-rays,
only a few, if any points of the reciprocal lattice will coincide with the surface of the
Ewald’s sphere (fig.2-5 left). This occurs because first, the sphere has a constant radius
determined by the wavelength, and second, the distribution of the reciprocal lattice points
in three dimensions is fixed by both the lattice parameters and the orientation of the crystal.
The resultant diffraction pattern may reveal just a few Bragg peaks. Many more reciprocal
lattice points are placed on the surface of the Ewald’s sphere when the crystal is set in
motion, for example, when it is rotated around an axis. The rotation of the crystal changes
the orientation of the reciprocal lattice but the origin of the latter remains aligned with the
end of the incident wavevector.
Hence, all reciprocal lattice points with |d*| < 2/A will coincide with the surface of the
Ewald’s sphere at different angular positions of the crystal. When the rotation axis is
collinear with one of the crystallographic axes and is perpendicular to the incident beam,
the reciprocal lattice points form planar intersections with the Ewald’s sphere. The planes
are mutually parallel and equidistant, and the resultant diffraction pattern is similar to that
illustrated in Fig. 2-5 right.
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Figure 2-5 Two dimensional diffraction pattern of a stationary (left) and rotating ( right) single
crystal. The incident wavevector is perpendicular to both the detector and the plane of the figure.
Dash dotted line show the rotation axis which is collinear with c*.
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There are several conventional laboratory techniques for measuring x-ray diffraction,
corresponding to the variation of the two independent parameters in Bragg’s law and can

be devided in three categories summed in Table 2-1:

Table 2-1 Different experimental approaches using x-rays

POwder Rotating Crystal Laue
Probed : : : :
- Lattice parameters  Lattice constant Orientation
characteristic
Samples Polycrystalline Single crystals Single Crystals
X-ray beam Monochromatic Monochromatic Polychromatic
Geometry Variable angle Variable Angle Fixed angle
(a ) Single
crystal ° °
o
\\\ FA . A o @ o
\[l \/, o
[ (@]
X-rays

|
|‘I|=
20

Figure 2-6 (a) X-rays diffracted by single crystal produce a series of spots in Ewald sphere (b) All
orientations are present resulting in continuous Debye rings. This gives thelinear diffraction
pattern with discrete reflections.




2.3.1.1 X-Ray Powder Diffraction (XRPD)

Powder X-ray diffraction was used to check phase formation and determine the crystal
structure of synthesized samples. In powder x-ray diffraction, the wavelength of the
radiation is kept constant and the diffraction angle 20 is varied. The process is that of
elastic scattering. A polycrystalline powder sample consists of small crystallites, aligned
randomly with respect to one another. The random alignment of the crystallites forces all
the possible orientations of the x-ray onto the surface of a cone. According to that, bigger
D spacing will create cones with smaller angles and vice versa.

Two different X-ray machines have been used for the experiments presented in this thesis.
The first one has been the in house Rigaku D/MAX-2000H rotating anode diffractometer
and a (more advanced) Panalytical X’Pert diffractometer Pro multipurpose X-ray
diffraction system (MPD), with monochromated Cu K, Radiation (University of
Warwick). Both of them are using the Bragg Bretano Geometry (0- 20) which is illustrated
in Figure 2-7. In this geometry, the anode can be fixed and the sample and detector can be
rotated by 0 and 260, respectively. In our case both the x-ray source and the detector are
rotated during the measurement.

For interpretation of the diffraction pattern, information of powder diffraction data for
most compounds can be obtained from The International Centre for Diffraction Data
(ICDD) Powder Diffraction File (PDF) database. The software EVA has been used for
search and comparison of the sample’s diffraction pattern to the PDF library.

The purity of the sample under study has then been ascertained while a calculation of the
volume fraction of any impurities is made possible by comparing the intensity ratios of the

strongest peaks in the diffraction patterns.
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Figure 2-7 Incident X-rays are scattered by a polycrystalline sample according to the afore
mentioned  Bragg’s law in a Brag -Brentano  topology. Reprinted by
“http://pd.chem.ucl.ac.uk/pdnn/inst1/optics1.htm”

Due to the air sensitive nature of the system under study a special sample holder has been
designed to keep the powder (or pulverized crystals) sealed with mylar under inert
atmosphere and minimize the time of exposure to ambient conditions of humidity and
oxygen. A picture of the holder is presented in figure 2-8. As this has been a custom made
holder fo the specific Rigaku D/MAX-2000H machine, in cases if using a different
diffractometer mixing powder with high vacuum grease inside an inert environment (i.e in

side an Ar Glove Box) was usually used to protect the sample from oxidation.




Figure 2-8 Sample holder sealed with Mylar (a) and the base of the same holder where the
pulverized powder is placed.

2.3.1.2 Single Crystal X-Ray Diffraction

Single-crystal X-ray diffraction is most commonly used for precise determination of a unit
cell, including cell dimensions and positions of atoms within the lattice. Bond-lengths and
angles are directly related to the atomic positions and so the crystal structure of a material
is a characteristic property that is crucial for understanding many of the mechanisms that
dictate the structure modulated physical properties.

Usually, crystal structures contain from several hundred to several thousand unique
reflections, the spatial arrangement of which is referred to as a diffraction pattern. Indices
(hkl) may be assigned to each reflection, indicating its position within the diffraction
pattern. This pattern has a reciprocal Fourier transform relationship to the crystal lattice
and the unit cell in real space. This step is referred to as the solution of the crystal
structure. After the structure is solved, it is further refined using the least-squares
techniques.

Molybdenum is the most common radiation source for single crystal diffraction, with Moka
radiation = 0.7107A. These X-rays are collimated and directed onto the sample. When the
geometry of the incident X-rays impinging the sample satisfies the Bragg’s Law,
constructive interference occurs. Figure 2-9 represents schematically the set-up of a single
crystal X-ray diffractometer. That is a three axis system comprising of fixed-chi stage (chi

angle ~ 54.74°) and phi drive with 360° rotation. The X-rays which are not diffracted are




either transmitted through the crystal or reflected off the crystal surface. A beam stop is
located directly opposite the incident beam to block transmitted rays and prevent burn-out
of the detector. Reflected rays are not picked up by the detector due to the different angles

involved. Diffracted rays at the correct orientation are then collected by the detector.
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Figure 2-9 Left: Schematic of 4-circle diffractometer geometry. The angles between the incident
ray, the detector an the sample are noted. Right: Actual picture of Bruker D8 venture geometry
used in the present study reproduced from Bruker.com.

Once the crystal is mounted and centered, a preliminary rotational image is collected to
screen the sample quality and to select parameters for later steps. An automatic collection
routine can then be used to collect a preliminary set of frames for determination of the unit
cell. Reflections from these frames are auto-indexed to select the reduced primitive cell
and calculate the orientation matrix which relates the unit cell to the actual crystal position
within the beam. The primitive unit cell is refined using least squares and then converted to
the appropriate crystal system and Bravais lattice. This new cell is also refined using least
squares to determine the final orientation matrix for the sample. After the refined cell and
orientation matrix have been determined, intensity data is collected. Generally this is done
by collecting a sphere or hemisphere of data using an incremental scan method, collecting

frames in 0.1° to 0.3° increments (over certain angles while others are held constant). Data

is typically collected between 4° and 60° 28 for molybdenum radiation. A complete data

collection may require anywhere between 6 — 24 hours, depending on the specimen and the
diffractometer. Exposure times of 10 — 30 seconds per frame for a hemisphere of data will
require total run time of 6 — 13 hours.

The data collection took place at in-house BRUKER D8 VENTURE (Cu K,, A=1.54 A, Mo
Ko radiation, L = 0.7107A) diffractometer (IMBB-FORTH) equipped with PHOTON I
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detector and kappa goniometer under the guidance of Prof. K. Petratos and Dr R.
Gessmann. The kappa geometry of the goniometer provides true multiplicity and better
description of the absorption surface leading to an increased I/cI (Average intensity /
average intensity error) ratio. The PROTEUM2 [95] software has been the software tool
used in order to determine the unit cell, prepare the strategy of the data collection and
integrate the data collected.

After the data have been collected, corrections for instrumental factors, polarization
effects, Xray absorption and (potentially) crystal decomposition must be applied to the
entire data set. This integration process also reduces the raw frame data to a smaller set of
individual integrated intensities. When the final data set have been produced, the phase
problem must be solved to find the unique set of phases that can be combined with the
structure factors to determine the electron density and, therefore, the crystal structure. A
number of different procedures exist for solving the phase problem, but the most common
method is the least squares. Solution of the phase problem leads to the initial electron
density map. Elements can be assigned to intensity centers, with heavier elements
associated with higher intensities. Distances and angles between intensity 23 centers can
also be used for atom assignment based on likely coordination. If the sample is of a known
material, a template may be used for the initial solution. Once the initial crystal structure is
solved, various steps can be done to attain the best possible fit between the observed and
calculated crystal structure. The final structure solution will be presented with an R value,
which gives the percent variation between the calculated and observed structures.

The crystals used for data collection in this thesis were investigated under cooled nitrogen.
Showering a crystal with cold dry nitrogen during data collection reduces thermal
vibrations of atoms so that better data quality is possible. The choice of crystals has been
done according to size and well defined edges under a microscope. As soon as the crystal
got out of the glove box they were bathed in paraffin oil to prevent any moisture absorption
and then captured on the kapton loop.

2.3.1.3 X-ray Laue method

A complementary x-ray diffraction technique used for the quality check and orientation
definition of single crystal samples, is x-ray Laue photography. In the present study we
used the backscattered Laue method as illustrated in figure 2-10. A white beam of x-rays is

incident on a crystal, having passed through a hole in a photographic film or CCD camera

o1
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and diffracted rays are emitted in all directions in three dimensions in which the Bragg
condition is satisfied. The incident beam contains a continuum of wavelengths; in
reciprocal space this conforms to a continuous distribution of Ewald spheres so that many
diffracting planes satisfy Bragg’s law simultaneously. An alternative way of viewing the
process is that @ is fixed for every diffracting plane, each one selects the particular
wavelength for Bragg diffraction producing a spot on the photographic film. The spots on

any one curve, as shown in figure 2-10, belong to the same zone (for example [001]) since

these reflections lie on the surface of an imaginary cone whose zone axis is coincident with
the cone axis. The symmetry of the pattern of spots depends on the symmetry of the crystal
as viewed down the camera axis. Analysis of the patterns allows the crystallographic axes
of the sample to be identified. In the present thesis the Crystal maker software has been
used to simulate and match the produced Laue photographs in order to decide about the

orientation of the crystal.

IO >

Figure 2-10 Schematic diagram describing a back-scattered Laue experiment. A white beam (red
arrow) is incident to the crystal and diffracted beams are visible as a series of unique spots on the
ccd camera.

2.3.2 Inductively Coupled Plasma Mass Spectroscopy (ICP-MS)

ICP-MS technique has been employed of the quantification of the chemical constituents of

the compounds under study.




An ICP-MS combines a high-temperature ICP (Inductively Coupled Plasma) source with a
mass spectrometer. The ICP source converts the atoms of the elements in the sample to
ions. These ions are then separated and detected by the mass spectrometer.

The samples are dissolved in nitric acid to produce an aqueous solution, before being
introduced into the core of an inductively coupled plasma (usually argon at > 8000°C). The
thermal excitation of each element in the sample results in the emission of light at
characteristic wavelengths. The full spectrum is passed through a diffraction grating so that
a profile of light intensity as a function of A may be obtained. The relative intensities for
each element produce a mass ratio for all the elements in the sample, when calibrated with

a sample of known elemental concentration.

2.3.3 X-Ray Photoelectron spectroscopy (XPS)[96]

X-ray Photoelectron Spectroscopy (XPS) is the most widely used surface analysis while
the information that provides (elemental analysis in depth of 5-12 nm) about surface layers
is important for industrial and surface applications.

XPS is typically accomplished by mono-energetic Al K, x-rays causing photoelectrons to
be emitted from the sample surface. An electron energy analyzer is used to measure the
energy of the emitted photoelectrons. From the binding energy and intensity of a
photoelectron peak, the elemental identity, chemical state, and quantity of a detected
element can be determined. It is based on the kinetic energy analysis of photoelectrons,
which originate mainly from the core levels of the atoms in a solid, when this is exposed to
x-rays with energy of about 1-1.5 KeV. The exact Kinetic Energy of the peaks in an XPS
spectrum characterizes the kind of atoms (qualitative analysis) and their chemical
environment on the surface (chemical shifts). The number of electrons detected at each
energy level is analogue to the concentration of the certain kind of atoms at the analyzed
area. (quantitative analysis).

The surface analysis studies were performed in an Ultra High Vacuum (UHV) chamber
(P< 10°mbar) equipped with a SPECS LHS-10 hemispherical electron analyzer at the
Institute Chemical Engineering Sciences (ICE-HT, FORTH, Greece).
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2.3.4 Scanning electron microscopy —Electron dispersive spectroscopy (SEM-
EDS)[97]

In scanning electron microscopy (SEM), the image is obtained by scanning a finely
focused electron probe in a raster pattern over the sample surface in synchrony with
writing the detector signals. Strong detector responses result in high brightness in the
image. Magnification is determined by the ratio of the area scanned to the display area.
One imaging mode makes use 25 of the secondary electrons emitted by the sample surface
upon excitation from the incident electron beam. These secondary electrons are low in
energy, making it very easy to collect them by an appropriately biased scintillator. The
number of electrons emitted depends on the angle of the specimen surface with respect to
the electron beam and the detector. The resultant differences in brightness, therefore,
reveal the surface topography. Another imaging mode within a SEM makes use of
backscattered electrons. These electrons possess much higher energies comparable to those
of the incident beam electrons (1-30 keV). Therefore, the signal intensity is less sensitive
to surface topography (higher penetration depth of the incident beam) but instead depends
on the chemical composition of the specimen. This imaging mode is capable of providing
excellent atomic number contrast.

The machine used for the purpose of this work is JEOL JSM-7000F operating at 15 kV
accelerated voltage in IMBB-FORTH while some preliminary photographs have been
taken in the University of Warwick instrumentation.

Complementary to the XPS technique, energy dispersive x-ray spectroscopy analysis
(EDX or EDS), was employed for the determination of the Na:Mn ratio in the NayMnO,
compounds of the present study. Although time consuming, this process provides a
measure of the elemental mass ratios in an area localized to the finite size of the x-ray
beam. Electron excitations caused by the high voltages usually used in microscopes lead to
ionization within the sample. The consequent relaxation in energy results in emission of X-
rays that can be analyzed by a solid-state energy-dispersive detector. Qualitative analysis
by this method is straightforward since each element has a unique pattern of X-ray lines
from the K, L, and M shells. EDS method can provide, however, only semi-quantitative
analysis.

The spread in sodium concentration across the surface of a sample has therefore been
measured. Typically distributions in sodium content were found to be of the order of x =

0.7-1. Since EDS probes just the sample surface, in order to verify that the crystals were
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single phased throughout the layers, several samples were cleaved as thin as possible. The
exposure of the samples in ambient conditions was of extra interest since Na was found to
form salty compounds on the surface leaving vacancies in between the MnOg layers.
Quantification of the elemental ratios at the surface of the crystal flakes for this work was
carried with energy dispersive spectroscopy (EDS) by using a JEOL JSM-6390LV
scanning electron microscope equipped with an Oxford INCA PentaFET-x3 detector
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Figure 2-11 Schematic of a Scanning Electron Microscope (SEM) reprinted by the webpage of
Diamond industry news.[98]

2.4 Macroscopic physical property probing

2.4.1 Superconducting Quantum Interference Device (SQUID)[99]

The principle aim of magnetometry is to measure the magnetization (either intrinsic or
induced by an applied field) of a material. This can be achieved in a number of ways
utilizing various magnetic phenomena.

Magnetometry data in this thesis has been recorded using a SQUID magnetometer. The

SQUID magnetometer is an instrument which is very sensitive to magnetic fields, making




it ideal for measuring subtle changes in the magnetic behavior of a sample when it is
subjected to different temperatures, magnetic fields or pressures.

A magnetometer uses the principle of Faraday’s Law of electromagnetic induction in order
to measure the magnetization of a sample using a set of pick-up coils. The detection coil is
superconducting itself and wound in the formation of a second-derivative gradiometer.
Samples are fixed to non-magnetic holders with and then placed on the end of a non-
magnetic sample rod between the pick up coils. During the measurement, the sample is
step-scanned through the gradiometer (specified range typically 4 cm) as it is slowly
moved through the coils and the change of magnetic flux associated with this movement
produces a change in the persistent current. These pick-up coils are inductively coupled via
a set of superconducting wires to a Superconducting Quantum Interference Device
(SQUID) located inside a magnetic shield below the sample space. A SQUID consists of a
superconducting ring with two Josephson junctions in parallel; variations in the current in
the detection coils result in proportional variations in the SQUID output voltage. The
calibration of this voltage response curve to a sample of known mass and magnetic
susceptibility enables the measurement of magnetic moments in other samples. The

SQUID essentially acts as an extremely sensitive flux-to-current-to-voltage converter and

is capable of resolving moments as small as 5%10 ' emu (electromagnetic units).

Liquid helium and liquid nitrogen are used to cool the magnet and control the temperature
inside the sample space.

A schematic diagram of the SQUID is shown in Figure 2-12. Two different SQUID
magnetometers were utilized to take the measurements presented in this thesis - a Quantum
Design MPMS-5S and MPMS-XL. The MPMS-5S can be used to take magnetisation
measurements over a temperature range of 1.8—400 K and applied magnetic field range of
up to 5 T. The MPMS-XL is able to reach +7 T.

Typical measurements carried out with the SQUID were of DC magnetic susceptibility
versus temperature at a rate of ~1 K/min when measuring around magnetic transitions, or
2-5 K/min if measuring the paramagnetic behaviour over a large temperature range.
Magnetic susceptibility can be measured in both zero-field cooled (ZFC) and field cooled
(FC) situations. A zero-field cooled measurement involves the sample being cooled from
the high temperature paramagnetic state to base temperature before a magnetic field is

applied to the sample, and in a field cooled measurement the field is applied beforehand.
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There can be a significant difference between the ZFC and FC data depending on the
nature of the magnetic order present in a material. According to the shape of the magnetic
susceptibility curve in respect with the scanning temperature we may extract useful
information about the magnetic order of the measured material. According to Curie-Weiss
law as it has been presented in 1.3.3 section, we can distinguish the basic behaviors as
presented in figure 2-13.

[30 am] - pick-up coils

Figure 2-12 Schematic illustration of the SQUID operation reproduced from “MPMS MultiVu
Application User’s Manual”
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Figure 2-13 Curie-Weiss susceptibility of different magnetic system above the ordering
temperature. The inverse susceptibility is pltted and used to extract the 6 temperature which is 6<0
for an antiferromagnets, =0 for a paramagnet and 6>0 for a ferromagnet.




Depending on the needs of the need of the project several functions and protocols may be
followed such as ac susceptibility measurements in order to investigate dynamic of the

system or M (H) in order to explore hysteresis phenomena.

2.4.2 Dielectric Constant measurements

A material is referred to as a dielectric if it can be electrically polarized upon the
application of an electric field. This polarization occurs due to electric dipoles orienting
themselves in response to the applied field. An internal electric field within the dielectric is
generated (the electric displacement field), and acts to compensate the external field. The
electric susceptibility of a dielectric, y. is a measure of how strongly the polarization, P, is
dependent on the applied field, E:
P=yeE (2-3)
Where ¢, is the permittivity of free space (= 8.854 x10*2 Fm). The electric
susceptibility is a dimensionless quantity, and is related to the permittivity, . For a
material with a relative permittivity, er:
e=goer = (1 + ) o (2-4)
The relative electric permittivity is also referred to as the dielectric constant. The electric

displacement field, D is also directly linked to the electric polarization and the dielectric

constant:

D=gE+P (2-5)
Referring to Equations 2-3 and 2-4, this relation can be expressed as

D=¢g¢&E (2-6)

The behavior of dielectric materials in response to external electric field is well illustrated
in the case of the parallel plate capacitor. For two electrodes of area A, separated by a
distance d across a vacuum (Figure 2-14 a), a capacitance develops when an electric field
is applied:

C=g A/d (2-7)
If a dielectric material is then inserted between the two electrodes (Figure 2-14 b),
the electric field is reduced, and the capacitance increases:

C=¢gyeAld (2-8)
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In a homogenous material, the dielectric constant or relative permittivity ““ €, is expressed

as fraction of linear permittivity over the permittivity of vacuum. The definition of

dielectric constant is described in equation (2-6).

€ ' Lo
K=—=¢ =§ —J& (2_9)
8O

Where ¢, represents the Storage ability of the material while the imaginary parte represents

the Losses.
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Figure 2-14 (a) Ideal, Real and Measured values in a capacitor topology, (b) parallel equivalent
circuit mode for capacitor measurements

Experimentally, the dielectric constant of a material can be determined by measuring its
capacitance, assuming its dimensions are well known. So in most cases the capacitance or
the impedance of the sample has been measured as a function of temperature, frequency
and electric field. In the present study we have performed AC measurements on Agilent
LCR meter (or AH capacitance bridge) in a Cp-D (Capacitance-Dissipation Factor) mode.
In such case we consider a parasitic Resistance in parallel with the ideal capacitor as

pictured in Figure 2-3. We then can calculate the dielectric permittivity by the following

formula;
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, . €
£ = c.d ,D=tanb=— (2-10)
&y A €

r

Where d is the distance between the capacitor plates (thickness of the sample), A is the
conducting area of the plates. If we have an area covered with conductive paint this is the
area we should use for our calculations. The Dissipation factor (D) measured should be
close to zero value for a good dielectric material and is related to the Cp value as
following:
1 1

= m = a (2-11)
Where f is the frequency of the V. triggering signal, R;, is the equivalent parallel resistance
in the parallel equivalent model circuit (Fig. 2-3 b) and Q is the Quality factor. Q serves as
a measure of a reactance’s purity (how close it is to being a pure reactance, no resistance),
and is defined as the ratio of the energy stored in a component to the energy dissipated by
the component and is dimensionless.
Along with that the application of an external magnetic field could provide us with the

valuable information in respect with a possible magnetoelectric coupling.

(a) (b) (c) LCR Meter
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Figure 2-15 A parallel plate capacitor, where electrodes are separated by (a) vacuum (b) a
dielectric material. (c) Schematic of the wiring and connection of the sample insert for dielectric
measurements




The dielectric and magnetodielectric measurements of the Na-Mn-O system under study
have been partially done in Helmholtz Zentrum Berlin, Institute of Complex Magnetic
Materials LaMMB MagLab, Department of Samples and Environments using a Physical
Properties Measurement System (PPMS) while a number of them has been held in
Functional Nanocrystal Laboratory (FUNL) in Institute of Electronic Structure and Laser
(IESL), Crete.

In the case of the PPMS system a modified sample insert made by the local team has been
used for both measurements of polycrystalline specimens in pellet form and single crystals.
Details on this are given in section 2.4.3.2.

For the in-house experiments the custom-made Magnetodielectric Station was employed.
The whole set up has been modified while a new sample insert has been designed and
manufactured from scratch. This insert allowed the sample to be measured inside a
continuous flow cryostat which was placed in the center of a superconducting magnet in a
range of temperature from 320 K to 2 K and under magnetic fieldsupto 7 T.

The sample insert could be connected to an LCR meter, a capacitance bridge, an
electrometer or a high voltage power supply as required. This will be described in detail in
section 2.4.3.1. A schematic diagram of the wiring and connectivity of the sample insert
can be seen in Figure 2-3 (c). A sequential interface designed in LabVIEW has been
developed (in cooperation with Mr K. Mouratis as a part of his master thesis), enabling
computer control of the operations and communication with all afore mentioned
instruments including the superconducting magnet and a control valve that regulates the
flow of the cryogenic liquid into the cryostat. Major part of the work carried out for this
Ph.D. was involvement into the setting up of the in —house MD station including all
necessary modifications and performing trial experiments in order to standardize methods
and prove the adequacy of the newly designed features. A detailed user’s guide on how the

MD Station is programmed for a measurement session is given in Appendix A.
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2.4.3 Custom Magneto-electric Station

The in house custom-made Magnetodielectric Station of Functional Nanocrystals
Laboratory has been installed and programmed to be run remotely and sequentially using a
LABview designed interface through which the user can preview and control most of the
parameters.

The system uses a continuous flow cryostat by Janis, which is placed in the center of 7
Tesla cryogen-free superconducting solenoid magnet, allowing probing evolution of
physical properties under controlled temperature and applied magnetic field conditions. It
is also equipped with electronic Instrumentation capable to probe temperature and
frequency dependent phenomena with externally applied magnetic or electric stimuli and
measure physical quantities like Capacitance and Dielectric Loss, Voltage, Electric DC
Current and Impedance. The main Instrumentation used to probe physical properties and

control external stimuli is presented in figure 2-16 and are mentioned briefly below.
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Figure 2-16 Magnetoelectric station (MD) used for the in house magneto dielectric measurements




1- A 7 Tesla cryogen-free superconducting solenoid Magnet by American Magnetics. The

magnet is controlled by an AMI Model 430 programmer and Model 4Q05100 bi-polar

power supply and has a persistent switch heater installed with the ability to isolate the
magnetic field in the coils and ensure stability of the magnetic field applied during a
long lasting experiment with the main magnet leads discharged.

2- A continuous flow cryostat by Janis, which is placed in the center of the magnet coils
allowing probing properties under specified temperature and applied magnetic field
conditions at the same time. The continuous flow cryostat is used in order to cool down
to cryogenic temperatures (Liquid N2 down to 77 K). The flow of gas into the Cryostat
IS maintained with the support of a diaphragm pump.

3- The main instrument employed for probing Capacitance or Impedance is precision
LCR meter E4980 of Agilent with a frequency range of 20 Hz- 2 MHz. Depending on
the sample a 4-probe or a 2-probe connection can be established and a standard
correction can be used depending on the length of the wires used. For the lower
frequency range (50 Hz- 20 k Hz) an AH 2700 ultra-precision capacitance bridge is
used.

4- The main temperature control of the sample environment, both Janis Cryostat and the
sample space, is in the hands of Lakeshore 332 temperature controller in which channel
A is connected with the Cryostat heater of 40 Ohm and CX-1050-SD Cernox
#X235263 and channel B is connected with the heater (20 Ohm) placed on the sample
holder stick and CX-1050-CU Cernox #X94732.

2.4.3.1 Custom made Sample insert

The MD probe used in this set up is suitable for measuring dielectric properties
(Capacitance or Impedance) and Pyroelectric current of non-conductive materials in both
polycrystalline and single crystal forms. Two different sample holders/carriers are
designed in such way so that they can be detachable from the main stick and can be
prepared inside an atmosphere controlled Glove box. That makes the construction also
suitable for air-sensitive samples (Fig. 2-18 b). This probe is designed to be used in
temperature range 2-325 K and is suitable for use under magnetic field up to 7 Tesla.

In order to accomplish an independent probing and control of the temperature on the
sample environment we follow a dual- loop control which requires the installation of a

heater and a temperature sensor on the probe apart from the ones installed inside the
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cryostat. The temperature sensor in the sample area is a Lakeshore CX1050-CU. The
heater is a resistance of 20 Ohms constructed by Lakeshore MW-30 wire wrapped around
the brass neck of the holder base (Fig. 2-18 e black part on the top). The electrical isolation
from the brass base is succeeded with the use of the thinnest rolling paper and varnish so
that there is also good temperature conductivity between the heater and the brass part. The

heater is electrically isolated with a top coat of STYCAST.

(b) (d)  _20mm
' ‘15 mm Teflon cylinder

/ through the base
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Figure 2-17 Initial design of the MD probe (a) length of the sample space from the top hat (b)
choice of the suitable temperature sensor (c) Teflon bottom cover for protection and (d) design of
the sample space and removable sample holder.

The wiring allows 2-probe and 4-probe measurements depending on the physical property
that is probed. The cables from the BNC connectors to the sample holder base are
Lakeshore CC-C cables (solid copper center conductor drain wire and aluminized/
polyester shield) since low conductor resistance is prime consideration for measuring low
signals. We used the 4-Terminal-Points configuration since our main probing Instrument
(LCR-Agilent) which provides 4 terminals (Vy, Vi, ln, 1) suggests a better probing
precision in a wide range of Impedance in this configuration (Fig. 2-18 ¢, d). We also use a

floating GND. All 4 wires’ shields are connected together on a noise shield (copper plate)




which is close to the sample (or DUT) at the back side of the lower carrier socket in order
to limit the stray capacitance that develops among the 4 leads (Fig. 2-18 e).

The main part of the stick is chosen to be carbon fiber of diameter= 6.4 mm and its length
from the bottom of the Teflon flange to the sample space calculated to bring the sample
space exactly to the vertical center of the magnet coils (adjustable height from 691-716
mm) (Fig. 2-18 a) where the magnetic field is homogeneous over a certain diameter of

spherical volume (DSV) which in our case is 1 cm.

Noise shield

- T T
Do not interconnect the outer -
shielding conductors of the cables ‘ V m 9
3t UNKNOWN terminals side T a1 - &,

. Connect here

Figure 2-18 (a) MD carbon fiber stick, (b) lower carrier socket on brass frame and 2 detachable
sample holders/carriers, (c) 4 wires come down to lower carrier socket from isolated Teflon flange,
(d) 4TP wiring sketch, () GND according to 4TP and noise shield in the lower carrier socket, (f)
sample wired with 4TP as a capacitor, (g) “Sample holderl — capacitor topology”, no wires on
sample, (h) “Sample holder2- Flat multi pin carrier 2 or 4 probe wire connections to the sample,
(i) sample connected as a capacitor using paste (sketch of (f)).

2.4.3.2 Sample preparation and mounting

For the Impedance or Capacitance measurements of either a single crystal or a
polycrystalline sample (in a pellet form), the sample has been measured as a capacitor. In
most cases the application of a conductive paste has been used on the flat surfaces that
would serve as the capacitors plates. The pastes that have been mainly used were Silver,




Carbon and in a few cases Gold deposition using a custom made Gold evaporator. The
design of two different sample carriers would serve all possible needs of a 2 or 4 probe
wiring, fast mounting and using extra wiring or not. Both carriers with no sample mounted

are depicted in figure 2-1109.

Figure 2-19 “Sample holder 1- Capacitor topology” on the left and “Sample holder 2- Flat
multipin carrier” on the left side with no samples mounted.

1. “Sample holder 1- Capacitor topology” (Fig. 2-19-left): No wires attached to the
sample. Depending on the nature of the sample the use or not of a conductive paint on
the 2 flat parallel surfaces is possible. The electrodes on the two mica plates of the
holder are of solder bulbs to ensure point contact with the sample. Another view with a

sample mounted is on Figure 2-20 (b).

Since the mechanical strain induced to the sample from such a holder could affect the

measurements especially if the pellets is fragile, the second holder serves as an alternative.

2. “Sample holder2- Flat multi pin carrier” (Fig. 2-19-right): The substrate used in this
case is sapphire which is electrically insulating while being a god thermal conductor. In

this case, after the sample’s surfaces are covered with a conductive paint copper or gold




wires are attached with conductive paste on both of the surfaces. It should look like

figure 2-20 (a) (2 wires on each surface).

1- Polycrystalline pellet

For the study of polycrystalline specimens of the Na-Mn-O system the samples have been
prepared in pressed pellet form as will be described in Chapter 3. In such case, the
orientation of the applied magnetic field should not affect the probing properties and so the
vertical orientation of the socket has been preferred (flat surface of the lower carrier socket
L to H field) during the measurement to avoid mechanically stabilizing the pellet (Fig. 2-
17 b). The choice between the two sample carriers/ holders depends on how fragile the

pellet is or how important is a fast mounting.

Figure 2-20 (a) Parallel to H field orientation of the sample carrier- Sample Holder2 (b) Vertical
to field orientation of the sample carrier- Sample Holderl

2- Single Crystal

In the case of a single crystal one should take into consideration the proper orientation of
mounting the sample itself on the carrier and the orientation of the carrier since the lower
carrier socket can be oriented either parallel or vertical to the applied Magnetic field. The
orientation of the electric field depends on the experiment and the way you are going to

choose your contact areas on the sample under study.




2.4.3.3 Physical Property Measurement System (PPMS)[100]

The PPMS is a cryogenic platform that is used to carry out temperature (between 1.8 K and
400 K) and magnetic field (up to 14 T) dependent physical measurements. It allows the
conduction of transport measurements such as resistivity, Hall effect, Seebeck effect, Heat
capacity, magneto resistance and capacitance measurements.

For the magnetoelectric studies that took place in LaMMB - MagLab at the Helmholtz-
Zentrum Berlin we utilized a 14 T PPMS system. A custom insert made by the local team,
has been used for the measurements of capacitance of both polycrystalline and single
crystal specimens of Na-Mn-O. The sample holder here keeps a capacitor topology with
golden electrode plates. By means of a sample rotator, it is possible to measure the
anisotropic properties of single crystal samples. The temperature is controlled through a
single loop system having a temperature sensor only inside the cryostat and not on the
sample insert. The temperature ramps were found to ideally respond in a 2K/ min rate
having a linear profile. The setup gives the possibility to select between an AH 2700A
Ultra-precision Capacitance Bridge, for relatively low-frequencies (50 Hz - 20 kHz) or a
Solatron 1260 Impedance/Gain Phase Analyser, for the high-frequency region up to 32
MHz; the latter is being used together with a 1296A Dielectric Interface System in order to
cope with ultra-low capacitance levels. A Lakeshore 370 temperature controller was
utilized to cover a broad temperature range (5 <T< 180 K). All measurements were
controlled using an interface based in combination of LabView, Python and Visual Basic.
Heat capacity, C(T), of beta polymorph (B-NaMnO,) has been measured in a similar PPSM
system at zero-field on a cold-pressed pelletized powder sample by means of the relaxation
technique, utilizing a physical property measurement system (Quantum Design, PPMS).
The PPMS is used to measure the heat capacity of a sample, usually as a function of
temperature, but also as a function of applied magnetic field. The sample has been placed
on a 3x 3 mm? platform in the middle of a “puck”. The platform is suspended by wires,
which isolate the platform from thermal contact with the system and are also used for
platform heating and temperature measurement. This puck is then placed inside a
superconducting magnet which has a temperature range of 2-400 K, and is capable of
applying magnetic fields up to =9 T. The heat capacity is then determined at a particular

temperature by applying a small increase in temperature (typically ~5% of the current

temperature) and measuring how long the sample takes to return to the initial temperature.
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Figure 2-21 Exploded view of the plug-in designed puck and sample platform used in PPMS for
standard Heat Capacity measurements [100]

The heat capacity, C, of a sample at a particular temperature gives information on the

entropy, S, present in the system. [101] At constant pressure, this relationship is given by

C,=T (z—j)P (2-12)

The entropy of a system is given by the following equation for a fixed volume, V

and magnetic field, B:
— _(°F -
S = ( aT)V,B (2-13)

where F is the Helmholtz free energy, a portion of the total internal energy, E of the system
defined as:

F=U-TS (2-14)
From equation 2-11, it can be seen that a change in the energy of the system is associated
with a change in entropy and so heat capacity studies are providing useful information for
possible phase transitions, which appear as sharp peaks as a function
of temperature.
In order to extract the magnetic contribution of the specific heat from measured quantity,
phonon contributions need to be subtracted. This can be achieved by by measuring the heat
capacity of a non-magnetic analogue of the sample as in the case of TbMnOs. [102] This
non-magnetic compound is known as a phonon blank, and is chosen to have a molecular
weight and crystal structure as close as possible to the magnetic compound in order to have

an accurate representation of its lattice contribution to the heat capacity. Another way to
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isolate the magnetic part of the measured heat capacity is by subtracting the phonon
contribution using the Debye approximation to the phonon spectrum of a crystal lattice.
[101]

Debye improved on Einstein’s theory by treating the coupled vibrations of the solid in
terms of 3N normal modes of vibration of the whole system, each with its own frequency.
The lattice vibrations are therefore equivalent to 3N independent harmonic oscillators with
these normal mode frequencies. This improved the low temperature behavior of the Debye
approximation in comparison to the Einstein more simplified model gave better
quantitative description in all range of temperature. The characteristic temperature

h% = 0 is known as Debye temperature while the relation for C(t) derived by Debye is
the following:
_ (9rNkT3\ (Ofp xteX
cm = 63 ) Iy ez ¥ (2-15)

2.4.4 lIssues during DE measurements- Standardization and improvement of

the set up

2.4.4.1 Effect of electrical contacts on capacitance measurements

In continuation of the BaTiO3; measurements with different pastes that started in August
2014 in HZB, in order to study the behavior of the pastes and how the choice of paste
affects the measurements with this specific set up we measured BaTiO3 with Carbon Paste
to check if there will be any “false” peak around 230-250 K that we could observe in
measurements with silver paste contacts. In this range of temperature (230-250 K) there
was a peak in almost all previous measurements (NaMnO, and BaTiO3 both with Silver
paste contacts). As shown in figure 2-22 the silver paste adds an effect in the area of 230-
250 K which is not observed in cases of carbon paste or no paste samples. In panel d the
temperature ramp is shown in order to confirm that our measurements can be comparable
to one another and the only effect could be attributed to the change of the contacting paste.
The case of effects initiated by the different kind of contacts including paste has been
commented by Lunkenheimer et al. [103]. According to this study large values of dielectric
constant or CDCs (colossal dielectric constants) may originate from the effect of contacts
either sputtered or spread on the samples in a way of creating Schottky barriers because of

the small metal clusters applied during sputtering for example.
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Figure 2-22 BaTiO; test measurements using different contact pastes. Details found in the text.

Difference in magnitude may be attributed to the different pastes used as electrodes on the
pellet as far as the properties of the paste and thickness of the layer are concerned.

It was observed that trying different ramp rates could affect the appearance of the kink
(according to August measurements on BaTiO3). However the rate of 2 K/ min was chosen
while heating/measuring because it seemed to be the most appropriate for the specific set
up in HZB.

2.4.4.2 Linearity of temperature ramp

Issues on the temperature control in custom made set ups are an important drawback
questioning the results of a study. Learning the hard way we had to face the picture of non-
smooth temperature ramp which was affected by factors such as the smooth flow of the
cryogenic liquid, the adequate heating of the heater of the set up together with the
appropriate control loop system including the set of instrumentation.
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In house MD station: The issue of the temperature linearity is a complex one and
dependent on various facts. One of them has been the combination of the heater’s power
used in the sample temperature control loop which was attached on the stick and the mass
of the sample holder/ stick itself. Due to the big thermal mass the inertia has grown big and
led to a sinusoidal ramp of the temperature (fig.2-23a). Removing the lower part of the
sample holder which didn’t allow the system to respond to the temperature changes, as
shown in figure 2-20, has been a noticeable improvement (fig.2-23b). However we could
still not achieve a perfect linear ramp throughout the whole temperature range even if the
temperature control has been arranged in two loops with two different heaters (one for the
system and one for the sample holder).

The solution to this was brought by a custom made control valve system on the transfer
line of the cryogenic liquid that has been developed by Mr Mouratis (MSc). The concept is
the opening/ closing of the valve through a DC step motor connected to a transmission
gear. This is further powered and controlled by a current source (Keithley 2400). The
algorithm compares the set point to the actual temperature point and depending on the error
allows different speed modes for the stepper motor resulting to the modulation of the
valve. The whole programming once more has been done in LabView. The function of this
is further detailed in Appendix A while the details of the design can be found in the Master
thesis of Mr Mouratis. It is important to note here that the attempt to use a mass flow
controller in order to control the cryogenic flow didn’t work for the system.

The temperature ramp in the PPMS system used in HZB facilities was found to work
linearly only in the slow ramping rate of 1 K/ min since it was using a single loop
temperature control arrangement and we had to adjust to that. It is worth to mention that
after the latest tuning of the double loop temperature control system in the in house MD set

up the linear ramp could be achieved even with a 4K / min ratio as shown in figure 2-23c.
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Figure 2-23 (a) Temperature ramp with a big inertia due to heavy mass of the holder (b) after the

correction of the mass but still non-linear in high temperatures where N, flow should be less (c)
After the control of the N, flow into the cryostat.

2.4.4.3 Humidity

A feature in high temperature area (235-270 K) has triggered our suspiciousness towards
the presence of humidity inside the experimental station of the PPMS while in HZB. It
was observed that during the measurements there has been an impressive rise in dielectric
constant above 230 K with this feature being affected when the system has been extra
pumped and heated (350 K) for 20-30 min (or even more) in order to seal properly. We
assume that it could be humidity absorption from sample or parts of the stick, because it is
around 250-270 K where we could see some effects. The case of paste contacts causing a
false effect of CDCs (colossal dielectric constants) as commented in 2.4.4.1, was taken into
consideration but there were also cases where we could see such an increase even when
there were no paste contacts on the pellet sample.
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To our understanding that effect is not related to any intrinsic property of the system under
study but there is good possibility that it is related to a combination of the humidity and the
grain boundaries effects due to clustering on the surface or due to paste contacts. [103],
[104]

The fact that this effect was also observed in Kapton Foil test measurements supports the

scenario of the trapped humidity.
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Figure 2-24 Effect of rapid increase of the dielectric constant above 230 K observed also in the
dielectric Loss.

Same effects of random features in the temperature area > 250 K hinted the existence of
humidity were also met in the in-house MD set up during the use of the new sample
insert (figure 2-25a). This was confirmed with droplets found on the sample and around
the sample holder when we got the stick out of the cryostat (T= 298 K).

The samples that have been exposed to these conditions have been destroyed as they
have been air and humidity sensitive. Contacts were checked and found good and solid
with no shortcut after measurement.

The first solution we came up with, as an improvement of the custom made MD station,
was the opening of several holes on the carbon tube of the MD probe so that during the
pumping of the cryostat area the trapped humidity would be pumped as well. This

inspiration failed as a solution to our problem since after several runs we would still find
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drops on the sample holder. The origin of the humidity was finally found to be the lack of
isolation around the signal terminals on the upper part of the stick (figure 2-25 b) which
because of the continuous pumping was letting “Air” inside the cryostat which would

liquefy when the system was ramped to low temperatures.
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Figure 2-25 (a) Capacitance measurement after which the sample came out soaked in droplets. (b)
modification of the top hat with high vacuum paste.




2.4.4.4 Elimination of electronic noise [105]
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Figure 2-26 Top panel: (left) Schematic of an non-guarded topology which exhibits stray
capacitance. (right) Insertion of a shielding plate so that allgrounds are connected there. Bottom
panel: Actual photo of the implementation of the afore mentioned “noise” shielding by addition of
a copper plate on the back of the holder.

The electronic noise developed by the stray capacitance existing between the terminals
connected to the device under test and a conducting environment can affect small signal
measurements especially in high frequencies. [105] The effect can be eliminated by the
addition of a conductive shield surface in the vicinity of the signal. As a second case of
stray capacitance is the development of one in parallel with the device under test between
the high and low terminals. In this case the shielding plate has to be connected as close as
possible to the exposed parts of the terminals and connected to the common ground as

illustrated in figure 2-26.

2.4.5 Nuclear Magnetic Resonance (NMR)

The techniques of nuclear magnetic resonance (NMR) can be also successfully applied to
the study of the electronic properties of solids. The virtue of this experimental method is
that it can provide us with a probe that is only weakly coupled to the electronic system,




allowing for precise determination of the local magnetic fields present in the material
under investigation.

Because of the effectively weak coupling, which is usually much weaker than the leading
Zeeman term, the NMR results are easy to interpret. Nuclear magnetic resonance is
sensitive to the time-averaged local magnetic fields through the position of the absorption
lines as well as to certain spectral components of fluctuating fields. The fluctuations affect
the linewidth and the relaxation times of nuclei. Consequently, employing different
methods like 1D, 2D, solid state NMR, relaxation measurements e.t.c, valuable
information can be retrieved about the microscopic dynamics of the system on a local
scale.

2.45.1 Solid State NMR

A solid (quadrapolar) echo refocuses dipolar and quadrupolar couplings. It is generated by
a 90° pulse applied at a time t after the 90° excitation pulse (see Fig.2-27). The two 90°
pulses must be 90° out of phase. The echo maximum is at a time t after the second pulse.

The echo delay t should be smaller than the inverse coupling strength.

P1 P2

n/2|<—>|1/2k—

Figure 2-27 Solid echo pulse sequence

In the present study we performed NMR measurements on “*Na quadrupolar nucleus with
I=3/2. The shape of the central line as well as the satellite line determines the nature of the

transitions observed observing changes in the quadropole frequency vg.

2.4.5.2 Types of magnetic relaxation

Any excited magnetic moment (generally excited by an RF) relaxes back to equilibrium on
the z-axis. There are two mechanisms involved: spin-lattice and spin-spin mechanism.
Spin-spin relaxation is also referred to as transverse relaxation or T, and describes the
decay of the excited magnetization perpendicular to the applied magnetic field. On the
other hand, spin-lattice relaxation is referred to as longitudinal relaxation or T; and

describes the return to equilibrium in the direction of the magnetic field.
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The spin-lattice relaxation (T;) can be measured from the buildup of magnetization along
the static applied magnetic field. For this an inversion recovery pulse sequence is used. The
inversion recovery (T1) pulse sequence (fig. 2-28) inverts the magnetization on the z-axis
so that the second pulse yields a signal of intensity directly proportional to the relaxing
magnetization along that axis: negative for short evolution times and positive for long
evolution times. The intensity of the signal is described by the equation:

6
4 (2-15)

The intensity is zero at T1In(2) (0.693T;) so the value of T, can be measured by running
single experiments, changing the value of z until a null intensity is found. If the intensity is
positive then 7 needs to be reduced and if it is negative then z needs to be increased. The

value of Ty is 1.443zn.

P1 delay P2
- T
Relaxation - /2
delay
Inversion FID

pulse acquisition

Figure 2-2-28 Inversion recovery pulse sequence for measuring T

Spin —lattice relaxation rate 1/T; can be determined by fitting magnetization recovery

curves to the magnetic-relaxation model for 1=3/2:

t

M(t) = M, [1 —s (1/10e‘(r_1)a + 9/10e‘(%)a>l (2-16)

Where, s < 1 accounts for imperfect inversion of Na nuclear magnetization after the
initial ©t pulse, while « stands for a stretching exponent.
The spin-lattice relaxation (T;) is expressed by the following equation for determining the

nature of magnetic fluctuations:

1 _ 2y3kpT p o Xi(qPw)
Ty (yen)? Lqr AgA=q w @17)
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where A, denotes the hyperfine coupling of the **Na nuclei with the electronic magnetic
moments, y'' is the imaginary part of the dynamical susceptibility and o is the Larmor

frequency.
2.5 Studies in International Large-scale Facilities

2.5.1 Synchrotron X ray scattering [94]

Very high intensity X-ray beams, ~100-10,000 times more intense than the K. radiation
from X-ray tubes, are generated in a synchrotron, a type of particle accelerator. Highly
accelerated electrons are confined to travel in near-circular paths in a ‘storage ring’ by the
action of magnets placed at intervals around the ring. The ‘synchrotron radiation’, which
arises as a result of the continuous inward radial acceleration of the electrons, is outputted
tangentially from the ring and covers a wavelength range from infrared to very short X-ray
wavelengths. The radiation then passes to a crystal monochromator, set to reflect the
particular wavelength required.

Apart from the high brilliance of the X-ray beam, the advantage of synchrotron radiation is
that, unlike X-ray tubes where one is restricted to the particular Kz: wavelength of the
anode element, the monochromator can be ‘tuned’ to reflect X-rays either well away from
the absorption edge of (e.g.) a heavy element in the specimen to minimize absorption
effects. Duo to the size of the storage ring the nearly parallel beams at distances offer a
better resolution compared to conventional X-ray beams. The radiations also differ in their
states of polarization; that from an X-ray tube is almost wholly unpolarized whereas that
from a synchrotron is wholly polarized in the plane of the storage ring.

In general, there is no principal difference in the diffraction phenomena using the
synchrotron and conventional X-ray sources, except for the presence of several highly
intense peaks with fixed wavelengths in the conventionally obtained X-ray spectrum and
their absence, because of the continuous distribution of photon energies, when using
synchrotron sources.

The phase purity of pulverised Na-Mn-O crystals was studied by synchrotron X-ray
powder diffraction, performed at the National Synchrotron Light Source (NSLS-11, BNL,
USA). The specific measurements were performed at room temperature employing the 28-
ID-2 (XPD) beam line at NSLS-II, equipped with an image plate detector and A= 0.2354 A.

Small Na-Mn-O crystal flakes were ground in fine powder, loaded in &1 mm glass
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capillaries, which were then flame-sealed and studied at XPD as two separate specimens.
The data were analysed by using both the Le Bail and Rietveld refinement options
available within the FullProf suite of programs.[106] Le Bail and Rietveld methods will be

briefly described in section 2.5.3.

2.5.2 Neutron Diffraction [107]-[109]

Neutron scattering is a tool which allows both the nuclear and the magnetic structure of a
material to be examined and more specifically Neutron diffraction describes the elastic
scattering of a neutron from an atom providing information for determining the crystal
structure. Unlike X-rays, neutrons have no electrical charge, and so do not strongly interact
with the electron cloud of an atom. The result of this is that neutrons can probe deeper into
a material than X-rays, and the effect of absorption does not increase with the size of the
atom. These properties are particularly useful for defining the crystal structure of a
compound, since the positions of relatively light atoms (e.g. oxygen) can be determined
even when alongside much heavier rare earth atoms and transition metal ions.

Neutrons are produced in two different ways, through the fission of 235U in a nuclear
reactor (as used at the Institut Laue Langevin (ILL)) or through a spallation process which
involves the collision of high energy protons that have been accelerated in a synchrotron
with a heavy metal target (as at ISIS in the UK or the Paul Scherrer Institut (PSI) in
Switzerland). Both processes require the use of a room-temperature moderator, in which
the neutrons are slowed to thermal velocities via collisions with light atoms such as
deuterium.

A disadvantage of using neutrons is that scattering is weak - only a small fraction of the
incident neutron beam is scattered by the nuclei in the sample. This, combined with the
fact that the incident neutron flux produced by a neutron source will be orders of
magnitude smaller than the photon flux from an X-ray source means that, generally, much
longer counting times are required in neutron scattering experiments than in X-ray
scattering experiments. Also, samples are generally required to be large for magnetic

measurements using neutrons, providing a practical problem for single crystal work.
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2.5.2.1 Nuclear Neutron scattering

In a neutron diffraction experiment (elastic scattering), neutrons fired upon a sample have
an incident wavevector ki, and scattered wavevector ki . The scattering vector, Q, is then
defined as:

Q =ki — ki (2-18)

k.

*----

Figure 2-29 The scattering triangle relating the incident and final wavevectors to the scattering
wavevector

The effective cross section, o, seen by the neutron beam is related to the nuclear scattering
length, b, an atom (and isotope) dependent quantity:
o = 4nb® (2-19)

) ) . do . . .
The differential cross section, ﬁ, is defined as the number of neutrons scattered into a

solid angle d©2 per second, as a fraction of the incident flux (It is assumed that the distance
between the sample and detector is large compared with the dimensions of the sample and
detector, such that d is well defined [109]).
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Figure 2-30 Neutron scattering geometry after Squires [109]

This value represents the probability of detecting a neutron over a solid angle range, and is
dependent on the values of Q and b. For a neutron beam elastically scattered by an array of

n atoms, the differential cross section is given by:
22 = | T by exp(iQ - )1 (2-20)
where r is the vector describing the position of the nucleus the neutron interacts with. For a
crystal with lattice parameters a, b and c:
r=xa+yb+zc (2-21)
Scattering from a crystal occurs when the Laue condition is satisfied:

Q=G =ha*+kb* + Ic* (2-22)
where a*, b* and c* are the reciprocal space lattice parameters (a* = 2n/a, etc), and h, k and |
are the crystal Miller indices. The differential cross section in this case is given by:

2 = N?|Fy |2 (2-23)
where N is the number of unit cells in the crystal. Fy is the nuclear structure factor, and is
given by:

Fnit = Y bnexp[2mi(hx, + ky, + 1z,] (2-24)

The intensity, |, of the scattered beam is related to the nuclear structure factor according to
Squires[109]:

I o< |y |? (2-25)
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2.5.2.2 Magnetic Neutron diffraction

Neutrons have a spin value of 1/2, allowing them to interact with the magnetic moments
present in a sample. The interaction between the intrinsic magnetic moment of the neutron,
un, and the atomic magnetic field, B (which is due to the resultant spin and orbital angular
momenta of the atom) is described by a potential of the form —uN -B. Neutron scattering
can therefore be used to determine the magnetic structure of a compound.

As mentioned above, neutrons are also scattered by the magnetic moments in a crystal.
Magnetic scattering only occurs from components of the magnetisation which are
perpendicular to the scattering vector Q. The magnetic structure factor, FM, is given by:

Fy =2 fj(Qujexp[iQ - 7] (2-26)
where y; is the magnetic moment at the jth site, and f;j(Q) is the magnetic form factor (as
given by the dipole approximation), which gives the Q-dependence of the magnetic
scattering from an atom. The magnetic scattering intensity is dependent on FM, as with the
nuclear scattering case [109]:

Iy < |Fyyl? (2-27)
If a neutron powder diffraction experiment utilises measurements of the scattered intensity
as a function of the scattering vector, Q or the crystal d-spacing, any peaks found can then
be related to the magnetic or crystal structure of the compound. In order to distinguish
between nuclear peaks and magnetic peaks, measurements can be taken at temperatures in
the paramagnetic phase, where no magnetic order (and thus no magnetic Bragg peaks) are
expected. Models of the magnetic structure can then be determined by using Rietveld

refinement of the data.

2.5.2.3 Constant wave length (CW)

For diffraction experiments, as is the case for the x-ray diffraction measurements described
in section 3.2, the wavelength should be kept constant whilst the diffraction angle is varied.
The beams are therefore monochromated by diffraction from high quality crystals or a
mechanical rotating device known as a chopper, which permits neutrons that are travelling
at the correct velocities to pass through a small window.

In the first case, higher order diffraction with wavelengths of Ay /n also takes place. These
secondary wavelengths must be removed by filters, but monochromation of this kind
results in a continuous beam and is the method used at PSI. The second method, employed

at ISIS, gives out a pulsed neutron beam with an error in Ay related to the width of the
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chopper window. A pulsed neutron beam necessitates an analysis method known as time-
of-flight.

2.5.2.4 Time of flight (TOF)

The incident neutron energy and direction with respect to the crystal are fixed by the
experimenter. The neutron transfers both momentum and energy to the sample and the
direction and time of the scattered neutron is then measured. In the detector system of the
instrument, the neutrons are counted both as a function of position and time. The time
taken (t) for the neutron to travel a distance L from the chopper to the sample to the
detector can be used to determine the magnitude of k; via the relation |k;| = myL/At.

The powders and crystals of this study have been measured using the TOF diffractometer
WISH (Wide angle on a single Histogram) in Target Station 2, at ISIS of Rutherford
Appleton Laboratory. The general layout of TOF diffractometer is presented in figure 2-27.
WISH is a long wavelength magnetic diffractometer suitable for the study of magnetic or
large unit cell compounds with wavelengths that vary from 1.5 A to 15 A (or d-spacing 0.7
A -50 A). Neutrons travel towards the sample with a velocity v, through a guide of total
length L (for the WISH instrument L=50 m). The time of flight (t) for neutrons is related to
the wavelength (1) by De Broglie equation:

_h_ bt ]
A== (2-28)

For the case of TOF diffractometer Bragg’s law can be re-written as

Mki=20dhkiSind (2-29)
where 60 is the fixed detector angle and each interplanar spacing dnk corresponds to a
distinct wavelength Ang.
The substitution of the wavelength in equation (2-30) with its equivalent from equation (2-

28) yields for the interplanar spacinng

_ ht t
2mLsinO  505.554Lsin6

dhk (2-30)

Data presented in the form of number of neutrons as a function of time of flight (in
microseconds) are collected from different detectors (or “banks” as they are usually called)
which are placed circularly with respect to the sample covering different d-spacing regions.
Backscattering detectors also exist, which in the case of WISH produces the data with the

highest resolution.

84




50000

Moderator

Unpoisoned [ 1 Detector
Decoupled CH,

Sample Tank

Sl Disk Choppers

b Nimonic Chopper Collimator
S Guide Carousel ~ Monitors
58N1 Guide m=0-3

Beam Stop

Monitor

;
,,/ 6500
________ - Vertical ballistic funnel

9000

m=3
Focussing! snout
12000 Monitors

15050 Details of the focussing sections

35000 .
m=2

47500 26513 oy’ 12X6 iy “‘weak” fOCUSSing
i =2 m=3-4« " :
e P strong” focussing

10x5 mm’

Figure 2-31 Schematic of layout of the WISH diffractometer in TS2 —ISIS reprinted from science
case reference [110]

When a neutron enters the detector, the helium gas inside the chamber is ionised via the
following reaction:

SHe +n —> 3He +p+ 0.77MeV (2-31)
If a voltage is applied across the gas chamber, the emitted charged He ions result in a
measurable electrical pulse. In a powder neutron diffraction experiment, an array of *He
detectors are placed on an arc, each one equidistant from the sample. Rather than scanning
a detector through a range of 26 values, data at each angle are collected simultaneously.
In a single crystal diffraction experiment, the sample is rotated through the Bragg condition
and a plot of neutron counts versus rotation angle is recorded. The resulting curve is fitted
to a Gaussian or Lorentzian distribution and the integrated area used to determine a
guantity known as the nuclear structure factor, defined as:

Fy(q) = Xibiexp[iq - R; — Wi(q)] (2-32)
where R; represents the position vector of atom i within the unit cell and the last term in the
exponential is known as the Debye-Waller factor which accounts for the thermally induced
displacements of the atoms around their mean position.

The structure factor is related to the coherent elastic differential cross section via:

20' s 3 2
G = FELdF(@] 8(q-6) (2-33)




where Vy is the volume of the crystallographic unit cell and G a reciprocal lattice vector.
The delta function in the above equation is a restatement of the Bragg condition that
diffraction may only occur when the momentum transfer vector equals a reciprocal lattice
vector. Of course, in reality a Bragg reflection does not correspond to a delta function. The
Bragg peaks are finite in two dimensions due to factors such as crystal mosaic spread and
instrumental resolution (because of error in the incident neutron wavelength and/or
imperfect collimation).

In three dimensions, the Bragg reflection is contained within a resolution ellipsoid. It is for
this reason that the reflection is measured and integrated over an extended range to
measure the total intensity of each reflection (Ihkl). The structure factors are calculated
thus:

_ Npgiw

A3v
Ingg = - =V—02|Fhkl|2 (2-34)

where N is the number of diffracted neutrons, V the sample volume and « the rotational
angular velocity.

Several corrections need to be made to the data. Firstly, as mentioned above, thermal
agitation of the crystal structure is accounted for via the Debye-Waller factor. Secondly, if
the sample is highly absorbing a correction for @ as a function of sample thickness needs
to be made. Thirdly an effect known as extinction should be accounted for. Primary
extinction produces a similar effect to absorption; if a large proportion of the incoming
neutrons are diffracted by the first part of a crystal, the incident flux further into the crystal
is significantly reduced. Secondary extinction relates to the diffraction of beams by
misaligned domains within the crystal. Finally, the Lorentz factor incorporates the effect
due to the angular rotation of the crystal. Since the Ewald sphere is centered on the origin
of ki and not the reciprocal lattice, a constant speed of rotation in real space causes
different points in reciprocal space to pass through the Ewald sphere with different
velocities; each reciprocal lattice point therefore obtains a different period of time with

which to satisfy the Bragg condition leading to an alteration in the measured values of Ip.

2.5.2.5 Inelastic Neutron scattering[111]

Neutrons are also inelastically scattered from atoms, either losing or gaining energy during

the collision. A diffraction experiment counts neutrons that satisfy the Bragg condition of
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the crystal i.e. when |ki| = |ks|, the scattering processes when this condition is not met are

measured in inelastic neutron spectroscopy (INS) and give information on the time

dependence of atomic motions. The scattering vector q is defined as the difference between

the incident and final wavevectors q = ki — k. Applying the cosine rule to the wavevector

configuration in figure 2-32 gives:

Q? = k? + k% — 2|k;l|k| cos 6 (2-35)

Figure 2-32 The scattering triangle for incident and final wave vectors in the case of inelastic
scattering.

which can be written in terms of energy as follows:

hz Q2
2mp

= Ei + Ef -2 ElEf cos @ (2'36)

The neutron transfers both energy (o) and momentum (Q) to the sample; an inelastic
scattering experiment therefore counts neutrons that satisfy equation 2-35 and maps out the
scattering function S(Q, hw). The scattering function at nonzero energy contains both
inelastically scattered neutrons and quasielastic scattering - scattering due to non-periodic
motions of atoms that results in nearly elastic scattering at Q values between Bragg
reflections. The coherent part of this scattering is also known as diffuse scattering and
characterizes the deviation of the system from ideal (spatial or temporal) periodic order
resulting in a broadening of the elastic line into both positive and negative energy transfer.

The techniques for measuring INS are split into two categories, direct and indirect

geometry spectrometers. Direct geometry instruments monochromate the incident neutron
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beam. Aligning the crystal along a direction of interest with the neutron beam defines k; in
terms of the reciprocal lattice of the system under study. The neutron scatters from the
sample, changing in both energy and momentum and then ki is measured. Indirect
geometry spectrometers make use of a white beam of neutrons. A crystal analyzer then
selects the final neutron energy. Further to this, direct geometry spectrometers are divided
into two categories, time of flight spectrometers and triple axis spectrometers.

Inelastic neutron scattering work for the present study was performed on the MARI direct
geometry TOF chopper spectrometer (I1SIS, UK) and also on the DCS spectrometer (NIST,
USA). Experiments on MARI used incident energies Ei=85 and 150 meV, with a Gd Fermi
chopper spun at 300 and 450 Hz, respectively. Measurements on DCS were done with an

incident energy of Ei=14.2 meV.

As the measured neutron scattering cross section is proportional to the structure factor 8(6,
hw), for a powder material, the measured, momentum integrated neutron intensity is

dQ s(Qaw)

proportional to the following average at a fixed [Q|, 1(Q, hw)= [ 002

. Obtaining

microscopic exchange interactions that form the basis of the magnetic Hamiltonian from
powder neutron data is rather difficult owing to the averaging over all reciprocal space
directions, [Q]. However, applying sum rules allows information to be obtained about the
interactions and correlations in a general way which is independent from the microscopic

Hamiltonian. This method is outlined in section 4.7.2 in an attempt to parametrize the
dispersion of the E(@). Furthermore, single-mode approximation and parameterization of

the dispersion, E(@), allows us to characterize which correlations are important and also

determine the dimensionality of the excitations.

2.5.1 Analysis of diffraction Data (Le Bail & Rietveld methods) [93], [112]-[115]

Powder diffraction remains a powerful method even when single crystals are available due
to the speed and simplicity of data collection while the profile refinement techniques work
in favor of the affinity of this method. Either using X-rays or neutrons the analysis of the
data collected leads to the study and determination of crystal structures (by using either x-
rays or neutrons) and the determination and analysis of magnetic structures (in case of

neutron diffraction), where often complicated magnetic moment configurations are met.
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A powder diffraction pattern is the result of the Bragg scattering of x-rays or neutrons from
a crystalline material. As mentioned in previous section, in real life a Bragg reflection does
not correspond to a delta function as it is ideally described. So, the whole pattern may be
thought as a collection of individual reflection profiles, finite in two dimensional space,
characterized by peak height, position, width and tails decaying gradually moving away
from the peak position. This pattern is a 1-D representation of a 3-D lattice and the
characteristics of the observed Bragg reflections depend on a number of factors related
both to the specimen (crystal or magnetic properties) but also to the instrument
specifications of the diffractometer itself and the measurement technique (CW, TOF). So
the diffraction pattern is represented by the scattered intensity usually plotted in Y-axis as a

function of an independent variable (26 angles, time of flight, d- spacing, energies).
2.5.1.1 Least-Squares refinement techniques

The powder diffraction data presented in this thesis have been analysed using both the Le
Bail and Rietveld refinement options available within the FullProf Suite of programs.[106]
Profile matching or else Le Bail refinement, is just the refinement of the lattice parameters
and peak shape while in the Rietveld refinement the crystal structure of the material is
refined. It is important to note that Rietveld is a refinement method and not a method of

solving structures.

6000 | Position “": T, Bragg position, T,,

5 4000
2000

Intensity (a.u)

-2000 N~ AN ]

28(°)

Figure 2-33 Plotted 2-phase Le Bail refinement from x-ray diffraction pattern of a-Nag gsMnO,. The
observed pattern of the experimental data (y;) and the calculated theoretical model (y.) are
presented in red and black respectively while the difference of the two is in blue.
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In both of these methods, the observed pattern of the experimental data is matched with a
calculated pattern and the quality of the match is presented by the difference line of these
two patterns as presented in figure 2-33. This is a two phase refinement where the dotted
red line represents the experimental data and the black line shows the intensity which is
calculated by the model. The green tick marks along the x-axis, below each reflection
represent the Bragg peaks of each one of the two phases, as predicted by the model.

More specifically, an intensity profile as a function of scattering angle is measured and the
peaks in the pattern are indexed to a particular space-group, from which the unit cell
parameters can be determined accurately. Diffraction patterns from structures with large
unit cell volumes and relatively low symmetry contain a large number of reflections, the
intensities of which may overlap depending on the diffractometer resolution function and
the quality of the sample. That makes the process of assigning Miller indices to every
reflection nontrivial. This is because the intensity at any particular step in 260 is likely to
contain contributions from several Bragg reflections not to mention the unknown error in
the measured values of 20. However, the Rietveld method overcomes this problem by
fitting the diffraction as a whole (I;), rather than a set of individual (I reflections, with a
least-squares fit to each value of intensity in the pattern carried out simultaneously. A
review of Rietveld refinement method can be found in reference [113] while the process

which is also used in the Le Bail refinement will be briefly described right away.

Both of these methods rely on least square refinement techniques using the Rietveld
algorithm. Le Bail technique is relied on the Rietveld code and was first introduced by
Pawley on 1981 and is usually the first step of the refinement process when the crystal
structure is not accurately known. It uses a constant scale factor and the calculated
intensities are adjusted to fit the observed intensities in order to obtain initial values for the
profile parameters, before the refinement of the crystal structure is attempted. In the
Rietveld algorithm the quantity that is being minimized is the weighted sum of squared
differences between the observed yj, and calculated yic intensities

Sy = 2iwiVio — Yic)? (2-37)
1

1. : _ : :
> = —— Is the inverse weighting factor for each intensity and o;, , g;;,
i

Where w; = o2 +o2, ip 1+ Yi
ipTOi

o

are the standard deviations associated with the peak value and the background

measurement respectively.
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As mentioned earlier each calculated intensity value represents a sum of contribution from
neighbor Bragg reflections and background contribution. The calculated intensity at each

point as determined by the structure factor |Fy,;|? is presented below:
Yic = S Znit Lt Frga|* G (40) Pri A + v (2-38)
Where,
s: scale factor
Ly contains the Lorentz, polarization and multiplicity factors for reflection (hkl),
| Friet|%: is the structure factor for the reflection (hkl)
(46;): is the 2-theta value corrected for the zero point shift of the detector and so, the
G (46,): is a reflection profile function,
Py;: preferred orientation for reflection (hkl)
A: an absorption factor and finally
vip- IS the background intensity at the iy, step

The background term represents the contribution of diffuse scattering, noise in the detector
system and insufficient shielding and is often refined to a polynomial function as presented

below:

Yib = Lnbn(26)" (2-39)
where b,, are refinable coefficients.

In general, a successful profile refinement relies on the knowledge of a reasonably accurate
crystal structure and profile parameters which can be obtained by the Le Bail refinement.
In the final refinement using Rietveld, the refinable parameters for each phase in the
crystal structure include the lattice parameters, the (xi, yi, zi) atomic positions of each site
(unless constrained to high symmetry positions), the atomic thermal parameters B; and the
site occupancies n;. Multiple phases may be refined simultaneously and the whole
procedure repeated for patterns taken at different temperatures, magnetic fields and/or
pressures in order to characterize the structural (and possibly magnetic) properties of a

material across its phase diagram.
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In any Le Bail or Rietveld refinement we use some agreement factors that are indicative of
the quality of the refinement as they estimate the agreement between the experimental and
calculated patterns. The most commonly used factors are the:

Sy
Tiwys

1/2 _ np 1/2
] , “expected profile”: Ry, = W] , Where

“weighted profile”: R, = [

n and p are the number of data points in the profile and the refined parameters respectively.

W (v —v. )27 .
Finally the known as “goodness of the fit” : y? = (:ﬂ)2 = [le‘(::‘—"pm] is the square
exp -

ration of the previous two values equal to the reduced y? value having an ideal value of

x:=1
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Chapter Three:
Chemical Synthesis of Na-Mn-0O System

3.1 Introduction

The early attempts of chemical synthesis of the Na-Mn-O system using the solid state
method stand back to the 70s (Scholder et. al, Parant et.al.). [116], [3] In the study of
Scholder et.al the reactants in use, Mn,O3; and NaOH were fired at 700 °C under N, flow
while in the extended study of Parant et.al, MnO, or Mn,O3 oxides were used as Mn source
and sodium hydroxide or alkaline oxygenated salt (carbonate, nitrite, manganate etc.) as
Sodium source, following a high temperature method under O, pressure. The mixture in
the latter case undergoes an initial treatment under oxygen flow at a temperature between
600 and 800°C depending on the basic agent used for removing water, carbon dioxide or
nitrous vapours, and then a second treatment at a temperature and oxygen pressure
selected. The product of the reaction is then submitted to a quench. Other methods that
have been used as synthetic pathways to obtain layered NayMnO, phases have been
reduction of NaMnQy4[117], hydrothermal synthesis [118] and sol-gel approach[119]. The
main disadvantage of the late mentioned solution methods is the poor crystallinity of the
obtained particles due to the low temperatures used. In addition to that, the hydrated phases
that are the product of these methods present the challenge of successfully removing water
without collapsing the layered structure.

Among the different layered structured Na-Mn-O oxides, P2-type Nay7MnO; has received

significant attention due to its high capacity as a cathode in energy storage systems with
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the advantage of the ease of synthesis through the solid state method. [120], [121] More
specifically, precursors Na,CO3; and MnCO3; were mixed in a 0.7:1 Na:Mn ratio ball-milled
and heated at 1000°C for 15h in air atmosphere followed by quenching in RT. [121] To our
knowledge, Hirano et. al was the first to hydrothermally prepare single crystals of
Nay7MnO; 5 in order to study the physical properties of the system [122]. B-MnO; and
NaOH powders were sealed in a gold capsule with NaOH solution and treated in a test tube
hydrothermal apparatus at 1000kg/cm? up to 525°C. The result was hexagonal plate-like
crystals of a- Nag7MnO,,s with edge length of 2.5 mm and thickness of 0.5 mm. Since
then another attempt has been made by Su & Wang for growing nanoplates of Nag7MnO,
with wet chemistry methods.[123]

In the cases of the 1:1 Na:Mn stoichiometric compounds of Na-Mn-O system we name two
different polymorphs, a-NaMnO, and B-NaMnO,. In the study of Parant et. al both
allotropic forms have been synthesized with solid state reaction coexisting with NasMnQO,.
Due to the energy proximity of these two polymorphs [124]-[126] producing a stable
single phase has been a challenge in contrast with the stable a-Nag7MnO,. These two
competing phases (a-NaMnO; and B-NaMnO,) where found to inter-grow in each other as
defects, tailoring the physical properties of the system.[126] In literature one can find
different modified synthesis protocols compared to the ones presented by Parant, for both
alpha and beta polymorphs including different preparation of reactants, atmosphere or
number of firing steps while in an attempt to stabilize both formations substitutional
doping by Ti & Cu cations has been recently discussed. [127]-[130] In the present thesis
the preparation of the polycrystalline powders of both alpha and beta polymorphs is based
in the protocol published by Abakumov et. al with small modifications and a scale up and
will be further discussed in this chapter.

In a quest for single crystal studies of Na-Mn-O system we can confirm studies on
hydrothermal and sealed crucible methods[90], [131], [92] which have permitted the
growth of small volume crystals of Na-Mn-O system. More precisely, ochre coloured
needle-like single crystals of alpha phase, having a maximum of 2 mm length, have been
grown starting from Na,O and MnO sealed in Ag capsule and heated at 850°C for 10 days.
In the case of beta, the crystals form coarse needles with a diameter up to 0.2 mm and
length of 1.5 mm maximum having brown to brown-red colour. However, high purity
growth of large volume crystals has remained elusive. This is mainly due to the close

energetics of the two polymorphs (a-NaMnO, and B-NaMnO,) combined with the
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challenge of high volatility of both Na and Mn. The successful growth of crystals of
NaxCoO, system using both Flux and FZ method has provided useful information on how
to handle volatility and provided access to valuable experimental insights and was used as
starting point for the present study. [132]-[134]

In the present thesis we present and discuss the successful growth of sizable single crystals
of a-Nap.9sMnO; and a-Nag7MnO, which were grown by the advanced floating zone (FZ)
technique starting from a-NaMnO, and B-NaMnO, powders respectively and our parallel

efforts using Flux method for crystal growth of the same systems.
3.2 Sample preparation

3.2.1 Polycrystalline specimens

The Na-Mn-O samples in polycrystalline form that are studied in the present thesis were
prepared by means of solid state chemistry following the protocol published earlier [126].
High purity powders of Na,COj3 (Aldrich, 99.5%) and Mn,O3 (Aldrich, 99.5%) were used
as starting reagents. Enough quantity of these reactants was kept in the drying cabinet (~
70 °C) for at least 12 h before the mixing. After the completion of the reaction process both
NaMnO, compounds were handled as air-sensitive and were further processed into an Ar-
filled Glove box.

3.2.1.1 The alpha polymorph

For the synthesis of the a-NaMnO, polymorph, the reactants were mixed in a nominal
stoichiometric ratio of 1:1 and ground in an agate mortar to fine powder before being
pressed into pellets. For the preparation of 1 gr of a-NaMnO, the quantities to be mixed
were 0.4846 gr and 0.7253 gr of Na,CO3 and Mn,O3 respectively, taking into account the
% purity of the reactants. The resulting mixture was then pressed into pellets using a
hydraulic press (213 mm at 4 tons for 20 min). The pellets placed in an alumina crucible
were heated with a constant heating rate of 3 °C/min up to 750 °C for 60 h under
continuous Ar flow (60-80 I/h) during which the following reaction took place:

750°C
Na2603+ Mn203 —>2a—NaMn02 +C02 T (3'1)
The sintering temperature of 750 °C is far below the melting temperature of the two

reactants (851 °C & 940 °C respectively) allowing the diffuse of Na and Mn ions that lead

to the formation of a-NaMnO,. The exact heating protocol that has been followed is
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depicted in figure 3-1. After the dwell of 60 hs the pellet was cooled down to 160°C with
the fastest possible rate (cooling process lasts almost 3.5 hs) and transferred immediately
into the Ar filled Glove Box (GB) in order to minimize the possibility of humidity
absorption and contact with oxygen since it is oxidized and hydrolyzed easily. The color of
a-NaMnO; is light brown while the powder of the mixed reactants has been of dark gray
color. In order to better control the stoichiometry of the final product in both mixing and
grinding stage as well as the sintering process the “quantity of 1gr” had been the target of
the synthesis for all samples that were planned for experiments on the polycrystalline form

of the oxide.

T(c) 4 Continuous Ar flow

750 °C

1160 °C
25 °C o
: >
0 ! .
v Time (hrs)
Put straight
in GloveBox

Figure 3-1 Solid state synthesis protocol of a-NaMnO2 polycrystalline powders

For further characterization, the 1gr pellets were ground into powder inside the Ar filled
GB and either used as powder for magnetization, x-ray and neutron diffraction experiments
or re-pelletized with a handhold press in smaller pellets for further dielectric and magneto
electric measurements. The optimized conditions for a firm pellet using the handhold @5
mm press are pelletizing almost 87-89 mg under 22 Nm for 1h.

Growing single crystals of the system using the floating zone technique demands a large
quantity of polycrystalline powder. So, for the first time, we tried a scale up the protocol
that had been followed until now. The synthesis target has been 4 gr pellets of a-NaMnO:..
The quantities of the reactants that have been calculated are 1.93804 gr and 2.90136 gr for

Na,CO3; and Mn,O3 respectively. For the 4 gr powder the 20 mm press has been used
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following a pelletizing protocol of 4 tons for 20 min. There were several cases that the
final product had a small percentage of beta-NaMnO, polymorph. This was not of great
concern, since these quantities would be further sintered and finally melt for the growth of
the single crystals. For the needs of the single crystal growth the quantity of 76 gr of a-
NaMnO2 has been synthesized!

3.2.1.2 The beta polymorph

Using again the high temperature solid state reaction route, the p-NaMnO; polycrystalline
specimens had been prepared following a synthesis protocol based on the one published in
Abakumov et al..[126] The ratios of the reactants in this case, have been 1.1:1 for Na,CO3
and Mn,0O3 respectively. The 10% excess that has been used in the first grinding was to
compensate the loss of Na during the reaction. The quantities calculated taking into
account the 10% Na,COj3 excess along with the purity of the reactants are 0.5329 gr and
0.72534 gr for Na,CO3 and Mn,O3 respectively for the preparation of 1gr of B-NaMnO,.
After mixing well in agate mortar, the starting powders were pelletized in 213 mm
hydraulic press under 1 ton for 5 min. The pressed pellets placed in alumina crucible had

been heated under continuous flow of O, following the heating protocol that is shown in

figure 3.2.
T (°C)4 Continuous O, flow

950 °C .+ |11.Grinding | " |L.Grinding[
| inGB nd : in GB d
| @ominy | 2 Cvele | gominy || 3 cyele
25°C " |2.Pelletize | | 2.Pelletize| ;

| (1ton, ‘| (1ton, R

h h ! 5min) ! 5min) h T

38.5 hrs 24 hrs <_ 40 min 24hrs R _ 20 mi 24 hrs  Time (hrs)
v v v
Quench in N2 Quench in N2 Quench in N2
for 10 min for 10 min for 10 min

Figure 3-2 Solid state synthesis protocol of f-NaMnO2 polycrystalline powders

In the case of B-NaMnO; 3 firing cycles of 24 h duration have been done. In between each

cycle the pellets had been quenched from the 950 °C straight into Liquid N, for 10 min and
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then transferred into the GB. The quenching intended to reassure absence of intermediate
phases that might be formed during a gradual cooling process. Grinding and re-pelletizing
before the next cycle adds to the homogeneity of the mixture since it helps fresh surfaces
of grains come together speeding up the reaction and has been done inside the Ar-filled

Glove box. The reaction that takes place is described below (eg. 3.2).

Na,COs + Mn,0; 02 B — NaMnO, + €0, 1 (3-2)
The protocol described earlier had been scaled up while most of the times the synthesis of
2x 4 gr pellets has been scheduled for a mass production of polycrystalline powder. The
process has been very demanding since after the first heating the samples were handled as
air sensitive so all grinding and pelletizing had to be done inside the GB for two pellets,
instead of one, and be time-efficient in such way so that both pellets enter the furnace for
the next heating with no more than 15 min time phase. It has been observed that after the
first heating areas of the pellet had greenish color which hints for MnO which can be
produced after the reaction of Mn,0O3 with CO. This could be attributed to the insufficient
mixing of the powders due to the bigger quantity that comes with the scale up, that
confirms the necessity of the 3 cycles of grinding and firing in order to achieve a
homogeneous product.

3.2.2 Single crystal growth- The Flux method

Since the hydrothermal method was the one used for the growth of the first crystals of Na-
Mn-O system, approaching the growth of sizable crystals using another method based in
the “growth from liquid phase” principle seemed feasible and promising. Studies on Flux
growth of the similar to the Na-Mn-O system of Na,CoO, have been the starting point of
this study.[134], [135] In particular, Mikami et. al used two different kind of fluxes using
NaCl, Na,CO3 and B,03 in order to obtain different phases of NayCoO; crystals. [134]

In the present study we experimented on growing crystals using also 2 different fluxes.
These fluxes were mixtures involving NaCl (99.5%), Na2CO3 (99.5%), and B203
(99.9%). Since the flux contained Na,COgs, there was no reason of adding any excess of
Na,COj3 in our starting powders as had been done in the synthesis of the polycrystalline
powders. Stoichiometric 1:1 quantities of the reactants Na,COj3 (Aldrich, 99.5-100.05%)
and Mn,03; (99%, Aldrich) have been weighed and mixed with each flux mixture. Both
reactions were allowed to happen in air and not in a sealed container as suggested in

hydrothermal synthesis but in an alumina crucible, so we were lucky enough to see some
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tiny needle crystals grow. According to Mikami et. al several issues came out with the use
of boron oxide and so the concentration of B,O3 into the solution was eliminated to 10 mol
%. Since the preliminary need for crystal growth is the achievement of supersaturation,
several techniques are employed in order to achieve this. Among them slow cooling has
been the one visited in the present study.

The two fluxes that have been used are the following: NaCl : Na,CO3;: B,O3 =4:4:1
(NNB Flux) and Na,CO;3; : B,O3 = 8 : 1 (NB Flux). As suggested by literature, the
percentage of the solute should be 10 mol % => x = (ni/ Nyt ) *100= mol % where n; is the
diluted quantity and ny the solution. So considering stoichiometric ratio of the starting
materials, the following calculations were done for each of the two mixtures presented in
Tables 3-1 and 2.

Table 3-1 Calculation of the mass of the reactants and the Flux of NNB

NaCl : Na,COg3: B,O3= 8:8:2 (NNB Flux)

Reactants
Mn,O3: 1 mol 157.87429 ¢
X 3 g
X= 0.019002 moles
Na,COs: 1 mol 105.98844 ¢
0.01900246 Q g
Q= 2.014041 ¢
Flux
NaCl: Q= 8.884451 g
Na,COas: Q= 16.11233 g
B,05: Q= 2.64591 g
Miot= 32.656732 g

The mixture in both cases has been well mixed and placed in 2 different Al,O3 crucibles.
There was an alumina tray below each Alumina crucible and another tray covering the
crucible to prevent the solution from creeping out of the crucible. The reaction taking place

for the creation of NaMnO; is the following:
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Na,CO3 +Mn,03 = 2NaMnO, +CO;
The heating took place under air atmosphere with a rate of 2 °C / min until 950 °C and
stayed at final point for 24h. After 24 h it was very slowly cooled down to help the growth
of crystals. The heating protocol is presented in Figure 3-3. The whole process lasted

several days before we could obtain our first results.

Table 3-2 Calculation of the mass of the reactants and the Flux of NB

Na,CO;3: B,0O3=8:1(NB Flux)

Reactants
Mn,Os: 1 mol 157.87429 ¢
X 3.9
X= 0.019002 moles
Na,COz: 1 mol 105.98844 g
0.01900246 Q ¢
Q= 2.014041 ¢
Flux
Na,COs: Q= 32.22466 g
B,0a3: Q= 2.64591 g
Miot= 39.88461 g
T(o0) I
950°C ; .1°C/ h
o ' 1
8s0°c \.3-4°C/h
600°C P |
120°C/ h 100°C/ h
RT 24 h Time (hrs)

Figure 3-3 Heating protocol followed for both the mixtures using NB and NNB Fluxes.
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3.2.2.1 Results and Discussion

The flux method gave us needle-like crystals that are of maximum 2 mm length and 0.2
mm thickness, comparable sizes that have been mentioned in the literature, although the
method we used has been different than the one first followed in 1970s and 1980s. The
color of the needle crystal products has been from light to dark brown. The topology of the
crucibles in use is pictured in figure 3-4 (a-b) as it ended to be after the growth for NB and
NNB flux respectively. During the growth, the solution expanded and the biggest amount
of the solution creeped out of the crucible.

Especially in the case of NB flux it broke the crucible and spread so an important amount
of it has been lost and only a couple of needles could be observed and mechanically
extracted from the mass of the final mixture (figure 3-4 b). The issue of expansion has
been mentioned in literature for fluxes using B,O3 [134] and so a possible modification of
the percentage of B,Os in the flux should be taken into consideration. In the case of the
NNB flux a satisfying amount of dark needles had creeped all over the carrier crucible
which was hard to mechanically extract. For this reason distilled water and a great amount

of centrifugations were used to harvest an amount of needles for further treatment.

Figure 3-4 Topology of the crucible used for the flux growth for NB Flux (a) and NNB Flux (b)
after the cool down. Overflow of the solution is obvious.

As observed in figure 3-5 (a)& (b) the very few needles grown by the NB flux had a light
brown color and a flat and rectangular shape. The SEM image can show the clear cuts and

layered structure (figure 3-7 a). Unfortunately not having enough amount of these it was
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impossible to have an xrd pattern but the confirmation of Na deficiency has been

confirmed through EDS.

Figure 3-5 (a)& (b) Pictures of the result as it came out of the furnace from NB and NNB Fluxes
respectively. (c) An amount of needle crystals in the process of diluting the NNB Flux in distilled
water and (d) in acetone. (f) An amount of needle crystals free of Flux in a water droplet.

The NNB Flux gave dark and sharp crystals as described in Hoppe et. al [131]. Since it
was impossible to mechanically extract the necessary amount of needles for further
measurements, the Flux has been diluted to distilled water and the needles had been
extracted after numerous centrifugations (figure 3-5 c, f). Removing the flux using acetone
seemed to affect the crystals (figure 3-5 d). An amount of needles has been pulverized for
X-ray measurements confirming a mixture of beta phases (figure 3-6) as has been expected
by the morphology resembling in the first place the crystals grown by Hoppe et. al.[131]

SEM images of the needle crystals revealed a well-defined layered structure which proved
to be a low quality crystalline sample when checked with single crystal x-rays

measurements.
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Figure 3-6 A mixture of beta phases is confirmed for the needle crystals grown using the NNB
Flux. An amount of pulverized needles had been mixed with grease and placed on a glass. This
explains the amorphous picture in the low-angle area.

Figure 3-7 Left panel- SEM image of 3 different needles mechanically extracted from NNB flux
growth. Right panel- zoom in the edge of needle two confirms a layered structure.
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3.2.3 Single crystal growth- The Floating Zone method

Since the Flux method seemed to repeat, in the best case, the results already mentioned in
early works, the focus has been put on the advanced Floating zone method which
advantages are described in section 2.2.2. So, sizable single crystals of the Na-Mn-O
system have been grown for the first time by the floating zone (FZ) technique. The growths
were carried out using a 2 mirror Canon Machinery SC1-MDH 11020 (University of
Warwick) with standard double elliptical mirror geometry equipped with two 1.5 kW
lamps, which can reach a maximum operating temperature of 2000 degrees Centigrade.
Direct temperature measurement in the image furnace by pyrometry is not possible since,
by definition, all viewing axes inside the mirrors are focused on the image of the lamps. It
is therefore the lamp temperature, rather than the sample temperature that is probed.
Several attempts were performed using different growth conditions. Post-growth handling
of the crystal boules was carried out in a glove box. The quality of the as grown crystals
was confirmed using Laue x-ray back reflection technique.

3.2.3.1 Crystals grown from a-NaMnO, powders

The synthesized powder of a-NaMnO; has been ground well in the glove box and after
being shaped inside an elastic sleeve (balloon) it was isostatically pressed under 6 tons for
almost 1 min into cylindrical rods approximately 6 mm diameter and 60-70 mm length
(Fig. 3-8). The resulting rods were sintered at 750 °C under Ar atmosphere following
protocols that differ from those reported in a parallel study. [136] The modification in the
growth approach proved to have an impact on the phase purity of the final feed/seed rods,
and it will be further explained in this paragraph.

The quartz tube of the FZ furnace was flushed with Ar gas, to be finally compressed up to
8 bars under Ar atmosphere, aiming to suppress the possible evaporation of Na and Mn
species. For this reason, the feed and seed rods were weighed before and after the crystal
growth to determine the likely material loss due to evaporation. The mass loss of the
successfully grown crystal batches was found to be negligible. Subsequently, the acquired
crystal boules were immediately transferred into an Ar-circulating glove box for further

treatment.
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Figure 3-8 (a) Shape powder in a cylindrical rod by hand pressing it inside a ballon (b) cut-reveal
the rod after being isostatically pressed under 6 tons (c) The drill used in order to drill the sintered
feed rod and prepare it for suspension (d) Both feed rod (inside alumina crucible) and seed rod
being ready for mounting on the shafts of the mirror furnace.

Figure 3-9 (a) Both feed (top) and seed (bottom) rods mounted and aligned in the 2-mirror furnace
and sealed under Ar-pressure inside the quartz tube (b) Well-formed molten zone during the
growth of batch #9 (c) The quartz tube coated with thin powder right after the growth while still
under Ar atmosphere.
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Different sintering and growth conditions were tested in order to improve the stability of
the molten zone (summarized in Table 3-1). The duration of the sintering step of the feed
rod was varied as well as the start temperature of the sintering. The feed rod was
introduced in the Ar filled tube furnace at temperatures ranging from room temperature up
to 750 °C. The optimum sintering conditions that led to successful growths entailed a
Tstar= 750 °C and a duration of 16 hours. The sintered rods were allowed to slowly cool
down to a temperature above 100 °C in order to avoid the absorption of moisture that could
lead to Na-deficiency (via hydrolysis). Following the afore-mentioned sintering protocol,
X-ray diffraction of the rods finds that the main a-NaMnO, phase coexists with minority a-
Nay7MnO; and B-NaMnO; phases, mainly at the surface. Interestingly, the majority phase
of the sintered rod in similar study was found to be of the B-NaMnO; crystal polytype.
[136]

The main challenge while growing crystals in Na-Mn-O system has been to control the
formation of a stable molten zone (fig.3-9 b), perturbed by possible decomposition and
evaporation processes entailing the metal constituents. After experimenting on the heating
power in the hot zone area the milestone in getting an optimized floating zone has been to
keep both feed and seed rod out of the hot zone until the temperature (or the indicated lamp
operating voltage) would be of certain value. In the successful growths the feed and seed
rods remained out of the hot zone until the operating lamp voltage had reached almost 47
V and then brought them (first the feed and then the seed rod) in the “hot zone” to allow
melting with the least possible fuming. In figure 3-9 the quartz tube is depicted before (a)
and (c) after the growth showing the coat of powder because of the evaporation of material
during the growth. The light turquoise color is a hint of possible evaporation of both Na
and mixture of Mn (V)or Mn (V1), during the heating of the feed since it appears mostly on
the upper part of the tube. Only when the quartz tube was left in air it would turn brownish
suggesting creation of Mn3O4 or Mn,Os. In order to balance the loss of Na due to
evaporation while the feed had been heated, we even experimented on preparing a feed rod
by mixing 1% excess of Na,COj3 on the starting alpha powder (#6). The result has been
even more fuming and a heavily coated quartz tube with white powder which has
obviously been caused by the excess of Na,COs.

In order to achieve a stable molten-zone various parameters had to be tailored and so the

following have been explored: the rotation speed of the feed and seed rods, the growth

106




Chapter 3- Chemical synthesis of Na-Mn-O System

speed, the gas pressure inside the quartz tube as long as the timing of bringing the feed and
seed rods into the “hot zone”. All these parameter modifications during a number of

growth attempts are summarized in table 3-4.

Table 3-3 Summary of crystal growth conditions, with a-NaMnO, polymorph as a precursor
powder.

TemSt::;ture Sintering Atmosphere  Rotation  Growth rate
Batch Morphology ofsip;lterin duration  /Pressure speed feed/seed
) 9 @7s0°C (atm) (rpm) (mm/ h)
#3 melted- 25 48h Ar/ 5 10-16 4/ 15
edge
Lump-like
#4 boule 25 48 h Ar/ 6 20-25 4-10
Spongy
#6 edge 25 14 h Ar/ 6 20-25 --
Lump-like
#7 boule 90 14 h Arl 6 20-30  10-40/ 10-40
Elongated
gg  lump-like 750 16 h At/ 6-7 20-33  15-35/15-35
boule
Crystal
#o  boulewith 750 16 h Ar/ 6-8 20 30-37/ 30
facets
Crystal
#10 boule with 750 16 h Ar/ 6-7.5 20-23 36-40/ 30
facets

In most of the cases, the protocols suffered from a two-phase growth and evaporation of
the material. These growths gave a “lump” like boule (Fig. 3-10 a, b) even when the
growth rates were high, as in case #8. Employing a fast growth rate of almost 37 mm/ h,
with a rotation speed of 20 rpm for both seed and feed rods led to a longer crystal boule
with clear facets after 1 cm of growth. The unwanted evaporation of Na and Mn related
products was confirmed by X-ray diffraction pursued of powder specimen deposited on the
inner surface of the quartz tube of the optical furnace. Effectively, this led to sensitive
lamp-power adjustments during the growth to minimize such a flow. After the growth the
crystal boule was cooled-down to room temperature and was transferred back to an Ar-

filled glove box for further handling.
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As illustrated in Figure 3-10 (c)& (d), the facets that were formed along the crystal boule
had been oriented in the (-202) lattice plane, indicating a b* growth direction. The edges of
the crystal boules usually contained domains misaligned along b* and impurities of
manganese oxides due to oxidation. So, in order to perform further characterization we
needed a bigger amount of high quality grown crystals and even larger amount of good
quality of starting a-NaMnO, powders. For the needs of the crystal growth experiments the
quantity of 76 gr of a-NaMnO, has been synthesized. The crystal boules have been found
hard to cut with the diamond saw but since crystal flakes were grown along the b*
direction they could be easily cleaved with a thin razor after the boule had been “cracked”
with a pestle. Quality and crystal structure of the grown crystal boules starting from a-

NaMnO, powders will be further discussed in chapter 6.
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Figure 3-10 (a-b) Lump-like crystal boule from early growth attempts. The crystal flakes after the
lump had been crushed proved useful for primal characterization and further optimization of the
protocol (c-d) Long crystal boule with facets of a-NaggMnO, system (d) Cleaved single crystal
flakes from the as-grown crystal boule along the b-axis of the monoclinic cell.

3.2.3.2 Crystals grown from -NaMnO, powders

The single crystal growth attempts using the floating zone method while starting from the
B-NaMnO, polycrystalline powders proved to be even more challenging. The
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polycrystalline powder of beta has been more “sticky” and not easy to handle in order to
prepare the feed and seed rods for the growth.
The synthesized powder of B-NaMnO; has been ground well in the glove box and after
being shaped inside an elastic sleeve (balloon) it was isostatically pressed under 6 tons for
almost 1 min into cylindrical rods approximately 6 mm diameter and 60-70 mm length in
the same way as described in the previous paragraph. The resulting rods were sintered at
950 °C under O, atmosphere following the synthesis protocol of the beta powders. The
quartz tube of the FZ furnace was flushed with O, gas, to be finally compressed up to 7.5
bars under O, atmosphere, aiming to eliminate the fuming of material during heating.
Subsequently, the acquired crystal boules were immediately transferred into an Ar-

circulating glove box for further treatment.

Table 3-4 Summary of crystal growth conditions, with s-NaMnO, polymorph as a precursor
powder.

TemStSrratture Sintering Atmosphere  Rotation Growth rate
Batch  Morphology of siFrJ1 terin duration  /Pressure speed feed/seed
o) 9 @o9s0°C (atm) (rpm) (mm/ h)
g~ SPongy& 25 24 0,/565 16 .
metallic edge
g ~ SPOngy& 25 24h 0,/ 8 20 .
metallic edge
#5 Crystal boule 100 12h 0,/ 6-7.5 25-27 6-20/ 6-20
#11 Dark boule 950 12h 0,/ 6-7.5 25-35 20-30/ 20-30
1o  Crystalboule 100 12h 0,/6.4-7.6 2530  10-17/10-17

edge

In table 3-4 the summary of the sintering and growth parameters is presented. An attempt
to start the sintering process while the furnace has already been at 950°C didn’t seem to
play a part in the final product of the growth. The x-ray patterns of the feed rods (figure 3-
11) that have been used for growths using different sintering protocol show mainly a beta
phase with minorities of a-NaMnO; (blue star), a-Nay;MnO; (black star) and even MnzO4
(blue arrow) which as it will be discussed in chapter 5 will play no part in the phase of the

final crystal boule.
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Figure 3-11 X-ray patterns of feed rods that have experienced different sintering conditions. Black
start indicates peak of a-Na ,;MnO,, blue star peak of a-NaMnO, and blue arrow peak of Mn3O,.

The high volatility of the starting powders even under O, pressurized atmosphere was the
main reason that the first trials have been completely unsuccessful in getting even a melt of
the feed rod. The main feature of these first trials has been high fuming and decomposition
of the material as pictured in figure 3-12 (a-b). This would lead to a heavily powder coated
quartz tube and so minimum visibility which would demand even more lamp power. Once
again, bringing the feed rod in the hot zone only after 47 V was reached would help to
avoid decomposition and form a first melt. The stabilization of the molten zone had been
extra challenging though since we experienced a 2 phase melt in almost every growth as
shown in figure 3-12 (c-d). In these cases continuous manual adjustment of the growth
parameters would improve the situation. The increased growth rate named as “fast scan” of
the floating zone that has been suggested in similar cases as in NayCoO, [132] would not
be of any use in contrast with the case of the alpha polymorph. In fact, slower growth rate
of 6-20 mm/h together with a high rotation speed (30 rpm) to ensure homogeneity of the

coat and internal part of the feed rod, would give the best result of a crystal boule (figure 3-
13).
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Figure 3-12 (a-b) Issues of decomposing while trying to form a molten zone (c-d) 2-phase melt
causing drops of melt over the already crystallized sample

Figure 3-13 Crystal boules grown using beta polymorph as starting powder. Several crystal flakes
could only be separated after crushing the as grown boule.
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The resulting crystal boule, as illustrated in Figure 3-8 (a)& (b), had visible facets. The
boule has been too hard to orient and cut so in order to get some crystal flakes for the study
we had to crash it. All flakes were cleaved with (001) crystal plane predominantly exposed.
The unwanted evaporation of Na and Mn related products, was confirmed once more by
the coated quartz tube as depicted in figure 3-14 as well as the final substoichiometric
phase of the crystal boule products which was proved by x-rays. The edges of the crystal
boules usually contained impurities of manganese oxides due to oxidation. So in order to
perform further characterization we needed a bigger amount of high quality grown crystals
and even larger amount of good quality of starting powders. For the needs of the crystal
growth experiments the quantity of 52 gr of B-NaMnO, has been synthesized. The quality
and crystal structure of the grown crystal boules starting from p-NaMnO, powders will be
further discussed in chapter 5. After the growth the crystal boule was cooled-down to room

temperature and was transferred back to an Ar-filled glove box for further handling.

Figure 3-14 (a) Coated quartz tube after the first #1 growth attempt using -NaMnO, as starting
powder. (b) Coated quartz tube after the #5 growth attempt using f-NaMnO, as starting powder
which resulted in crystal boule of Nag;MnO,

112




Chapter 3- Chemical synthesis of Na-Mn-O System

3.2.3.3 Summary of synthesis results

For the present study both polycrystalline and single crystal specimens have been
synthesized aiming to study the correlation of the lattice topology to the magnetic and
magneto-dielectric phenomena of the 2D triangular lattice system of Na-Mn-O.

In the case of the polycrystalline specimens solid state synthesis of both stoichiometric
polymorphs of a-NaMnO, and B-NaMnO, has been done. The modification of protocol
published by Abakumov et.al has been the quenching after each firing step in the case of
beta. This seemed to eliminate the impurities of small percentage of a-Nayg;MnO; in it as it
will be further discussed in Chapter 4. The polycrystalline powders were used as made for
X-ray measurements, measurements of magnetic susceptibility and neutron diffraction
experiments and in pressed pellet forms for magneto-dielectric measurements. The scale up
of the synthesis protocol that has been done for the first time allowed the preparation of a
big amount of powders to be used for the single crystal growth with the Floating Zone
method.

After the first crystal growth trials of Na-Mn-O system in the 70s we managed to prepare
single crystals of the system under study for experiments that require large volume of areas
(neutron diffraction, anisotropic property measurements), as a way to dig deeper into the
understanding of the systems rich phase behavior. We visited two different single crystal
growth methods, the flux method which provided us with crystals similar to the ones first
prepared in the 70s (table 3-5) and the floating zone method. Using the later method, we
managed to grow sizable single crystals of o-NagesMnO, for the first time and
simultaneously with the study of Dally et al. [136] The crystal boules were of 4.5 cm
length with definable facets grown towards the b* direction and were further used for dc
magnetic susceptibility measurements, single crystal neutron measurements and dielectric
measurements in comparison to the starting powders of alpha. Our findings will be further
discussed in chapter 6.

The unstable melt and the uncontrollable fuming during the growth didn’t allow the growth
of single crystals of the beta polymorph (B-NaMnO;). The conditions tested, however,
allowed for the growth of sizable substoichimetric crystals of Nag7MnO, for the first time.
The only reference met in literature has been for “Single Crystalline Nag7MnO;
Nanoplates” studied as cathode materials [123] while most studies that would focus on the
physical properties use polycrystalline specimens. Structural and magnetic characterization

of the Nap7MnO; single crystals is presented in chapter 5.
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Table 3-5 Summary of the calculated and weighted quantities for both Nb and NNB Fluxes used for
the growth of Na-Mn-O needle crystals

NB Flux NNB Flux
Na,COs: B,O3 NaCl: Na,COs: B,0O3
8:1 4:4:1
Starting Mn,03 3 3
materials Na,CO3 2.014041 2.014041
NaCl 0 8.884
Flux Na,COs 32.225 16.112
B,O; 2.646 2.646
Heating 0
protocol
950°C |, 1°C/h
850°C 3 i 3-4°C/ h
600°C | /1500c/ 1y .
RT 24h Time (hrs)
Final Light-brown flat needles ~ Dark sharp needles
product 2mm ~2mm
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Chapter Four:
Progress on Magnetic structure and Magneto-

electric study on 3-NaMnO-

4.1 Introduction

Competing exchange interactions pertaining to magnetic frustration,[76], [137], [138] may
promote complex spin arrangements which release symmetry restrictions for the
emergence and coupling of ferroelectric and magnetic order. Layered rock-salt-type of
oxides (AMnO,, A= Na, Cu) are appealing in this respect, as they provide a paradigm
where polymorphism [126] and triangular lattice topology [139] have profound
implications on their spin-dependent properties. In this context, the non-perovskite, two-
dimensional (2D) Na-Mn-O oxides are studied as a testing ground for such a kind of
magnetoelectricity. These rock-salt derivatives have been investigated continuously since
1970 [3]. They attract both research and industrial interest for presenting a unique diversity
of physical and chemical properties that make them good candidates for studies in a variety
of fields ranging from SIBs (sodium ion secondary batteries) applications to CJTE
(cooperative Jahn-Teller effect) studies and multiferroics[72]-[74] setting them as a model
system for studies of magnetic and electrical properties in a two-dimensional lattice. [6],
[140], [141]

Among them, the orthorhombic -NaMnO, was recently found to display a sequence of
peculiar phase changes. In exploration of these changes, high-resolution transmission
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electron microscopy (HRTEM) observations postulate the presence of compositional
modulation that entails a coherent intergrowth of beta and alpha type MnQOg layer-stacking
sequences. The fact that abundant a- and B- polytype interfaces trigger complex spin
arrangements that release symmetry restrictions in favor of topologically correlated,
cooperative magnetism, could possibly allow emerging dielectric properties.

The motivation around this project has been the investigation of the subtle balance of
competing processes over a triangular lattice topology and how this may stimulate partially
ordered states with symmetry-breaking pinning sites and implications beyond magnetism.
In this chapter the exploration over unvisited areas of the beta polymorph is presented as a
continuation of recent studies on this polymorph in comparison to other polymorphs of the
Na-Mn-O system.

4.1.1 What is already known

The beta polymorph of the Na-Mn-O system crystallizes in a distorted variant of the O3-
NaFeO; structure (3R polytype, R-3m). [142] In this layered compound the spontaneous
deformation of the MnQOg octahedra is caused by the Jahn-Teller effect, inherent to the
high-spin Mn’" cations (t3,e3; S= 2; per = 4.9 pup). p-NaMnO, appears to adopt an
orthorhombic cell (Pmmn) (Figure 4-1b) [131] entailing zig-zag sheets of MnOg octahedra
which is similar to the thermodynamically stable lithiated analogue B-LiMnO,, [143] an
important precursor phase for cathode materials in solid-state Li-ion batteries. [144]

Electron diffraction and high resolution transmission electron microscopy (HRTEM)
studies on B-NaMnO, polycrystalline powders manifest an abundant quasi-periodic
arrangement of defects. [126] The latter is depicted as a coherent intergrowth of two types
of NaMnQO; layers, reflecting the a- and p- type oxygen coordinations. In support to that,
room-temperature >*Na solid-state nuclear magnetic resonance (NMR) spectra supported
by first-principles DFT computations identified a wealth of local structural rearrangements,
entailing a trade-off between the majority B-type nanodomains and those of the a-like

phase upon electrochemical cycling of sodium. [145]
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Figure 4-1 Schematic representation of the Mn sublattice topology, in the orthorhombic (Pmmn) f-
NaMnO, polymorph. (a) The Mn-Mn distances drawn, depict the possible intra-layer magnetic
exchange coupling pathways (J; to Js).

On the other hand, the magnetic ground state of B-NaMnO, is less well understood from
the experimental point of view. Theoretical calculations, though, predict that a spin-model
with two-dimensional couplings (J;~ 70 K nearest neighbor and J;~ 57 K next nearest
neighbor; Figure 4-1a) and a weaker frustrated interaction (J,~ 13 K) are likely to describe
the experimental magnetic susceptibility. [126] The strong AFM couplings J1 and J3 that
run along the b and a directions, respectively (figure 4-2) are triggered by the Mn—O—Mn
pathway with a bridging angle of 166.8° (i.e., nearly 180° superexchange). The
dimensionality of the magnetic interactions has been confirmed by theoretical calculations
in comparison to the experimental DC susceptibility of a -NaMnO, revealing that the spin
ladder model describes better the magnetic interactions in comparison with the 2D model
which corresponds to the p-NaMnO; phase.

The traces of polymorphism detected in nuclear structure in combination with the
geometric frustration due to the triangular lattice topology triggered preliminary
investigations for coupling mechanisms that could be projected as features on the
temperature-dependent dielectric permittivity, €'(7). Evidence for such a type of behavior
in B-NaMnO, was first reported by Bakaimi et al. [146] who demonstrated that the
temperature-dependent dielectric permittivity, €'(7), displays two small anomalies. Such
findings confirmed the necessity of determining the crystal and magnetic symmetries

which until now have remained unexplored.
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Figure 4-2 Sketch of the magnetic structure of the g- polymorph. The strong AFM chains run along
a, and b, direction.

4.1.2 Contribution of the present work

The principal aim of the work presented in this chapter was to address some of the

incomplete areas of research for the layered B-NaMnO:..

The present contribution provides unique neutron powder diffraction insights of f-
NaMnO,, highlighting that this challenging material is stabilized by intermediate phases
formed at low energy cost. Compositional modulation that entails coherent intergrowth of
two types of NaMnO, layers, involving a- and B- type oxygen coordination, is shown to
determine the material’s symmetry controlled properties (section 4.6). We illustrate the
implications of the modified lattice topology, with its intrinsic extended defects, on the
successive magnetic phase transitions. Furthermore, temperature-dependent *Na NMR
(section 4.3) and inelastic neutron scattering experiments (section 4.7) point that the
magnetic dynamics are gapped, while the influence of the magnetic order on the electric
dipole order is also discussed through temperature- and field- dependent

magnetocapacitance studies (section 4-8).
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4.2 Phase purity and crystallinity

4.2.1 X-Ray powder diffraction- phase purity

X-Ray powder diffraction (XRPD) has been carried out to all synthesized p-NaMnO,
batches on a Rigaku D/MAX-2000H rotating Cu anode diffractometer (A=1.5406 A). The
samples, synthesized with the protocol which is described in paragraph 3.2, are referred to
as “As made” in the following sections while a number of them has been extra annealed at
300°C under continuous flow of O,. For the X-Rays experiment, the sample, either “As
made” or “annealed”, was prepared in powder or pellet form and sealed using a mylar film
under argon atmosphere (the whole preparation was taking place inside the glove box) in
order to prevent contact with moisture and air. All measurements have been taken with the
same step of 0.02 degrees and time per step, t=12 sec.

The synthesized compound has an average structure that fits to that of the p-NaMnO,
which crystallizes in the orthorhombic Pmnm symmetry (a=2.86 A, b=6.33 A, c=4.78 A,
a= p=v=90 deg.). However, the appearance of secondary phases, in particular those of a-
NaMnO; and in smaller percentage a-Nag7;MnO,, are evident by their characteristic Bragg
peaks in the XRPD patterns and has been observed in most of our results. Variations in the
quenching protocol didn’t seem to eliminate the appearance of impurities of secondary
phases while the scale up in the synthesis protocol confirmed the necessity of the 3 heating
cycles without showing a different xrd pattern. Selected examples of the synthesized
batches are presented in table 4-1.

In figure 4-3 the pattern of a B-NaMnO, batch quenched in liquid N is presented. The
green vertical lines correspond to the beta orthorhombic cell Pmnm indexed according to
ICSD 16271 cif file while the blue vertical lines are attributed to the monoclinic C/2m cell
of a-NaMnO, as given in ICSD 21028. The red arrows point at the main mylar peaks

which could not be avoided because of the topology of the sample holder.
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Figure 4-3 X-Ray Powder Diffraction pattern of the polycrystalline A-NaMnO, at room
temperature. The green vertical lines correspond to the orthorhombic cell indexed according to the
16271 file of ICSD database. The blue vertical lines are attributed to the monoclinic C/2m cell of
a-NaMnO, (ICSD 21028). The red arrows represent the reflections of the mylar film.

Table 4-1 Different quenching methods applied between the heating cycles during the synthesis the
for the preparation of f-NaMnO,

Batch label
-m(gr)

Synthesis notes Xrd results

Peak @2-theta=21° (Na,Mn,0, impurity)
peak 001 of a-Nay ;MnO,

Peak 001 of a-NaMnO,

Shoulder in 001 b-NaMnO,

Peak @2-theta=21° (Na,Mn,0, impurity)
Eza002- 1 gr -quench in liquid N2 Peak 001 of a-NaMnO,

Shoulder in 001 b-NaMnO,

Peak @2-theta=21° (Na,Mn,0, impurity)
peak 001 of a-Nay ;MnO,

Peak 001 of a-NaMnO,

Shoulder in 001 b-NaMnO, (more pronounced)
Green areas after 1% heating

Peak 001 of a-NaMnO,

darker after 1% heating

Eza022- 4 gr -quench in liquid N2 Peak 001 of a-NaMnO,

Shoulder in 001 b-NaMnO,

-quench in the edge of the furnace
Eza001- 1 gr -voltage drop x2 during second heating
-last heating 22h

Eza003- 1 gr -straight in GB

Eza018-4 gr -quench in liquid N2

Selected XRPD patterns of the batches that are presented in table-1 are shown in figure 4-
4. The different quenching between the heating cycles eliminated the appearance of the
secondary phase of a-Nag7MnO, as shown for the batches eza002 and eza018. While in the

batches that haven’t been quenched in Liquid N2 (eza001, eza003) we note the presence of
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the 001 peak of a-Nag7MnO, that crystallizes in the hexagonal P63/mmc system (vertical
line in turquoise). The presented 20 area is selected because the 001 peaks of alpha, beta

and a-Nap 7MnO,, phases are clearly distinguished from one another.
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Figure 4-4 Results of the modified protocols as described in table-1 for the f-NaMnO,. The 4 gr
batches have been used as starting powders for the single crystal growth attempts. In the batches
eza001, eza003 we note apart from the presence of the 001 peak of a-Nay;MnO, (vertical line in
turquoise).

The detection of the alpha phase as a minority phase in the measured pattern of B-NaMnO,
seems to be related with the latest electron diffraction (ED) and transmission electron
microscopy (HRTEM) investigations that confirm the presence of alpha phase as an
intergrowth in the form of stacking sequences inside the B-NaMnO, structure. [126] On the
basis of these findings, new high resolution neutron powder diffraction measurements have
been performed. The complexity of the neutron diffraction pattern was lacking an adequate
description until recently and will be further commented in section 4.5. Aiming to a better
understanding, the superspace model that has been employed in order to interpret the

HRTEM findings[126] has been revisited and modified confirming the existence of
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corrugated layer stacking sequences of the B-NaMnO, type, which are interrupted by flat
sheets of the a-like oxygen topology. [147]

4.2.1.1 XRPD patterns of f-NaMnO, samples annealed in O,

The extra annealing process came at first as a need to ease the internal stresses of the
formed pellets of the original synthesis and make them less brittle. However it proved that
studying further the dielectric properties reveal some interesting behavior. In figure 4-5 a
selected annealed sample (eza002) is presented in comparison with one synthesized and
annealed 1 year earlier (WISH). The increase in the intensity of the a-Nay7MnO, 001 peak
Is evident in both cases as it became comparable to the intensity of the 001 of B-NaMnO,
while the secondary alpha phase is still there.

4000 . ‘ . ‘ — 200 . ; ; ‘ ‘
——eza002 annealed in O, —WISH annealed in O,
a-NaMnO, a-NaMnO, ]
,_,3000- b-NaMnO '_150 b-NaMnO,
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Figure 4-5 X-Ray Powder Diffraction pattern, taken at room temperature, of polycrystalline g-
NaMnO, samples extra annealed at 300°C under O, flow.

As it will be detailed in section 4.8 of the dielectric study the strongest presence of
secondary phases which could probably be translated in higher density of intermediate
stacking areas inside the average B-NaMnO, structure gave rise to the feature in the Ty=95
K critical temperature, where a spatially modulated proper-screw magnetic state is
established related to the spin perturbation initiated at the boundary of the two different
stacking sequences.
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4.3 Macroscopic physical properties
4.3.1 Magnetic measurements

4.3.1.1 Experiment and sample preparation

The DC susceptibility of B-NaMnO, has been visited again in the present study after the
study of Abakumov et. al in 2014 [126]. As a further confirmation to the aforementioned
study, temperature dependent dc susceptibility measurements (y) at moderate and high
magnetic field (up to 70 kOe) have been held in the range of 5 K to 300 K. The
measurements were performed in a SQUID magnetometer (Quantum Design, MPMS-XL7)
using a ZFC-FC protocol. The measurements were made on 20 mg batches of powder
samples prepared in gelatin capsules. Pursuing indications of magnetic transition and
establishment of magnetic order in the beta polymorph we performed Thermo-Remanent
magnetization measurement which confirmed the existence of phase transition at Ty~ 100
K and encouraged further exploration. Field dependent hysteresis measurements in

temperature below and above the transition are also presented in this section.

4.3.1.2 Dc susceptibility measurements

In figure 4-6, the ZFC temperature dependent Dc susceptibility (y) measured at 10 Oe and
7 T with 2K increment is shown. The shape of the curve suggests no profound magnetic
transition. However, we can observe a low temperature paramagnetic tail that evolves to a
“dip” just below 100 K which as we move to higher temperatures shapes a broad hump in
the area above 200 K. This broad maximum at high temperatures is indicative of low —
dimensional magnetic correlations while the shift of the maximum towards higher
temperatures when compared to the alpha polymorph is a predicted behavior for a stronger
AFM.

These observations have been also commented by Dr I. Bakaimi in her PhD thesis and
further studied and supported by calculations in Abakumov et. al [126]. According to these
calculations, the strong AFM couplings J;= 70 K and J; = 57 K run along b and a direction
respectively and are coupled by a weaker frustrated interaction J,= 13 K. Since J;= 70 K
and J; = 57 K are of comparable magnitude a pure beta-NaMnO, would be considered a
quasi 2D magnet. Despite that, as mentioned in the introductory section of this chapter, the

experimental data of the dc susceptibility fit better with a spin ladder topology.
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Figure 4-6 Magnetic susceptibility and inverse magnetic susceptibility of beta-NaMnO2 for under
10 Oe (top panel) and 70 kOe (bottom panel)
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Figure 4-7 TRM measurements after cooling under 7T field with 2K increment

In figure 4-7 the results of the Thermoremanent (TRM) protocol are presented. This
protocol has been used in order to locate the temperature where a possible magnetic
transition occurs. After field cooling by applying a field of 7 T down to 5 K, the
measurement has been taken upon warming with zero field applied. As shown in figure 4-
7, the curve meets flat point just below 100 K. This is the indication for a magnetic
transition which could not be shown through DC susceptibility ZFC-FC protocols.

In addition to that, field dependent hysteresis loops, M(H), have been measured in
temperatures below and above the Ty ~ 100 K and up to 300 K, in order to explore
possible ferromagnetism. As shown in figure 4-8, there is no hysteresis observed and so,

no indication of ferromagnetism in all range of temperatures examined.

In general, the temperature dependent magnetic susceptibility, x(7), of the different
NaMnO,; polymorphs, qualitatively appears similar. The presence of a broad maximum at
~200 K for the a—polymorph,[41] shifts to higher temperature in the B—polymorph (Figure
4-9). Such a broad feature is a general characteristic of low-dimensional antiferromagnetic
systems. However, from y(T) data alone no evidence for a transition to a long-range

ordered state is observed.
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4.3.2 Heat Capacity

4.3.2.1 Experiment and sample preparation

For the heat capacity C (T) measurements, samples were prepared as cold-pressed pellets
from B-NaMnO, powder synthesized according to the protocol described in chapter 3. The
heat capacity C, has been measured as a function of temperature in zero magnetic field by
means of the relaxation technique, utilizing a physical property measurement system

(Quantum Design, PPMS).

4.3.2.2 Heat capacity hints magnetic transitions

The measured pattern is completely dominated by phonon excitations especially in the high
temperature area. However we can still observe several very weak anomalies, possibly of
magnetic origin. In right panel of figure 4-10 we can see features on two temperature areas

T<100 K and T ~ 200K.
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Figure 4-10 Left panel: The measured heat capacity, C(T) of £-NaMnO,. The red line over the C(T)
data is the calculated phonon contribution to the specific heat, Cp,(T). Right panel: Zoomed in
areas of features correlated to magnetic phase transitions

In order to highlight these features, we estimated the phonon contribution to the specific
heat, C,n(T) and subtracted it from the experimentally measured heat capacity data. Cpy(T)
in the present study we assume a sum of Debye contributions (2< T< 280 K), following the

procedure used before for other low-dimensional spin systems: [148], [149]

127




Chapter 4- Progress on Magnetic structure and Magneto-electric study on -NaMnO,

3.0 _ax
T x x*e
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In (4-1) Debye relation, R (=8.314 J /mol K) is the gas constant, Op is the Debye

temperature and x5 = 65 /T . For the B-NaMnO, system we considered two different Debye

functions which account for the two separate contributions of the constituent element
coupled vibrations, Na-O and Mn-O. These contribute to the Cpy(7) relation with different

atomic masses yielding the fitting parameters, C;= 0.55(2), C,= 2.0(2) and
0b =287 (22) K and 63 =510(15) K (Figure 4-10). The vanishingly small magnitude of
C(T) at very low temperatures, in accord with the B-phase insulating nature, agrees well

with the ocT° term that corresponds to phonons (eq. (4-1)). The outcome of the subtraction

of Con(7) from the total heat capacity is shown in Figure 4-11.
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Figure 4-11 The heat capacity remaining after subtracting the C,,(T) (black line)contribution from
the experimental Ce,(T) depicts two featured peaks assigned as Ty; and Ty, The calculated Sy is
presented in blue following the pattern of the aforementioned peaks in Cpag.

The corresponding peaks observed in the magnetic part of capacity Cpae(T) as it is
calculated by the subtraction of C,u(7) from the C,(T), are quite small. Such a behavior
could be pointing to some sensitivity to the defects in the lattice structure (vide-infra)
which together with high uncertainty of the estimated phonon part, renders further analysis

to assess the magnetic contribution. The Sy, is given by the following relation:
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T Cmag(T)

ASmag = fZ TdT (4'2)

and is presented in figure 4-11. On the other hand, the identification of two broad peaks, at
~95 K (Tn2) and ~200 K (7x;1), hints that B-NaMnO; undergoes two transitions, therefore
motivating a further study on the role of magnetic interactions in the suggested phase

transitions.
4.4 Phase transition’s impact on the spin dynamics: NMR study

4.4.1 Experiment and sample preparation

For a deeper understanding of numerous macroscopic thermodynamic properties, the
material’s microscopic dynamical response is investigated. Techniques, such as solid-state
%Na NMR, are capable of detecting spin dynamics on a local scale and proved to

contribute to the understanding of the complex behavior of f-NaMnO..

NMR measurements on the >’Na nucleus (nuclear spin /= 3/2) were performed on a powder
sample sealed in a pyrex sample holder in Jozef Stefan Institute, Ljubljana under the
supervision of Dr A. Zorko and Dr D. Aréon. *Na NMR spectra and spin-lattice relaxation
rate 1/7 were recorded between 50 and 300 K in a magnetic field of 8.9 T using a solid-
echo and inversion recovery pulse sequences, respectively. Wide-line **Na NMR powder
data were obtained as sums of individual spectra acquired by changing the measurement
frequency in 50 kHz steps over +3 MHz around the *’Na reference frequency, vo=
100.5234 MHz, which was determined from a 0.1 M NaCl solution. The spin-lattice

relaxation rate measurements were also performed at the position of the central line.

4.4.2 %Na Dynamics near the transition

In Figure 4-12 the Na NMR powder spectra of p-NaMnO, between room temperature
and 50 K are presented. The spectra become very broad and, consequently, the signal
becomes very weak and difficult to measure. At 300 K, the spectrum has a characteristic
powder line shape for a quadrupole /= 3/2 nuclei with the quadrupole asymmetry
parameter of | = 0. We can clearly observe the satellite (£3/2 <> +1/2) transitions of the
300 K spectrum terminated around vy = +1.28 MHz from the narrow central transition

1/2 <> —1/2) line (inset to Figure 4-12a) where v, is the *’Na quadrupole frequency. The
Q
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indicated observation shows that the expected singularity is rounded, which is consistent
with a high-degree of Na local site disorder probably caused by the stacking faults. [126]
On cooling down below Tn;= 200 K, there is almost no change of the central transition
line. However, a close inspection of the Na NMR satellite line reveals that a shoulder
starts to gradually broaden well beyond tv4. This is clearly seen as a growth of the NMR
signal intensity on both sides of the satellite line (inset of Figure 4-12b).

Since the positions of the satellite shoulder remain nearly at the same frequency, the
quadrupole frequency must also remain the same through the transition at 7y;= 200 K. This
suggests that no structural deformation takes place in the vicinity of the Na. The
broadening at the high temperature transition (7x;) can thus be magnetic in origin. On
further cooling, the broadening on the NMR central line becomes really pronounced below
94 K (figure 4-12c) and the spectrum becomes completely dominated by a broad
distribution of internal magnetic fields at certain Mn ion sites. The previously described
line shape changes verify that B-NaMnO, indeed undergoes two successive transitions to
magnetically ordered states, at ~200 K and ~95 K, in agreement with the subtle peaks in
the differential C(T) assigned as magnetic transitions (section 4.3.2, figure 4-11).

As presented in figure 4-13a, below 7 the intensity of the sharp central peak multiplied
by temperature (to counterbalance the changing Boltzmann population), starts to
progressively decrease with decreasing temperature. The gradual wipeout of the central
line below 7\ reveals that the high-temperature paramagnetic-like signal vanishes only
gradually, as it remains present at all temperatures below 7x;. This leads us to the

important conclusion that the magnetic state below 7y is inhomogeneous.
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Figure 4-12 Normalized **Na NMR powder spectra of -NaMnO, revealing two different magnetic
regimes that evolve with temperature lowering. The spectra are shifted vertically for clarity. The
insets point to a specific part of the spectra, where the quadrupolar frequency is indicated by the
vertical dashed line.

Additional information about the two magnetic transitions is deduced from the *’Na spin-
lattice relaxation rate 1/7), which was determined from fitting of *’Na magnetization

recovery curves (Figure 4-8b) to the magnetic-relaxation model for /=3/2, [150]

t

M(t) = M, [1 —-s <1/1Oe_(T_1)a + 9/106_(%)a>l (4-3)

Here, s < 1 accounts for imperfect inversion of *Na nuclear magnetization after the initial
n pulse, while « stands for a stretching exponent. It is important to note that significantly

different stretching exponent a is found for temperatures above Ty; and below Typ.
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Figure 4-13 (a) The temperature dependence of the *Na NMR central line intensity multiplied by
temperature for f-NaMnO,. The arrows indicate the two transition temperatures TN; and TN,. (b)
Normalized magnetization-recovery curves at selected temperatures. The datasets are shifted
vertically for clarity. The solid lines are fits of a stretched single-component magnetic-relaxation
model for I= 3/2 (Eq. 4-3; see text), while the dashed line corresponds to the fit with two such
components, AFM1 and PM. (c) The temperature dependence of the spin-lattice relaxation rate for
S-NaMnO,. The arrows indicate the two transition temperatures. A double-component fit is needed
in the intermediate temperature regime Ty, < T < Ty:. The solid lines indicate a critical type of
behavior for T > Ty, and an activated one for T < Ty, (see text for details).

In the high-temperature paramagnetic (PM) regime, 1/7) is nearly temperature
independent, 1/7) = 35(1) s (Figure 4-13c). Such temperature independence is in fact
anticipated for an exchange-coupled antiferromagnetic (AFM) insulator in the
paramagnetic phase. The stretching exponent here is « = 0.88 (Figure 4-13b); a value
slightly below 1 implying a small distribution of relaxation rates expected in experiments
on powder samples. The transition to the magnetic state at 7x; is accompanied by a
sizeable step-like increase in the 1/7; value to 1/77 = 66(5) s’ and a gradual reduction of
the stretching exponent (Figure 4-13b). The latter indicates that the distribution of the spin-
lattice relaxation times suddenly starts increasing below 7y; thus indicating growing
magnetic inhomogeneity between 7n; and 7n» which is in accord with the line shape
changes (Figure 4-12). In fact, as two-step magnetization-recovery curves are clearly
observed below Ty (e.g., measurement taken at 100 K shown in Figure 4-13b), the fit of
the magnetization recovery curves in the 7} experiment is significantly improved if two

relaxation components are included. These are named AFM1 and PM. The relative
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intensity of the component AFM1 increases at the expense of the second PM component,
resembling to the wipeout effect of the narrow central line (Figure 4-12c¢).
No obvious critical fluctuations leading to diverging 1/7; could be detected at 7n;. The

likely reason is the nature of magnetic fluctuations, which according to the expression,

1 2yZkpT pap Xi(@Pw)
m = et 2 Aed=a T ()

(where A4, denotes the hyperfine coupling of the »Na nuclei with the electronic magnetic
moments, y"’ is the imaginary part of the dynamical susceptibility and @ is the Larmor
frequency), could be filtered out at highly symmetric Na octahedral sites. On the other
hand, on approaching the lower transition temperature at 7xp, the 1/7; of the paramagnetic
PM component is rapidly enhanced, suggesting the onset of critical fluctuations. A
phenomenological fit of the critical model 1/T/=A+B(7-Tx2)* to the PM data in the
temperature range between 7x; and 110 K, yields the critical exponent p = 0.45(10) for 4 =
66(5) s and Tx» = 95.0(5) K (Figure 4-13c). Such critical enhancement demonstrates that
the magnetic fluctuations that govern the transition at 7, cannot be filtered out anymore at
the Na site. This comes in full agreement with the observed *Na NMR line shape changes
(Figure 4-12).

Finally, at 7'< Tnp, 1/T 1s strongly suppressed and exhibits an activated type of dependence
(1/T, o< T?exp(—A/T), Figure 4-13c), indicating the opening of an excitation gap, A, in

the low-temperature phase.
4.5 Crystal structure evolution- Neutron powder diffraction study

4.5.1 Experiment and sample preparation

The arrangement of the magnetic ions in the underlying crystal structure is critical to
understanding transformations as the ones witnessed by the aforementioned macroscopic
studies. For this reason high quality neutron powder diffraction data have been used for the
analysis of the crystallographic structure of f-NaMnO,. Neutron powder diffraction data
were collected on the WISH diffractometer, [110] operating at the second target station
(TS2) at the ISIS pulsed neutron source in the UK. WISH, with its high-brilliance, is
particularly optimized for providing high resolution at long d-spacing required also for
magnetic studies. For this purpose, a 2.7 g polycrystalline sample was loaded in a 8 mm V-
can, which was then sealed with indium wire inside a high-quality, He-circulating

anaerobic glove box. An Oxford Instrument liquid helium cryostat was used for the
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temperature dependent diffraction experiments. Data analysis was performed by using the
Jana2006 software [151] for the Rietveld refinements, whereas the group theory analysis

was performed with the help of the ISODISTORT software[152] by Dr F. Orlandi. [147]

45.2 Determination of crystallographic structure[147]

The main observed reflections of the neutron powder diffraction (NPD) pattern are
consistent with the Pmmn space group, with cell parameters a,= 4.7851(2) A, b=
2.8570(8) A, c,= 6.3287(4) A, at 300 K. The Rietveld refinement of the main nuclear
reflections (300 K), with the Pmmn model [131] (Mn1 in 2b position z= 0.617(5), Nal in
2b z= 0.125(4), O1 in 2a z= 0.365(6) and O2 in 2a z= 0.872(6)), suggests a significant
degree of “anti-site” defects between the Mn and Na sites that leads to an average
occupation of ~80:20 (Figure 4-14 bottom panel). Moreover, the refinement points to an
unexpectedly large-value for the oxygen thermal parameter (Ujx,~0.038(2) A%). The
refinement of anisotropic temperature factors results in a clear elongation of the thermal
ellipsoids along the c-direction (Figure 4-9 top panel) 27 indicating strong positional
disorder. Following this suggestion we spilt the two oxygen positions along the c-axis and
the refinement converged to a splitting of ~0.5 A and ~70:30 occupancy of the resultant
sites, with normal isotropic thermal parameters (Ujs,~0.015(2) A?). Here it is noted that the
split and especially the occupancy of Ol and O2 resemble the anti-site occupancy of the
Mn and Na atoms; in particular, as shown in Figure 4-14 this distortion is needed to satisfy
the coordination requirements of the Na and Mn cations.

The NPD pattern at 300 K, in association with the above analysis, reveals a remarkable
feature. This is the observation of additional reflections that could be ascribed to a nuclear
modulation (Figure 4-15). In support to this comes earlier transmission electron
microscopy (TEM) work on B-NaMnO,[126] where it was pointed out that formation of
planar defects establishes short-ranged ordered regions that locally (i.e. on the length scale
of a few unit cells) follow the stacking sequence of NaMnO, layers characteristic of either

the a- or the - phases.
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| ..

Figure 4-14 Model of the average nuclear structure (Pmmn space group) of f-NaMnO, obtained
from the Rietveld refinement of the main reflections of the WISH powder patterns (see main text):
top, highlighting the unusually large anisotropic thermal parameter elongated along the c
direction for the oxygen atoms; bottom, the splitting of the oxygen-site position, suggested from the
anisotropic thermal parameters. Reprinted from reference 19.
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Figure 4-15 Rietveld plot at 300 K for the f-NaMnO, structure in the Pmmn(«00)000 superspace
group. Inset: zoom of the low d-spacing region inferring that stacking faults and defects give rise to
a peculiarly broadened profile function. In both panels observed (black crosses), calculated (red
line) and difference (blue line) pattern are shown. The tick marks indicate the calculated position
of the main (black ticks) and satellite reflections (green ticks). The asterisk marks the main
reflection of the a-NaMnO, impurity, whereas the hash-tags indicate, for example, two satellite
peaks that are slightly off with respect to the calculated Bragg position indicating the possibility of
the other two components of the modulation vector to be different from zero (see text for details).
Reprinted from reference 19

From the LeBail fit of the WISH data we obtained an optimal modulation vector g =
(0.077(1),0,0), accounting for satellites up to the second order in the NPD pattern. Some
small satellite reflections, however, are sliding off the calculated position (Figure 4-15),
suggesting that the other two components of the modulation vector may be slightly
different from zero. Refinements where the other two components of ¢ were allowed to
vary proved unstable and did not lead to reasonable results. The obtained value of ¢ is near
the commensurate 1/13 position, which explains why the 1/6 value used before in the
synchrotron X-ray diffraction patterns[126] indexed well a large number of satellite peaks.

The fact that satellite reflections have been also met in earlier TEM measurements together
with the refinement of the average nuclear structure from the NPD pattern, indicate the

possibility of a compositional modulation in the structure. Such modulations have been
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previously met in literature where they have been studied using superspace formalism.
[153], [154] Therefore, In order to understand the NPD pattern of WISH a (3+1)-
dimensional superspace approach has been used considering an occupational modulation
for all the sites in the average nuclear structure. The possible superspace groups have been
derived by group symmetry analysis with the help of the ISODISTORT Software Suite
starting from the refined average structure and the propagation vector g=(«00). Having
taken into account the observed reflection conditions and the symmetry properties of the
modulation vector, the symmetry analysis led to the Pmmn(a.00)000 superspace group as
the best solution.

The optimization of such analysis proved to be difficult due to broad, asymmetric
reflections throughout the NPD pattern, mainly due to defects (e.g. stacking faults) and
strain, raising the agreement factors and making a quantitative refinement difficult. The
Rietveld plot, over a wide d-spacing range, is shown in Figure 4-15 and the associated
reliability factors are, Ry= 8.81%, Ryp= 12.73%, Rmain= 9.96%, Ret1= 15.41%, Ret2=
14.79%. Despite the apparent reflection broadening, the suggested model shows good
agreement for the modulated parts of the profile, especially obvious in the relatively short
d-spacing region of the pattern (inset in Figure 4-15). The crystallographic parameters of
the compositionally modulated -NaMnO, at 300 K, on the basis of a (3+1)D Rietveld
analysis with the Pmmn(a00)000 superspace group (a= 4.7852(4) A, b=2.85701(8) A, c=
6.3288(4) A, a=0.077 (1)) are compiled in Appendix B, table I.

This single-phase structural model, despite the presence of low intensity reflections
ascribable to a small amount of the a-phase and MnO (Fig. 4-15), takes into account almost
all the satellites present in the NPD pattern of the B-phase, as compared to the two-phase
description on the basis of the B2/m(af0)00 superspace group derived before from the
analysis of the synchrotron X-ray powder diffraction data[126]. The approach that has been
followed, demonstrates that having taken advantage of the superspace formalism to
describe the compositional modulation of the Mn and Na sites in a single-phase atomic
configuration, the incommensurate B-NaMnQO, structure can be depicted as a coherent
intergrowth of two types of NaMnQO, layers, reflecting the a- and B- polytype oxygen
coordinations (Fig. 4-16). The nuclear structure model obtained is consistent with the one
proposed by Abakumov et al.,[126] entailing coherent intergrowth of stacking sequences of

NaMnO, layers along the ay-axis, characteristic of the a- and - polytypes.
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B-like stacking  a-like stacking B-like stacking

Figure 4-16 Projection of the structure in the ac-plane, depicting the refined incommensurate
compositional modulated structure; two types of stacking changing between the NaMnO,
polymorphs are shown. The violet atoms represent the Mn, the yellow ones the Na, and the red
spheres the oxygen atoms. The small rectangle indicates the unit cell of the average Pmmn
structure (Appendix B, Figure I). Reprinted from reference 19

In an effort to visualize the degree of compositional modulation in the B-NaMnO,
structure, Fourier maps of the observed structure factor (Figure 4-17) involving the atomic
sites in the zx4-plane were computed on the basis of the observed NPD intensities and the
calculated phases. Figure 4-17a shows the complementary occupation of the cation sites
without any particular modulation of the z coordinate. On the contrary, from the Fourier
maps centered at the oxygen positions (Figure 4-17b) it is inferred that the site-splitting
observed in the average structure is needed in order to satisfy the coordination requirement
of the Mn®" Jahn-Teller active cation. In fact, it is noted that when the Na and Mn swap
sites (cf. compositional modulation), the same happens in the oxygen split positions so that

the bonding requirements are restored as depicted in Figure 4-14b.
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Figure 4-17 Fourier maps of the observed structure factor (F.s) depicting the crystallographic
cation sites (a) and oxygen positions (b). The solid colored lines represent the calculated position
of the atoms showing no positional modulation along the x, for the Mn/Na but its presence for the
oxygen sizes (violet Mn, green Na, red oxygen and blue the primed oxygen position). The black
continuous lines indicate the positive density iso-surface and the dashed lines the negative iso-
surface (the neutron scattering length for the Mn atoms is negative). The iso-surface contours
correspond to 2 scattering density units (4% in all the plots. Reprinted from reference 19

4.6 Magnetic Structure evolution topologically correlated to defected
lattice[147]

4.6.1 CM and IC magnetic structures

The nuclear modulated structure observed in the NPD profiles of B-NaMnO, triggered the
investigation of the possible correlation between the crystal and magnetic structure. The
temperature evolution of the diffraction pattern demonstrates the presence of two magnetic

transitions (Figure 4-18).
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Figure 4-18 (a) A long d-spacing section of the neutron powder diffraction patterns as a function of
temperature, showing the complex nature of the magnetic contribution to the pattern. Color map:
the neutron scattering intensity. (b) Integrated intensity versus temperature for the main magnetic
reflections with propagation vector k= (%, %, %), and for the satellites with propagation vector
k+q, where g = (0.077(1),0,0). The lines over the data points depict the fit to the critical region
(details in text). Reprinted from reference 19

The first observation, as the system cools below 7x;~ 200 K, is an intensity increase at
magnetic Bragg peak positions corresponding to a propagation vector k=('2 Y2 '2) with
respect to the Pmmn orthorhombic average structure. The observed reflections grow
quickly below the magnetic transition temperature while their broad Lorentzian-like profile
is an indication that the magnetic domain is sensitive to the strain and defects present in the
nuclear structure (Figure 4-16), complying with the broadening of *Na NMR spectra
(Figure 4-12). Cooling further down, about 100 K, the development of additional
reflections is observed in the diffraction patterns (Figure 4-18a). This new set of peaks can

be indexed assuming the combination of the magnetic propagation vector k and the nuclear
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one (, giving magnetic intensity at the positions hklt[kxq]. The temperature dependence
of the integrated intensity (Figure 4-18b) of the aforementioned two sets of reflections has
been calculated in order to investigate the critical behavior of the two magnetic orders.
Power law I= Iy [1-(T /TN)]2B fits of each reflection indicates that they possess different
critical behavior, suggesting that the two magnetic orders likely fall into different
universality classes. More specifically, the fit of the 2)2)2 reflection gives a critical
exponent of B= 0.33(4), indicating interactions of a 3D nature, while on the other hand, the
kxq satellites allows an exponent of B= 0.15(8), which is more consistent with 2D
interactions (Figure 4-18b). Careful analysis of the diffraction pattern reveals the presence
of some additional low intensity reflections that are not indexed with the previous
propagation vectors. These extra reflections are ascribed to a small-content of MnO

impurity and the a-polymorph (as already commented in the XRPD study in section 4.2).

4.6.2 Magnetic Spin configurations

In order to establish the possible magnetic space group, magnetic symmetry analysis has
been used with the help of the ISODISTORT software.[152]

In the temperature range just below 200 K, the NPD patterns show that no clear magnetic
intensity is observed on the nuclear satellite reflections, therefore pointing that the
magnetic structure is not strongly related to the nuclear modulation at least in the 100 < 7<
200 K temperature range. For this reason, magnetic symmetry analysis was initiated on the
basis of parent average Pmmn nuclear structure (Appendix B, Figure II, Table I) and the
propagation vector k= (%2 %2 '4). The results of the symmetry analysis are reported in Table
4-2. The best agreement between observed and calculated patterns was obtained for the
mR1 representation, with order parameter direction (OPD) Pl(a,0), corresponding to the
magnetic space group C,2/c, with a change in the unit cell with respect to the parent
structure described by the transformation matrix {(0,-2,0),(0,0,2),(-1,1,0)}. A reasonably
good result gives the choice of the C,2 space group, but with an increased number of
refinable variables, thus suggesting the higher symmetry option C,2/c as the best solution.
Combining the mR1 Pl(a,0) IRs with the compositional modulated structure, the
C,2"/c'(a0y)00 magnetic superspace group is obtained.
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Table 4-2 The symmetry-allowed magnetic space groups are generated by means of the
representation analysis technique, where IRs, the irreducible representations of the translational
group made up of the symmetry operations of the nuclear cell and the order parameter direction
(OPD) (see text). The components of the cell transformation matrix are given with respect to the
Pmmn space group, with nuclear cell parameters ao=4.7851(2) A, bo=2.85699(8) 4, co=6.3287(4)
A

] Re_mag, average
Magnetic ] . -
IRs OPD Cell transformation Origin nuclear
space group
structure only

mR1 Pl (a0) Ca2/c {(0,-2,0),(0,0,2),(-1,1,00}  (-1/4,1/4,1/2) 24 %
mR1  P3(aa) Fsmm2 {(-2,0,0),(0,2,0),(0,0,-2)} (-1/2,1/2,-1) 28 % (half Mn
paramagnetic)
mR1 Cl(ab) C.2 {(0,-2,0),(0,0,2),(-1,1,0)} (0,0,0) 25 %
mR2  P1(a0) C.2lc {(0,-2,0),(0,0,2),(-1,1,0)} (-1/4,3/4,1) 37 %
mR2  P3(aa) Fsmm2 {(-2,0,0),(0,2,0),(0,0,-2)} (-1/2,0,-1/2) 35 % (half Mn
paramagnetic)
mR2 Cl(ab) Ca2 {(0,-2,0),(0,0,2),(-1,1,0)} (0,-1/2,1/2) 32 %

The later superspace group was used for a Rietveld refinement of the 100K profile (Figure
4-19a). The associated reliability factors are Rpqs= 8.46% for the nuclear reflections,
Rfmag= 12.50% for the magnetic ones and Rp= 13.88% while the refined parameters are
summed in table 4-3. The pronounced hkl-dependent broadening likely arising from the
presence of planar defects rather affects the reliability factors. The consequent magnetic
structure is drawn in Figure 4-19b, projected in the same plane as the nuclear one (Figure
4-16, top panel). It entails antiferromagnetically coupled Mn-chains running down the b,-
axis (a, , by and ¢, setting is with respect to the orthorhombic Pmmn unit cell), stacked in a
zig-zag fashion when viewed in an agco-plane projection (Figure 4-19b) that gives rise to

antiferromagnetically coupled, corrugated MnO, layers (Figure 4-19c).
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Figure 4-19 (a) Rietveld plot at 100 K of the f-NaMnO, structure in C,2'/c'(c0»)00 superspace
group, with cell parameters a= 5.7108(2) A, b= 12.6394(9) A, c= 5.5397(4) A, p= 120.96(7)°, and
g= (0,0, 0.078(1)). Observed (black crosses), calculated (red line) and difference (blue line)
patterns are reported. The tick marks indicate the calculated position of the main (black ticks) and
satellite reflections (green ticks). The asterisk marks the main nuclear and magnetic reflections
from the a-NaMnO, impurity phase, whereas the diamond indicates the main MnO magnetic
reflection. (b-c) Sketch of the magnetic structure below 200 K, (a) along the Mn zig-zag chain
typical of the g- polymorph (a, direction) and (b) in the same projection as for Figure 4-11 (top
panel). The black rectangle depicts the unit cell of the average Pmmn structure (a,= 4.7851(2) A4,
bo= 2.85699(8) A, co= 6.3287(4) A), while the red rectangle indicates the unit cell of the average
low temperature monoclinic structure (a,= 5.7112(2) A, by= 12.6388(9) A, cn= 5.5365(4) 4, p=
120.97(7)°); please note that the cp-axis is inclined by ~60° out of the plane. Reprinted from
reference 19

When temperature is lowered below 7w~ 100 K, the incommensurate-like magnetic
ordering appears to be described with a combination of the magnetic, k, and nuclear, q,
propagation vectors suggesting that the second transition takes place because longer-range
magnetic correlations are established in the alpha-like stacking sequence(s). Assuming that
the same superspace group used for describing the nuclear structure defines also the
magnetic order at 7< 100 K and taking into account a Mn1-site spin-configuration similar
to that of the Mn2-site, magnetic scattering is calculated only for the k+q satellite
positions. However, its relative intensity failed to match the experimentally observed one,
pointing out that additional spin modulation of the existing structure is required in order to

adequately reproduce the observed magnetic NPD pattern.
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Table 4-3 Crystallographic atomic fractional coordinates and magnetic phase parameters for the
S-NaMnO, structure at 100 K, as derived from a (3+1)D Rietveld refinement of neutron powder
diffraction data in the C,2'/c'(a0#)00 (= 0.078(1)) superspace group, with unit cell dimensions a=
5.7108(18) A, b=12.639(9) A, c= 5.5398(4) A p= 120.968(6)°.

Atom X, X X3 Uiso/A° A x) MO0 MO MO Mot
Mnl 075 0.5536(19) 0.75 0.0129(10) 0.204 0 - - -

Nal 075 05536(19) 0.75 0.0129(10) 0.699 0.5

Na2 075 0.8128(19) 0.75 0.0129(10) 0.204 0

Mn2 075 0.8128(19) 0.75 0.0129(10) 0.796 05 1689 0 2.76(4) 2.38(10)
o1 0 0.9155(6) 0.75 0.0129(10) 0.699 0.5

or 0 -0.053(2) 0.75 0.0129(10) 0.301 0

02 0 0.7084(7)  0.75 0.0129(10) 0.699 0.5

02 0 0.6615(13) 0.75 0.0129(10) 0.301 0

Rietveld refinements of the magnetic structure confirmed that the magnetic phase below
TNz can be described by a proper screw component, with propagation vector k+q for both
Mnl and Mn2 sites, while refinements assuming a spin-density wave type of structure
produced worse agreement factors and unphysical moment size for the Mnl site. The
corresponding Rietveld refined 5 K NPD profile is shown in Figure 4-15a, with the refined
magnetic parameters compiled in Table 4-4 [90]. The associated reliability parameters are,
Rrobs= 8.41% for the nuclear reflections and Remag= 9.4% for the magnetic ones, while the
Rp= 16.6% is relatively poor again due to the extreme peak broadening. The magnetic

structure below Ty 1s depicted in Figure 4-20b-c.
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Figure 4-20 (a) Rietveld plot at 5 K for the f-NaMnO, structure in C,2'/c'(«07)00 superspace
group, with cell parameters a= 5.7112(2) A, b= 12.6388(9) A, c= 5.5365(4) 4, p= 120.97(7)°, and
g=(0, 0, 0.081(1)). Observed (black crosses), calculated (red line) and difference (blue line)
patterns are shown. The tick marks indicate the calculated position of the main (black ticks) and
satellite reflections (green ticks). (b) Schematic of the f-NaMnO, modulated magnetic structure at
5 K, projected at the same plane as the nuclear structure shown in Figure 6 (top panel). (c) Sketch
of the incommensurate part of the magnetic structure depicting a proper screw order propagating
along the (-110) direction with respect to the average Pmmn unit cell. In both panels the axes
directions with subscript ‘0’ indicate the average orthorhombic Pmmn cell (black rectangle),
whereas the axes with subscript ‘m’ indicate the direction of the low-temperature monoclinic
structure (red rectangle).

Table 4-4 Crystallographic atomic fractional coordinates and magnetic phase parameters for the
S-NaMnO, structure at 1.5 K, derived from a (3+1)D Rietveld refinement of neutron powder
diffraction data in the C,2'/c'(a07)00 (y= 0.081 (1)) superspace group, with unit cell dimensions
a=5.7111(2) A, b=12.639(9) 4, c=5.53698(4) A, p=120.979(6)°.

Atom X, X, X3 Uiso/A> A x40
Mnl 0.75 0.5510(16) 0.75 0.0123(6)  0.204 0

Nal 0.75 0.5510(16) 0.75 0.0123(6)  0.699 0.5
Na2 0.75 0.8141(16) 0.75 0.0123(6)  0.204 0
Mn2  0.75 0.8141(16) 0.75 0.0123(6)  0.796 0.5
o1 o0 0.9163(6)  0.75 0.0123(6)  0.699 0.5
or o0 -0.059(2)  0.75 0.0123(6)  0.301 0

02 0 0.7095(7)  0.75 0.0123(6) 0.699 0.5
o2 0 0.6591(14) 0.75 0.0123(6) 0.301 0

Magnetic parameters
M,0 M,0 M,0 M,cosl Mysinl M,cosl

Mn1 1.5(3) -1.5(3) 1.5(3)

Mn2  1.18(9) 2.48(4)  -137(3)  1.37(3) -1.31(3)
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4.7 Parameterization of Magnetic excitations-INS study [147]

4.7.1 Experiment and sample preparation

Inelastic neutron scattering work was performed on the MARI direct geometry chopper
spectrometer (ISIS, UK) and also on the DCS spectrometer (NIST, USA). Experiments on
MARI used incident energies E;=85 and 150 meV, with a Gd Fermi chopper spun at 300
and 450 Hz, respectively. Measurements on DCS were done with an incident energy of
Ei=14.2 meV. A powder sample of m=7.3 g was loaded in an annular aluminum sachet that
was placed inside a cylindrical Al-can for the ISIS experiment, while a 5 g sample was
loaded in V-can for the NIST experiment. In either case the cans were sealed with indium
wire and they were cooled at low temperatures with a top-loaded closed-cycle refrigerator.
All data has been corrected for background and also phonons from the structural lattice.
For the MARI data, the background plus phonon contribution to the scattering at each
energy transfer was estimated from the high angle detector banks where magnetic
scattering is suppressed owing to the Mn®" form factor. The fit of the high angle and high
momentum detectors was done at a fixed energy transfer to the form L(Q)= Lo + L; x Q?,
with Ly capturing the background and L; providing an estimate of the phonon scattering.
L(Q) was then used to estimate the background and phonon scattering at low momentum
transfers and then it was subtracted. For data taken on DCS, the background was estimated

by using the requirement for detailed balance as discussed in literature. [155]

4.7.2 Spin gap and dimensionality of magnetic interactions

An overview of the measured INS response, well within the magnetically ordered state (5
K), is shown in Figure 4-21a for experiments on the MARI spectrometer. A complementary
insight on the low energy magnetic dynamics was offered with higher resolution through
the DCS spectrometer (Figure 4-22). At low temperatures (1.5 K and 75 K) the DCS
spectra show clearly the presence of a spin-gap in the excitation spectrum, with little
change in the gap energy, A~ 5 meV. A pronounced change is observed at 100 K with a
filling of the gap.

To our knowledge, a full theoretical study on magnetic exchange interactions on the [-

NaMnO, polymorph was missing along with the lack of single crystal data. For this reason,

a parameterization of the dispersion E(a) with a phenomenological expression which
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satisfies the periodicity of the lattice and hence Bloch’s theorem has been attempted
following the method described in 2.5.1.5.

One possible form of the dispersion, consistent with lattice periodicity can be written as a
Fourier series E? ((‘_2)) = A+ Y, Bysin? ((3 : c_i)) , Where d is a bond vector connecting
nearest-neighbor (NN) spins and B, are coefficients in this series expansion, and A is the
magnitude of the spin-gap. Since the magnetic excitations appear sharp in energy (Figures
4-21, 4-22), the single mode approximation (SMA) is utilized. This approximation states
that the structure factor, which is proportional to the neutron cross section, is dominated by

a single resonant mode.

( a) 50
d-NaMnOz

. MARI, Ei=85
T=5K

4

o

30F

E (meV)

20

10f

Figure 4-21 (a) The powdered averaged magnetic scattering in A-NaMnO, and (b) the
corresponding Single Mode Approximation (SMA) heuristic model, with two-dimensional (2D)

interactions. Color map: indicates the powder average scattering intensity I(Q,hw). Reprinted
from reference 19

In order to derive a parameterization of the neutron cross section, S (4 5 , haw)= S(1 Q) ) o(haw —
E((j )) (delta function being numerically approximated by a Lorentzian with the energy
resolution width), an expression for S(@should be found. For this, the Hohenberg-
Brinkmann first moment sum rule has been applied. [156] This is valid for the case of
isotropic exchange and is closely related to the ground state magnetic energy. Effectively

the first moment sum relates S 6 ) to the dispersion E(a ) through the following expression:

S(Q’) = Zég = _éE(la)Zg Ja(So - S4) (1 - cos(a . 07)) (4-5)
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E (meV)

Figure 4-22 The temperature dependence of the low-energy magnetic fluctuations in S-NaMnO,,
measured on the high-resolution DCS spectrometer. All data has been corrected for a temperature
independent background using the detailed balance relation. Color map: indicates the powder
average scattering intensity. Reprinted from reference 19

With this, the single-mode approximation and parameterization of the dispersion, E(a),
helps determine the dimensionality of the excitations and the significance of correlations.
In particular, the energy gap in a powder averaged constant-Q scan is sensitive to the
dimensionality of the interactions. This fact will be further discussed in the 4.9 section of

the present chapter.
4.8 Magneto-electric response

The structural complexity of the f-NaMnO, was found to be strongly correlated to the
long-range magnetic order revealed by the neutron experiments. As complex physical
properties might result from the interplay of charge, spin, orbital degrees of freedom over
the lattice, a key question here is if the compositionally modulated nuclear structure and
magnetic order in f-NaMnO; might induce some degree of coupling between magnetic and
electric degrees of freedom and whether this could be “engineered” when one goes from

one polymorph to another.
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Preliminary evidence for such a type of behavior in f-NaMnO, was first reported by
Bakaimi et al. who demonstrated that the temperature-dependent dielectric permittivity,
e'(T), displays two small anomalies, near the 7Ty; and Ty, transitions discussed here.[146]
Since the explanation of possible magnetoelectric coupling needs the understanding of the
crystal and magnetic symmetries, these early findings remained unexplored. Now that
these structures are known, through the current work, it is worth revisiting the coupling of
the afore-mentioned properties.

In view of this, a series of dielectric and magnetodielectric measurements have been

performed on B-NaMnO, system.

4.8.1 Experiment and sample preparation

The dielectric and magnetodielectric measurements of -NaMnO, along with the rest of the
specimens of Na-Mn-O system examined in this study have been held in two different set
ups:

1) The one has been the custom made, in-house MD station which has been modified as a
part of the present thesis. In this station the temperature range allowed measurements down
to 79 K due to the use of liquid Nitrogen (N,) as cryogenic and under the range of an
external dc magnetic field up to 7 T. The frequency of the Ac voltage applied on the sample
would vary from 111 Hz — 1 M Hz employing 2 different instruments for low and high
frequency areas, the AH 2700A Ultra-precision Capacitance Bridge, for relatively low-
frequencies (50 Hz - 20 kHz) and an Agilent LCR, for the high-frequency region up to 1
MHz.

2) The second set up has been a commercial 14 T PPMS platform located in Laboratory for
Magnetic Measurements (LaMMB - Maglab) at the Helmholtz-Zentrum Berlin which
allowed temperature ramps down to 10 K and served as a reference set up for the
modifications made in the local MD station. Instead of an LCR meter, a Solatron 1260
Impedance/Gain Phase Analyser has been employed which is being used together with a
1296 A Dielectric Interface System in order to cope with ultra-low capacitance levels. Both
set ups had been tailored for dielectric constant measurements in a capacitor-like topology.

In this section the studies of dielectric permittivity are presented as an expanded study to
the previously published work by Bakaimi et. al. [146]

The dielectric permittivity of @ 5 mm pellets of pressed polycrystalline powder of (-
NaMnO, has been studied under different external stimuli (test signal AC voltage, DC
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voltage (DC bias), DC magnetic field) and in a range of temperatures 10 K- 320 K
depending on the used set up. The characterization protocol that has been followed for each
sample includes the following steps: measuring the temperature dependence of the
dielectric permittivity €’ (T) under zero magnetic field in different frequencies of the Ac
electric field applied through the test signal and followed by measurements under the
application of a dc magnetic field in selected frequencies. Changes on the AC electric
stimuli (test signal voltage) as well as applying a DC bias across the sample appeared not
to cause an effect on the observed features of the dielectric permittivity €’; (T).

For the dielectric and magnetoelectic characterization the f-NaMnO, powders have been
pelletized again using a handhold press in smaller pellets of @ 5 mm. The powders of beta
have been hard to be prepared as firm pellets. The pelletizing conditions have been found
to be best for m=~ 87 mg, pelletized under 22 Nm for 60 min. These conditions resulted in
pellets of 75 mg and thickness of ~ 1 mm. There were prepared specimens with or without
electrodes. As electrodes, have been used conductive pastes such as silver paste, carbon
paste and in some cases sputtered gold. The measurements have been held on both “as
made” specimens synthesized following the protocol described in section 3.2.1.2 and also
on specimens that suffered an extra annealing at 300 °C under O, atmosphere after being
pelletized.

As mentioned in experimental section of chapter 2 the determination of the dielectric
permittivity was made by measuring the capacitance of the sample. The selected function
on the LCR meter has been the Cp-D function which is appropriate for low capacitance
measurements (Appendix A). [157] The protocol followed for each measurement of the
capacitance has been cooling the sample under zero electric and magnetic field (ZFC)
down to 10 K (or the lowest possible temperature below a known magnetic transition
point). Then, measure capacitance upon heating with 2K/min rate up to 220K or above,
while measurement points were taken every 0.05 K by applying an Ac voltage across the
sample during the warm up. Knowing the dimensions of the pellet (J 5 mm, and thickness

t=~1 mm) the dielectric permittivity €’; (T) was calculated from the equation (2-8)

. £
g‘r: c.d D=tanb=—
&y A €, (4-6)

2

while the dissipation factor has been directly measured by the instrumentation in mode Cp-

D.
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Compared to the study of Dr Bakaimi, the present project studied the behavior of the €’;
(T) in a temperature range down to 10 K with faster point selection rate due to
improvements on the in-house MD station and the employment of a Helium cooled PPMS
standard system. This fact gave the advantage of observing for the first time a feature
developed below 45 K which is the temperature of the transition to a AFM state of the a-
NaMnQO,. Apart from that, the improved temperature control allowed for a better
repeatability of results and the detection of artifacts caused by a non-linear temperature
ramp. In the present project, the feature that is mainly discussed in the work of Dr Bakaimi
at 95 K, is only detected in samples annealed in O, and not in as synthesized f-NaMnO,
samples. Although our findings in respect with the origin of the mutually observed features
are in agreement with the previous study, the application of an external magnetic field was
found to cause no effect on the feature observed in 95 K but only in the low temperature
(45 K) effect which is attributed to the percentage of alpha phase in samples synthesized as
-NaMnO,.

4.8.2 Dielectric permittivity of B-NaMnO; “as made”

In figure 4-23 the T-dependency of the dielectric permittivity €, (T) is measured from 10
K to 220 K. This is the first time that dielectric measurements have been held down to 10
K allowing the observation of effects while being well in the magnetically ordered state of
the B-NaMnO, as the later has been defined by the neutron diffraction study. The protocol
that has been followed is the one described earlier starting with a ZFC down to 0 K while a
test signal level of Vrms =714 V and f= 111 Hz is applied upon heating. The general trend
that is observed is the increase of the value of the dielectric constant €’; (T) with the
increase of temperature. The shape of the €’ (T) curve points out two features: A weak
feature in the low temperature area ~50 K and a broader hump in the high temperature area
<200 K. Both are more pronounced in the Dielectric Loss curve as presented on the right
axis of the graph. The Dielectric Loss “G” in this case is expressed in nanosiemens (nS=10"

’S). The Dissipation factor used in the Cp-D mode which is equal to the dimensionless

tand is connected to the “G” Dielectric Loss through the following formula G = 2 n C,D.
[158]
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Figure 4-23 Dielectric constant (¢'y) (black symbol-left Y-axis) and dielectric loss (black thin line-
right Y-axis) of f-NaMnO, measured with a ZFC protocol at 111 Hz, applying 741 V/m upon
heating. The inset on the &', (T) shows the weak feature observed below 50 K assigned to the a-
phase.

The magnitude of the measured dielectric constant is about ~6-7 at low temperature area
for both low and high frequencies (figure 4-24) while the magnitude near room
temperature varies depending on the frequency. However the values of the dielectric
constant may vary slightly on different samples under test which is mostly because of poor
electrical contact between the sample and electrodes either due to the chosen contacting
paste or due to the topology chosen for the measurement (wired or capacitor topology,
section 2.4.3.2). The value of dielectric constant of f-NaMnO; is rather small compared to
other multiferroics systems of the ABO, family where the transition metal is Fe. In these
cases the dielectric constant values vary from €', ~27-28 for AgFeO, [72] and &', ~20 for
CuFeO, [75] to €' ~8 for NaFeO, [74]. On the other hand for the triangular lattice
antiferromagnets ACrO, (A=Cu, Ag, Li, Na) the magnitude of the €', varies between &', ~6-
8.

Talking about the Loss, in this case it is presented in nanosiemnes by measuring
conductance “G”. conductance is related to the intrinsic property of conductivity with the

following relation:
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l
oc=G " (4-7)
Where, 1 is the distance between the two flat surfaces of the sample and A the area of the
surface. Generally, when ﬁ « 1 (4-8) we consider the compound to be a low-loss

dielectric. In the present case at 200K in f= 1 kHz, we measure a ¢’ = 11, and G=0.1 nS

which gives combining equations 4-7 and 4-8:
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Figure 4-24 Two different runs of Dielectric constant measured at 1 kHz with Vrms= 1600 V/m.
(Top panel) The two different runs are taken with 7 hours distance while measurements in other
frequencies were taken. Inset- low temperature effect is almost not changed. (Bottom panel) 1%
derivative curves calculated from dielectric constant against temperature for runl (red) and run2
(blue).

In order to test repeatability of the results each frequency was taken more than once. In
figure 4-24 the run 2 (in blue) is taken 7 hours after run 1 (in red) and after several runs in
higher frequencies. It is worth noting that the feature in high temperature is not affected at
all while the one in the lowest temperature range seems slightly enhanced (figure 4-24

inset). The origin of this may be polarization of the sample by the intermediate runs. The
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difference is more pronounced in the calculated 1% derivative of &'(T) over temperature
(figure 4-24 bottom panel).

The calculation of the 1% derivative presented in figure 4-24 (bottom panel) allows the
determination of the exact temperatures were the features start to evolve. In the case of the
high temperature range the temperature coincides with the Tx; temperature of the magnetic
transition to the AFM commensurate phase of B-NaMnO, as defined by the NPD work.
This broad hump decays smoothly until 45 K. There, a clear dip in the 1% derivative
supports the appearance of the weak hump indicated in the main &'(T) curve. As described
earlier in this chapter, the complex structural model that has been adopted for the
description of the neutron profile of B-NaMnO, comprises of a-NaMnO, regions that are
entailed inside the average Pmmn phase. The existence of a percentage of alpha phase in
the form of stacking faults [126], [147] which was already witnessed as an impurity in the
bulk XRPD pattern, justifies the presence of a feature in 45 K, the AFM transition
temperature of the bulk a-NaMnO,. Consequently, both features observed, appear to be

correlated to changes in the magnetic structure and are possibly spin driven.

4.8.2.1 Effect of frequency on the dielectric permittivity

The effect of frequency on the magnitude of the capacitance and thus of the dielectric
constant has been explored with a series of measurements in both low and high frequency
areas. The frequency of the Ac test signal that is applied on the specimen under test is
expected to have an effect on the value of the dielectric constant since it is connected with

the capacitance through the following formula:

1

C = 7a1x,

(4-7)

where C is the Capacitance (F), f is the frequency (Hz) of the applied ac voltage and X (€2)
is the reactance. Figure 4-25 shows the €'((T) of B-NaMnO, sample measured at f= 111 Hz,
1 kHz, 20 k Hz, 100 kHz, 500 k Hz and 700 k Hz. As the frequency increases, the &'(T) is
expected to decrease according to the aforementioned equation. However the decrease in
the frequency range up to 10° Hz is not expected to be significant for a capacitance of low
magnitude since such a small “capacitor” is quickly charged. In particular, for frequencies
up to 10* Hz the ¢'(T) appears to decrease as a whole. It is worth noting that the feature on
the high temperature range is being smeared out to completely disappear in frequencies up
to 800 kHz (figure 4-19, see area in gray doted circle). A similar behavior has been seen in

the relaxor ferroelectric Srog Bo2NbOg [159] where strong shifts of the broad features were
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found to obey the Vogel-Fulcher law while being softened. In several transition metal
oxide systems the frequency dependence of effects in the dielectric permittivity is often
correlated to contact effects[103], [160] or interface phenomena caused by the grain
size.[160] In such systems colossal dielectric permittivity is observed. [161] As already
commented in chapter 2 during the measurements different conductive pastes and
topologies have been used giving rise to such artifacts. However measurements on samples
with no conductive paste proved the intrinsic character of the effect in the area below 200
K. On the same side, in CdCr,S, [162] the flank of the hump in the high temperature area
which follows a Curie-Weiss like law is claimed to be an intrinsic effect.

Moving in lower temperature, the feature developed at 45 K which is attributed to the
alpha phase intergrowth is not affected by the frequency.

The patterns presented in figure 4-26 show clearly the trend of a decreasing magnitude of
dielectric constant with the increase of frequency for the B-NaMnO,. The “offset” that is
observed between the set of the low frequencies on the left panel (a, c) to the high
frequency set on the right panel (b, d) is because of the change in the used instrumentation
and the different cabling. The same offset is to be observed also in figure 4-25 for the &'(T)
curve measured in 100 kHz, 500 kHz and 800 kHz.
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Figure 4-25 Dielectric constant and dielectric loss of f-NaMnO, measured at low and high
frequency area. (Top panel) Low frequencies measured are 111 Hz, 1 kHz, 20 kHz and (bottom
panel) high frequencies are 100 kHz, 500 kHz and 800 kHz. Inset shows the low temperature
feature. The two different frequency ranges were measured using different instrumentation.
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Figure 4-26 f-scan of &'((T) from 111Hz up to 1 MHz. (a-b) f-scan for low temperatures (a)
111Hz- 20 kHz and on the right panel from (b) 30 kHz- 1 MHz are presented. (c-d) f-scan for high
temperatures. The two frequency ranges were taken using different instrumentation and this is
reason of the offset on the value of the dielectric constant. Nevertheless, the trend is that the
magnitude of the &',(T) is decreasing with the increase of frequency.

4.8.2.2 Ac-electric field effect

The Vrms value of the ac test signal applied by the LCR is known to affect the efficiency
of the final result for capacitance values of > 100 pF measured in frequencies above 1 kHz.
This is because many LCR meters don’t have the capability of supplying enough current to
the sample under test at 1KHz and 1 Vac. This could be corrected by using the ALC
(Automatic level correction) function that raises the applied voltage to the set value.
However, for capacitance values as the ones measured in the present project that are < 100
pF, the supplied current is usually sufficient and the applied Ac voltage could affect the
value of the dielectric constant. The mechanism behind is the displacement of the electron

cloud (polarization) of the dielectric due to the voltage applied. For higher permittivity
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materials the charges are more easily displaced (more easily polarized). In the case of low
permittivity as in the case examined very high voltage is necessary in order to cause
sufficient polarization unless the thickness of the dielectric is very small. However the
ALC function has been used to be on the safe side. It is worth noting, that minor changes in
the actual magnitude of the &'(T) and no effect of enhancement or suppression on the

effects has been observed (figure 4-27) in the tested samples.
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Figure 4-27 The &'(T) of a f-NaMnO, sample measured at 1 kHz under increasing Vrms of the ac
test signal. No significant enhancement of the feature has been observed.

4.8.2.3 Effect of magnetic field

In the present study the feature in the temperature area below 100 K that is detected in the
work of Dr Bakaimi is not observed in the as made (or as synthesized ) samples and it is
worth mentioning that all effects on the &'(T) profile are “qualitatively” different (less
sharp) probably because of the different temperature control during the ramp and the
fastest point selection. Nevertheless, the dielectric behavior of the compound has been
studied in the presence of magnetic field. The application of several magnetic fields up to
14 T seems to leave the- feature hump below 200 K unaffected while the effect in the 45 K

seems to be weakly enhanced and slightly shifted to higher temperature.
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The whole trend of the &'(T) curve is presented in figure 4-28 top panel while a close up to

the low temperature area is presented in the bottom panel.
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Figure 4-28 Dielectric constant of ¢'(T) of f-NaMnO, measured upon heating at 1 kHz under
applied magnetic fields from 0 T- 14 T. Top panel: The whole temperature range. Bottom panel:
low temperature area of the same measurement zoomed in. The measurement under zero (0 T)
magnetic field was carried out twice: first before the application of the magnetic fields, represented
with the turquoise and second in red, after the magnetic fields have been applied.

The change of the €'(T) response under the application of magnetic field below 45 K
indicates the presence of a weak magneto-electric effect (MDE) just below the AFM
magnetic transition of the a-NaMnO,. The relative dielectric response (Ae'(%)) has been
calculated for H= 14 T at T=20, 25, 30, 35, 37, 39, 41, 43, 45, 50, and 55 K and is plotted
in figure 4-24 (black axis-left) for f= 1 kHz. The Ag’ (%) is defined as:
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Ae' (%) = % 100 (4-8)

and is plotted against temperature to show the temperature dependence of the maximum
change of the dielectric constant caused by the applied field of 14 T. According to this the
MDE is about 0.033 % at 43 K.

The slight shift of the maximum value of the &' (T) with the applied magnetic field is
shown in the right-top axes (in red) of the figure 4-29. The general trend shows a shift
towards higher temperatures which is not linear. This does not allow any safe conclusion

since the increase of the magnetic field has not been taken using equal steps from 0-14 T.
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Figure 4-29 Left-bottom axes (black): A&’ (%) calculation against Temperature for H= 14 T
showing the maximum change in the values of dielectric constant with the application of the
external magnetic field. The MDE is of 0.03 % at 43 K. Right-op axes: shift of the critical
temperatures Ta with respect to the applied magnetic fields. Ta refer to the temperature where the
dielectric constant is maximum.

4.8.3 Dielectric permittivity of B-NaMnO; “annealed in O;”

In an attempt to remove internal stresses and make the final specimens more firm, some of
the as synthesized or “as made” B-NaMnO, @ 5 mm pellets have been annealed at 300°C
under O, flow. The resulting specimens were found to have an increased percentage of

secondary phases of a-NaMnO2 and a-Na0.7MnO?2 in comparison to the “as made” ones
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which have already been commented in section 4.1. This enriched annealed 3-NaMnO,
specimens were found to present a different profile of dielectric constant €'(T). In figure 4-
30 the &'(T) curve of an annealed sample is presented in three different frequencies:
111Hz, 1 kHz and 20 kHz. The main features observed are the hump below 200 K and a
second one developed below 100 K. Both of them are more pronounced in 1% the
derivative curves (right-axis pointed out with red arrows). The frequency dependence
resembles to that of the “as made” samples having the magnitude of the dielectric constant
decreased with the increasing frequency and also a slight shift of the maxima in lower

temperatures as it is now easily seen through the derivative curves.
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Figure 4-30 right axis: Dielectric constant and dielectric loss of annealed in O, -NaMnO,
measured at 111 Hz, 1 kHz, 20 kHz. Left axis: 1% derivatives of the ¢'(T) against T of the same

frequencies. The red arrows point the maxima of the features while the dotted vertical lines are a
guide to the eye for the Temperature of the change of slope.

In the annealed samples both features seem to soften with the increase of frequency. The
general trend of a decreasing dielectric constant against increasing frequency remains the
same. In figure 4-31 this trend is presented for temperatures from 10 K up to 120 K with a
corrected offset for the different instrumentation (see section 4.8.2.1).
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Figure 4-31 f-scan of ¢'(T) from 111 Hz up to 1 MHz for low temperatures 20-120 K. The two
frequency ranges (111-20000 Hz and 30 kHz to 1 MHz) were taken using different instrumentation.
In this case the offset on the value of the dielectric constant has been corrected.

4.8.3.1 Effect of magnetic field

After understanding the evolution of the crystal and magnetic symmetries in p-NaMnO,,
the magnetocapacitance of f-NaMnO, has been revisited after the published work of Dr
Bakaimi.[146] In the aforementioned study the two main features detected were observed
in the temperatures where, as stated earlier, the collinear commensurate AFM state (Tn;=
200 K) and a cooperative proper-screw magnetic state (Tn2= 95 K) were established. Such
complex spin configurations could be the reason for the emergence of coupling that may
lead to magnetoelectricity in frustrated magnets, through competing interactions developed
in the nuclear and magnetic lattice interface. [163], [164]

The present findings in the annealed B-NaMnO, specimens are in agreement with both
features that have been detected earlier. However, the small enhancement in the feature
observed below 95K under the application of magnetic field didn’t come to our attention.
The data presented in figure 4-32 are free of noise and it is crystal clear that there is no
evidence of an effect of the applied magnetic field on the value of the dielectric constant or
the shape of the features detected. It is worth noting that the applied field has been of 1.5 T

and 4 T to be compared with the previous study.
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Figure 4-32 Dielectric constant of ¢'(T) of annealed s-NaMnO, measured upon heating at 1 kHz
under applied magnetic fields from 0-4 T. Inset shows a close up to the low are feature developed
below 100 K.

Taking a look at the origins of coupling, it is well accepted that the coupling between
electric polarization (P) and magnetization (M) is governed by the symmetries of these two
order parameters. [63] For a magneto-electric material [165] the Ginzburg-Landau

thermodynamic potential, can take the general form:

F(E,ﬁ) = & (T)E)l : Ez} + ,LLU(T)HL ' FI] + aijEi . I?Ij"l‘

- -

1 - — s 1 s = = 1 — s
+2 BijkEi - Hj - Hi + > VijieH; * Ej - Eye + 5 81 Ey * Ej - Hy - H, (4-9)

This can be re-written for the specific case of the a- and B-NaMnO, by taking into
consideration symmetry-controlled rules, and in particular the constraint arising from their
magnetic point groups, -/ and 2’/m’, respectively. As the magnetic ground states of both
a- and B- phases are centrosymmetric spatial inversion symmetry is not violated and
therefore, spontaneous electrical polarization is not anticipated in their magnetically

ordered states. However, the present T-dependent dielectric permittivity experiments,
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€’(T), have identified small, resolvable features in both zero- and field- dependent
measurements. These occur at temperatures where the magnetic phase transitions take
place, namely, below about Tns= 45 K in the case of a (found also in “as made” samples of
-NaMnOQ,, figure 4-28), below about Txp= 95 K and below Ty;= 200 K in the case of -
phase (annealed samples of f-NaMnQO,, figure 4-32). The maxima in €’«(T) infer that they
are driven by the onset of antiferromagnetic order taking place in each polymorph and the
proper screw spin configuration developed below 95 K as a relief of the magnetic
frustration in the a-like sheets that in turn influences the ordering in the B-like stacking. In
addition to that, they also point to weak magnetocapacitance effects in the case of the
feature in Tn3=45 K, as the peaks change very little despite the strength of the externally
applied magnetic field (figure 4-28).

Considering the symmetry-constrained free energy for a- and - phases, namely:

1 — = - 1 - - — o
+-VijHi  Ej Ex + 58 By Ej - Hy - H, (4-10)

it is postulated that the observed features in the dielectric constant and the magnetic field
dependence is likely to be related to the non-linear [163] quadratic and bi-quadratic terms.
This claim is based on the magnetic point group and indicates which coupling tensors are
allowed by symmetry to be different from zero and would be valid for both homogenous
and inhomogeneous states. Regarding the interface between the two sequences this may
break the inversion symmetry but since the superspace point group maintain the inversion
symmetry another interface in the system will have opposite polarity and the material will
be non-polar.

Such higher-order magneto-electric couplings are operative in planar magnets, as for
example the NiSOy4 -6H,0 [84] and the fluorite compound BaMnF,, [166] where the linear
quadratic term is dominant even well above their Néel ordering transitions. It is also worth
noting that the bi-quadratic term as in the case of EuZuO; [167], which is not limited by
symmetry, gives rise to small anomalies in the dielectric constant, as in the cases of the
YMnOs; [66] and BiMnOj3 [168] magnetoelectric perovskites. This behavior, is remarkably
similar to the €. (T) cusps (Figures 4-28, 4-32) and its correlation to the magnetic ordering

in the NaMnO,; polymorphs.
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4.9 Discussion

Already from the early in house XRPD experiments the orthorhombic Pmmn average
structure of the p-NaMnO, has been found to host secondary phases of Na-Mn-O system
with proven energy proximity. [6], [126], [145] The crystal chemistry of AMeO, allows for
polymorphism due to oxygen-layer gliding processes[169] that lead to structural transitions
and the formation of structural defects between various crystal domains. On the same side
extraction of Na through a process of intercalation could lead to structural rearrangements
that could extend the hosting domains formed inside the major B-NaMnO, phase. In such
way it is possible that the annealing process of the as made samples could work. The
presence of peaks of secondary phases of a-Nag7MnO; and a-NaMnO, with comparable
intensity to B-NaMnO; could be a result of structural rearrangements that further modify
the expression of macroscopic properties like the dielectric permittivity and
magnetocapacitance.

Neutron powder diffraction of B-NaMnO, gave a complex profile that could only be
modeled through the superspace formalism. [153] The theory of (3 + D) superspace
groups, introduced by de Wolff (1974, 1977), [170], [171] is widely used to describe the
symmetry of commensurate and incommensurate modulated structures. The results
presented in section 4.5 using a single phase superspace symmetry description with a
modulated vector g= (0.077(1), 0, 0) are in agreement with the previously employed model
(modulation vector g=(00) a~ 0.1) which was used for indexing the additional satellite
peaks observed in both electron and synchrotron X-ray diffraction data. [126]

However for the determination of the spin configurations in the B-NaMnO; the utilization
of the modulated structure formalism has only been necessary for the description of the
incommensurate-like magnetic ordering that is established below Tno~ 95 K. In the
temperature area below Ty, ~200 K the magnetic symmetry analysis was well described on
the basis of parent average Pmmn nuclear. The suggested magnetic structure entails
antiferromagnetically coupled Mn-chains running down the b,-axis stacked in a zig-zag
pattern when viewed in an agCo-plane projection that gives rise to antiferromagnetically
coupled, corrugated MnO, layers (section 4.6). A similar collinear spin-model has been
utilized before for the description of the magnetic state in the isomorphous B-LiMnO,,

where three-dimensional long-range order is established at Ty~ 260 K. [172]

165




Chapter 4- Progress on Magnetic structure and Magneto-electric study on -NaMnO,

The derived spin-configuration for f-NaMnQO,, though, indicates a commensurate ordering
only for the Mn2-site, as a similar ordering on the Mn1 site would have generated strong
magnetic intensity at the nuclear satellite reflections, a case that is not supported by the
NPD data. In this compositionally modulated nuclear structure, between 100 < 7< 200 K
only the NaMnO, layer stacking sequences characteristic of the B- polytype carry a net
magnetic moment. Such a magnetically inhomogeneous state is consistent with the
wipeout of the central ’Na-NMR line (figure 4-10) and the two-component nuclear spin-
lattice relaxation in the same temperature range. The magnetic moment of Mn2 sites has
been computed as p= 2.38(10) pp at 100 K, but as the observed NPD profile shows fairly
broad magnetic peaks, the attained staggered moment may be an underestimate (cf. the full
moment for spin-2 Mn’" is expected to be 4 pg).

On the other hand, the incommensurate magnetic structure that is developed below Ty~ 95
K could be seen as similar to the commensurate one that develops below 7xi, but at the
“boundary” of the a- and - like stacking sequences (Figure 4-14), as the ordering at the
Mnl-site (a-NaMnO, layer stacking sequence) acts as a perturbation to the Mn2-site, the
Mn-spins start to rotate away from the commensurate structure type (Figure 4-18). Within
this modulated behavior, the Mn®" magnetic moment takes the lowest values within the
NaMnO, layers characteristic of the a-polytype (likely due to their higher degree of spin-
frustration), while it grows in magnitude as we move within the B-like stacking sequences,
reaching a maximum, p= 3.5(10) pg, at their mid-point. Such a non-trivial magnetic order
is in line with very broad distribution of spin-lattice relaxation times found by NMR below
Tno, implying a broad distribution of local environments. This complexity might be an
outcome of the system’s effort to relieve competing interactions amongst neighboring spins
in the f-NaMnO, modulated nuclear structure, therefore requiring further insights on the
role of geometric frustration.

Looking for a way to determine the dimensionality of the magnetic excitations and unravel
which correlations are of most importance, single-mode approximation and
parameterization of the dispersion, E(a) was chosen as a tool. The results presented in
section 4.7 reveal the existence of an energy gap of A~ 5 meV. The fact that the energy
gap in a powder averaged constant-Q scan is sensitive to the dimensionality of the
interactions was previously used to show that a-NaMnO, is dominated by one-dimensional

magnetic correlations.[38]
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Comparison of the powder averaged spectra for B-NaMnQO, against its closely related a-

NaMnO, system (Figure 4-33) points to several key differences.
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Figure 4-33 The powdered averaged magnetic scattering in (a) f-NaMnO, and (b) a-NaMnO,. The
background subtraction method to remove phonon scattering and instrument back-ground is
described in the main text. Both datasets were taken on MARI with Ei= 85 meV at T =5 K. Color
map: indicates the powder average scattering intensity

First, the spectral weight in a-NaMnO; is concentrated at low energies near the energy gap
edge, while it is much more evenly distributed in energy in the case of the p-NaMnO,
variant. The scattering is also much more strongly peaked in momentum for -NaMnO,,
which is indicative of the higher (cf. than the quasi-1D of the a-phase) dimensionality of
the associated spin correlations. In addition, considerable spectral weight is located at the
top of the excitation band and the scattering is much more well-defined in momentum than
in the a-polytype. Such qualitative observations, suggest that B-NaMnO, may be more
two-dimensional than the a-phase.

In order to simulate the powder averaged spectra by considering the case of the two-
dimensional spin-exchange, with dominant correlations along the b,-crystal axis, the

dispersion relation in the following phenomenological expression has been used:
E?*(Q) = By + Bysin*(nK) + Bysin?(wH) + -+
+Bs|sin®(r(K + H)) + sin*(n(K — )] (4-10)

This is consistent with the periodicity of the lattice (Pmmn symmetry) and gives a

minimum at half integer positions relating the observed magnetic Bragg peaks. The values
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chosen are: By= 25 meV? to account for the spin-gap (A), B/=B,= 625 meV? and B3;= 400
meV?. To extract an estimate for the exchange constants, the inelastic magnetic response
was expressed on an absolute scale using the internal incoherent elastic line as a reference.
The absolute calibration combined with the first moment sum rule afforded an estimate of

Ja(So-S4) - Combined with the collinear magnetic structure, we have estimated a strong

exchange along the by, J; = 5.0 £ 1.0 meV and a weaker one along ay, J; = 1.5 £ 1.0 meV
(Figure 4-1a).
The total integrated spectral weight (elastic and inelastic) is constrained by the zero™

moment sum rule which can be summarized as follows:

.
[27a5@he) P =SS+ 1) (4-11)

Integrating the INS data by using the elastic incoherent scattering of the vanadium as an
internal standard gives the inelastic contribution to the above integral being 1.8(3).
Including the ordered moment in the elastic channel and noting that there are two Mn>"
ions per unit cell gives a total integral of 4.7(4) for this sum. Given the expected value for
S= 2 is 12, this indicates that more than half of total moment resides elsewhere in
momentum and energy. One possibility is for a large fraction residing in diffuse scattering,
which maybe resulting in a low-energy contribution that is beyond the resolution of the
spectrometer. This stays in agreement with the broad shape of the magnetic reflections in
the diffraction data and with the high density of structural defects present in the material.

The highly defected nuclear structure of the p-NaMnO;, polymorph especially when
enhanced with the extra annealing under O, atmosphere is proven to drive the emergence
of coupling effects. If we take a glance through the dielectric response of f-NaMnO, and
compare it to that of a-NaMnO; as further discussed in chapter 6, the effects on the
dielectric constant profile were observed in temperature areas were magnetic orders are
established for both alpha and beta polymorph. Bearing in mind that the magnitude of the
dielectric permittivity features in B-NaMnO, becomes larger with the application of an
intense electric field,[146] in the present study we utilized a progressively stronger external
magnetic field instead, hoping for enhanced changes in the &'(7). Our dielectric
permittivity experiments, however, identified only small anomalies in &'(7, H) curves that
coincide with the onset of antiferromagnetic orders taking place in the bulk a- (Ty= 45 K)
and B- (Tn1 =200 K, Tne= 95 K) phases. The feature hump just below the Ty= 45 K in

¢'(T,H) of B-NaMnO, is a signature for contributions from a- and B- type structural
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domains, as local probes have resolved before. [145] The existence of stacking sequences
implies the existence of interdomain boundaries or else domain walls as the regions in
which the the ordering at the Mn1l-site (a-NaMnQO, layer stacking sequence) acts as a
perturbation to the Mn2-site and the Mn-spins start to rotate away from the commensurate
structure type. Studies on delafossites of ACrO, (A=Cu, Ag, Li, Na) prove a correlation
between proper screw spin configuration with emergence of multiferroicity. In a so-called
“proper screw” the spins rotate in a plane perpendicular to Q. Here the inversion symmetry
is broken, but most often it does not produce polarization, although in certain cases it
might. [49], [164] To our understanding, the magnetoelectric coupling must be weak in
both stoichiometric NaMnO, materials, as very little changes are brought about despite the
strength of the externally applied magnetic field. This arise further thinking of correlation
to the complex spin configurations as well as the magnetic inhomogeneities met in the two

compounds.
4.10 Summary and Conclusions

The present work entails a thorough study of the crystallographic and dynamical properties
of the B-NaMnO,. The proposed single-phase nuclear structure model, takes advantage of
the superspace formalism to describe the incommensurate compositional modulation
(propagation vector, q= (0.077(1), 0, 0)) of the Mn and Na sites that can be depicted as an
intergrowth a- and - like oxygen coordinations. This peculiar topology strongly influences
the physical and chemical properties of the material and underlines the role of the nearly
degenerate in energy o and P layer stacking sequences. The remarkable flexibility of -
NaMnO, to adapt its lattice topology is likely at the basis of the particular high charge
capacity of the system as a Na-ion cathode material,[129] but also may corroborate to the
stability of the various non-stoichiometric phases [145]  accessible through its
electrochemical Na-intercalation/removal. [120]

Moreover, the magnetic structure of B-NaMnO, was solved on the basis of time-of-flight
neutron powder diffraction data and found to be strongly mediated by the material’s
inherent lattice topology. First, below 7n; (200 K), a collinear commensurate
antiferromagnetic state, involving only the B-like stacking sequences, develops with a
propagation vector k= (2 4 ’2). Then, a second magnetic transition is observed at Tn; (95
K), marked by new satellite reflections ascribed to the interaction of k with the

compositional modulation vector q. The new magnetic ordering is due to the relief of the
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magnetic frustration in the a-like sheets that in turn influences the ordering in the B-like
stacking sequences, and instigates a cooperative proper-screw magnetic state. Here, the
lattice topology of the Jahn-Teller active Mn’" cation drives the original 3D spin
correlations (7< Ty;) to become 2D in character. Inelastic neutron scattering and **Na
NMR provide evidence that a spin-gap (A= 5 meV) opens in the excitation spectra, in line
with the 2D nature of the magnetic interactions at 7< Tx;.

Overall, structure and dynamics point that the incommensurate f-NaMnO, structure can
relay a magnetocapacitance effect in the low-temperature magnetic state. Such a structural
complexity, inquires whether controlled engineering of coherent defects may impart the
material with novel technological capabilities. In view of this, it is worth considering that
in the compositionally modulated f-NaMnO,, domain-wall (DW)-like phenomena [173]
associated with the abundance of the a- and B- interfaces, rather than extended domains
themselves, may be the active element in promoting some degree of topologically
correlated (related to DW), cooperative magnetic and electric dipole arrangements. The
way electronic structure changes at such interfacial regions could be relevant in order to
manipulate the magnetoelectric response [174] even in this class of non-perovskite

compounds and warrants further exploration.
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Chapter Five:
Quest for single crystals in 2 D Manganites:

a-Nao7MnQO;

5.1 Introduction

The first systematic studies on NayMnO,.;s systems date back to 1970s by Fouassier et al.
and Parant et al.[3], exploring the structure and energy stability of different phases. These
structures are three-dimensional tunnel structures at lower x values (x= 0- 0.44) and two-
dimensional layered structures at higher x values (x> 0.5). Higher sodium content, a-
NaMnO, and B-NaMnO, phases have their phase stability dependent on temperature; o-
NaMnO; (0’3 structure, space group: C2/m) is the low-temperature form and f-NaMnO,
(space group: Pmnm) is the high-temperature form. However, the Na-deficient, a-
Nay7MnQO;, is considered as the most stable phase energetically of all layered Na-Mn-O
compounds.[3] Reducing the Na content to 0.7 induces formation of a different crystal
structure: P2-, P3, and orthorhombic (P’2) Nag;MnO,. P3 is the low temperature type and
P2 is the high temperature type. In support to that, Stoyanova et. al refers to orthorhombic
Nao7MnO; (space group: Cmcm) as stable at 2000 °C (Nazs[Mn**3.Mn** 115]0,).[175]

Since then, several Na-deficient polymorphs have been investigated in the quest for better
performance cathode materials[10], [124], [125], [129], [176], [177] having P2-Na; 7MnO,
and its derivatives intensively studied. An early report by Caballero et al. showed

reversible capacity delivery of more than 150 A h kg™ in a voltage range of 2-3.8 V in Na

171




Chapter 5 — Quest for single crystals in 2D Manganites: a-Nay7MnO,

cells for the P2-NaysMnO, drawing the attention towards the layered NMO systems with
Na stoichiometry close to x=0.7.[119] Nowadays, is widely recognized that the rapid
capacity decline for NayMnO, systems is mainly related to the strong Jahn—Teller effect of
Mn®** and/ or the instability of the structure in the presence of moisture and doping
techniques are employed to compensate the Mn®* effect. [4], [119], [178]

Together with the potential application as cathodes in Na-ion batteries, Na,MnO, layered
compounds work as great matrices for the preparation of new layered lithium manganese

oxides.[179]

5.1.1 Crystal structure and physical properties

In the layered structures of Na-Mn-O, the transition metal is bound in an octahedral site
between two layers of MOg sheets. Reducing the Na content to 0.7 induces formation of
different crystal structures: P2-, P3- and orthorhombic P’2[10] as has been mentioned
earlier. In both P2 (hexagonal) and P’2 (orthorhombic) structures the Na may occupy two
different positions where the Na(1) shares faces with the MnOg octahedra and the Na(2)
shares only edges as pictured in figure 5-1. In most powder studies both 2b and 2c sites
have been partially inhabited by Na. [175], [180], [181] In P2-type phases, the relative
occupation of the face centered (P(2b)) and edge centered (P(2d)) prismatic Na
crystallographic sites results from the interplay between the repulsive Na*-Na" and Na'-
Mn* interactions, and from Mn*/M™%* charge ordering on the transition metal lattice.
[124], [125] Such mechanism set an interesting base for the study of interatomic
interactions and the way these tailor the macroscopic physical properties.

On this site, the magnetic behavior of the P2-Nag 7MnO; as studied by Luo et.al [182] , is
described by a canonical spin-glass transition as a result of the competing interactions that
occur between mixed valence pairs of Mn**/Mn*" and the imposed strong geometrical
frustration. However no further exploration has been done in terms of anisotropy in the

system for which large single crystals would be required.
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Figure 5-1 Layered P2 structure of Na,MnQO, (x=0.7) showing the 2 different Na sites.

5.1.2 Contribution of the present work

The first attempt of single crystal growth of the Na deficient NMO system was done by
Hirano et al. in the 80s. [92], [122] as detailed in chapter 3. The crystallites grown adopted
a hexagonal plate-like shape and a first approach of the chemical and physical properties
was made presenting a semi-conducting and antiferromagnetic behavior for the a-
Nao7MnO, s Since then systematic study of physical properties of single crystals of this
system has been lacking and thus the present study has been motivated.

In this chapter, the physical properties of the Na deficient large single-crystal a-NaxMnO-
(x~ 0.7) samples, grown with FZ method are investigated. The chemical composition that
has been studied through SEM-EDS and XPS is presented, both aiming to substantiate the
structural modifications drawn by X-ray diffraction experiments (both powders and single
crystal). The work quantifies the mixed Mn valence character of the crystals, while it also
suggests that this electronic dis-proportionating favors a hexagonal P2 structure and the
sample is crystallized in P6(3)/mmc space group. To investigate the validity of this mixed
(Mn**/Mn*") model system, DC susceptibility measurements were performed for two

different crystal orientations. The glassy behavior hinted by these early studies on single
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crystals comes in agreement with studies on polycrystalline a-Nag;MnO, specimens
proving a canonical spin glass transition at low temperatures. The role of Mn*/Mn** is
discussed while combined with the geometric frustration seem to play a crucial role in the
formation of the spin-glass state. Finally, the effect of competing magnetic interactions on

the dielectric permittivity is investigated for the first time.
5.2 Crystal structure

5.2.1 X-Ray Powder Diffraction

5.2.1.1 Experiment and sample preparation

The purity and crystallinity of the crystal specimens has been initially checked by X-Ray
diffraction on a Rigaku D/MAX-2000H rotating Cu anode diffractometer (A=1.5406 A).
The sample in a form of crashed crystal or crystal flake was placed on the holder and
sealed with a mylar foil in the glove box, so that it was kept under Ar atmosphere and
exposed if possible at all in air during the X-Rays experiment. When the use of such a
holder was not feasible the pulverized crystals were mixed well with grease inside the inert
atmosphere of a glove box and spread on the available Ni sample holder. All
measurements have been taken with the same step of 0.02 degrees and time per step, t= 12
sec unless it is stated differently.

5.2.1.2 Phase purity of starting powders and grown crystals

The growth of single crystals of the Nag;MnO, system was performed by the floating zone
(FZ) technique in O, gas atmosphere. The growths were carried out using a 2 mirror Canon
Machinery SC1-MDH 11020 (University of Warwick) with standard double elliptical
mirror geometry equipped with two 1.5 kW lamps while the protocols that have been
followed and details on the growth conditions are presented in chapter 3.

The starting powders have been a mixture of synthesized batches of beta polymorph with
an average structure that fits to the orthorhombic Pmnm symmetry group (a=2.86 A,
b=6.33 A, c=4.78 A, a= B=y= 90 deg.). However, the appearance of secondary phases, in
particular those of a-NaMnO; and in smaller percentage a-Nag7MnO,, are evident by their

characteristic Bragg peaks in the XRPD patterns and has been observed in some of our

results.
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Figure 5-2 X-Ray Powder Diffraction pattern of the polycrystalline p-NaMnO, at room
temperature. The green vertical lines correspond to the orthorhombic cell indexed according to the
16271 file of ICSD database. The blue star is attributed to the monoclinic C/2m cell of a-NaMnO,
(ICSD 21028). The grey star indicated a peak attributed to the sample holder (a part of the sample
holder area has not been fully covered with sample powder). The green arrows represents the
reflection 011 as defined by Billaud et.al [129]

Figure 5-2 shows the x-ray-diffraction pattern of a p-NaMnO, mixed batch synthesized
according to the protocol described in chapter 3. We consider this phase a pure beta phase.
The green vertical lines correspond to the beta orthorhombic cell Pmnm indexed according
to ICSD 16271 cif file while the blue star is indicating the (001) reflection of the
monoclinic C/2m cell of a-NaMnO; as given in ICSD 21028. The gray star is attributed to
the sample holder (Ni) which sometimes has not been fully covered by the powder
under test. The green arrow point indicates (011) peak of B-NaMnO, as suggested by
Billaud et. al in [129].

The beta powders after being pressed in ~7 cm length rods (details in section 3.2.3.2), have
been further sintered under O, flow at 950°C following the synthesis protocol of beta
polymorph. The resulting sintered rods that would be later used as feed and seed rods, were
pure beta phase as shown in figure 5-3 (black line). Different sintering protocols in which
the pressed rods were inserted into the tube furnace straight at 950 °C instead of room
temperature or 100 °C, didn’t make any difference in the phase of the final sintered rod
(figure 3-11, table 3-5).
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Figure 5-3 X-ray-powder diffraction pattern of the feed rod (black line) and a crashed crystal
boule (red line) of #11 single crystal batch (table 3-5). Green ticks represent the 15769 card of j-
NaMnO, and turquoise ticks are attributed to a-Nay ;MnO, phase. Impurities of 5-Nay;MnO, phase
(magenta arrow) are observed in the phase of the grown crystal.

In figure 5-3 a comparison of the x-ray-diffraction patterns of the feed rod (black line) and
powder crashed from the final crystal boule (red line) is presented for single crystal batch
#11. For the presented measurements, a part of the edge of the crystal boule grown has
been ground to powder manually, using agate pestle and mortar. The crystal product of the
growth adopts the hexagonal P63/mmc cell matching perfectly the a-Nag7MnO; as initially
presented by Parant [3] with cell parameters a= b= 2.876 A |, ¢= 11.21 A and y= 120°,
while one can observe the existence of weak peaks of B-Nag;MnO, (crystallizes in
orthorhombic cell Cmca). According to the aforementioned study B-Nag7MnO is likely to
be formed above 700 °C together with the stoichiometric B-NaMnO,. The pattern however
yields a preferred orientation (strongest reflections (002) and (004)) which may be due to
manual pulverization of the crystal product. A single crystal flake cleaved from the main
crystal boule hints the same cell and justifies the previously observed preferred orientation
(figure 5-4). The crystallinity and orientation of the cleaved flakes is further confirmed by
Laue method while the structure is determined by single crystal x-ray diffraction as it will

be presented in the following sections.
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Figure 5-4 X-ray-diffraction patterns of a crystal flake of #5 batch (black line) and of the empty
sample holder (gray line). Turquoise ticks represent a-Na, ;MnO, as presented by Parant et. al [3].

5.2.2 Laue Method

Laue x-ray backscattering technique has been used in complement to the powder x-ray
studies to confirm the good crystallinity of the grown crystals. Laue x-ray diffraction
photographs were taken using a Photonic —Science Laue dual camera system. In the
successfully grown boules we could observe a metallic shiny surface with facets (fig. 5-
5a). Following the x-ray findings, we used published information [3] of the hexagonal
P6s/mmc crystal space group and simulated Laue diffraction patterns employing the
Crystal Maker software. The simulated patterns seemed to match well the Laue pictures of
the facets of the grown boules and the cleaved flakes (figure 5-5). In figure 5-5a, part of
the crystal boule and two cleaved flakes are shown while in 5-5b the Laue photograph of
one of the cleaved flakes is presented. The simulation of the c¢ plane of P6s/mmc cell is
matched with the Laue reflections observed defining the orientation of the cleaved flake.
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Figure 5-5 (a-b) Actual picture of boule and cleaved flakes and Laue photograph of the flat side of
flake of batch #5. The Laue photograph match the simulation pattern of (001) plane of hexagonal
P6s/mmc cell.

In all successful growths ( batches #5, #11, #12) the flakes cleaved from the crystal boule
following the same direction having their flat side identified as the (001) plane (fig. 5-6).
Nevertheless, the cleavage has not been as easy as in the case of crystals grown from alpha
powders (under Ar) as it will be described in chapter 6. Multiple spots observed in several
photographs hint a stacking of single crystal flakes which is slightly misaligned giving
multiple reflections for the same reflection site.

Layering implied by the Laue photographs has been further proved by SEM images while
the structure of the grown crystals has been defined by single crystal x-ray diffraction
study. The preferred orientation of the cleaved flakes led further investigation of the

anisotropy as expressed through the study of the magnetic properties of a-Nag7MnOs.

Figure 5-6 (a) Laue photograph of the flat side of a cleaved flake of batch #5 (b) Laue photograph
of the flat side of a cleaved flake of batch #12. Both photographs are identical and match the
simulation pattern of (001) plane of hexagonal P6s/mmc cell.
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5.2.3 Single Crystal x-ray Diffraction

5.2.3.1 Experiment and sample preparation

The data collection took place both at in-house BRUKER D8 VENTURE (Cu Ko, A=1.54
A) diffractometer (IMBB-FORTH) under the guidance of Prof. K. Petratos and Dr R.
Gessmann and at SuperNova (Mo Ka, A= 0.71073 A) from the Rigaku Oxford Diffraction
in the Laboratory of synthetic inorganic chemistry in university of Cyprus under the
guidance of Prof. A. Tasiopoulos and Dr C. Papatriantafyllopoulou.

The kappa geometry of both goniometers used provides true multiplicity and better
description of the absorption surface leading to an increased I/cI (Average intensity /
average intensity error) ratio. The PROTEUM2 [95] software has been the software tool
used in order to determine the unit cell, prepare the strategy of the data collection and
integrate the data collected. The crystals used for data collection in this thesis were
investigated under cooled nitrogen. Showering a crystal with cold dry nitrogen during data
collection reduces thermal vibrations of atoms so that better data quality is possible. The
choice of crystals has been made according to size and well defined edges under a
microscope. As soon as the crystal got out of the glove box they were bathed in paraffin oil

to prevent any moisture absorption and then captured on the kapton loop.

5.2.3.2 Structure and stacking

Crystal flakes taken from the successfully grown batches of #5 and #12 have been tested.
The preliminary rotational images revealed multiple reflections per site indicating possible
misalignment of stacked single crystals (fig.5-7). Nevertheless, the determination of the
unit cell has been possible and the crystal structure has been refined according to P6s/mmc
cell in agreement with previous studies on polycrystalline powders [3], [175], [183] and
early single crystal work [92], [122].

In almost all cases it was feasible to collect a preliminary set of frames for determination of
the unit cell. Following an auto indexing process of the reflections from the previous
frames we get the reduced primitive cell and calculate the orientation matrix (which relates
the unit cell to the actual crystal position within the beam). The primitive unit cell is
refined using least-squares or fast fourier transformation method and then converted to the
appropriate crystal system and Bravais lattice. In this step most of the times the Bravais

lattice chosen was giving results that could be interpreted both using the hexagonal P and
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orthorhombic C cell which encouraged further data collection. Each time the chosen cell
has been refined using least-squares to determine the final orientation matrix for the
sample. After the refined cell and orientation matrix have been determined, intensity data
has been collected by collecting a sphere or hemisphere of data using an incremental scan
method, collecting frames in 0.1° to 0.3° increments (over certain angles while others are
held constant). After the data have been collected the integration process was separately
done using both hexagonal and orthorhombic unit cell reducing the raw frame data to a
smaller set of individual integrated intensities introducing corrections for instrumental

factors, polarization effects and X-ray absorption.
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Figure 5-7 Precision picture of reflections of (a) Okl plane , (c) hOl plane and (e) hkO plane and
simulation using the P63/mmc hexagonal cell in view direction (b) [001], (d) [010] and (f) [001].

In figure 5-7 the 2D reflections pattern of Okl, hOl, hkO planes are presented on the left
panel (figure 5-7 a, c, ) together with simulated pattern indexed in the P6s/mmc hexagonal

system of a-Nag7MnO, powders on the right panel (figure 5-7 b, d, f) as it has been
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determined by Parant et. al. Although the simulations match quite well the harvested
reflections, multiple reflections per crystallographic site made it challenging to isolate the
final phase. Finally, the retrieved hkl data allowed a structural interpretation which is
summarized in table 5-1 and presented through the structure schematic in figure 5-8.

The derived structure is described by the hexagonal symmetry (P6s/mmc) with lattice
parameters a= b=2.9064 A, c=11.1125 A, oa=p= 90°, y= 120°. The mean layered structure
is confirmed to be of P2 type with no distortion of the MnOg environment (fig. 5-9).
Usually the deviation of the hexagonal structure appears due to the presence of the Jahn-
Teller active Mn®* ions. [175], [176] This has been the case in compositions where the
presence of P2’ orthorhombic (Cmcm) and O3’ monoclinic (C2/n or C2/m) has been
observed in XPD patterns in the cases of Nagg;MnO, [178] and Nas;sMnO; [176] powder
studies. In the present study, a possible presence of Na vacancies, thus a higher
concentration of Mn*", may suppress the cooperative Jahn-Teller distortion therefore

leading to the stabilization of the undistorted (ideal) P2 hexagonal crystal structure.[179]

Table 5-1 Summary of structure parameters in P6s/mmc space group, from single crystal x-ray
results taken at 100 K after the structural interpretation done with XP. The first lines of the .ins file
are presented. CELL line gives the x-ray wavelength and the lattice parameters. ZERR line gives
the z-factor and the errors on the lattice parameters while the fractional coordinates (x,y,z) of the
atoms are found in the following lines.

100K in P6(3)/mmc
CELL 0.71073 2.9064 2.9064 11.1125 90.000 90.000 120.000
ZERR 3.00 0.0038 0.0038 0.0180 0.000 0.000 0.000

site X y z Occ U
Mn 2a 0.000000 0.000000 0.500000 10.08333 0.02110
(0] 4f -0.666667 -0.333333 0.590500 10.16667 0.02554
Na 2c 0.666667 0.333333 0.750000 10.08333 0.12441
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Prismatic site

Figure 5-8 Schematic of the P6s/mmc hexagonal structure of the crystals a-Nay ;MnQO,; projections
in the (a) ac plane showing the alternation of layers between the MnOg octahedra and the Na
cations in a prismatic site revealing the P2 stacking sequence.

Figure 5-9 Schematic of the P63/mmc hexagonal structure of the crystals a-Nag;MnO,; projections
in the ab plane where the triangular topology of the Mn is clear. The MnOs octahedra is hon Jahn-
Teller distorted. Mn is represented by purple spheres and Oxygen with red.

In both P2 (hexagonal) and P’2 (orthorhombic) structures the Na may occupy two different
positions where the Na(1) shares faces with the MnOg octahedra and the Na(2) shares only
edges as pictured in figure 5-1. It is worth mentioning that in the present study only the
occupation of 2c prismatic site is done by Na (Na(2) site ) (fig.5-8, tables 5-1, 5-2) in
contradiction to the powder studies where both 2b and 2c sites have been partially
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inhabited by Na. [175], [180], [181] More specifically, in the study of Stoyanova et. al the
refinements show that the hexagonal phase is gained against the high temperature
orthorhombic when Na is displaced from the prismatic 2d (2/3, 1/3, 1/4) to 6h (2z, z, 1/4)

which in the case of z=1/3 the 6h converges into 2d site.
Table 5-2 Comparison of the Mn-Mn, Mn-O distances for the a-Na,MnO, (x=0.7) powders and

single crystals as derived from SC-XRD analysis. These parameters are portrayed in Figure 5-8.
The powder refined parameters are taken from reference[183] for comparison purposes.

h-NMO 0-NMO
h-NMO- crystals
powders powders
(present study)
[183] [183]
d mn-mn () 2.906 2.883 2.839
d mn- 0ap (A) 1.956 1.942 2137
d Mn- 0eq (A) 1.956 1.942 1.928
d nat- mn (A) 2.778 2.805
3.246
d Na2- Mn (A) _ 3.239
(not occupied)
d interlayer (A)  5.556 5.575 5.575
Na/Mn ratio 0.71 0.65 0.64
Mn
+3.62 +3.76 +3.37

oxidation state

In general, six oxygen ions form the nearest environment of each Na ion. In the non-
distorted hexagonal structure described in the present study the Na-O distance is found to
be dna)-o = 2.4407 A. In the case of orthorhombic Cmcm structure, the dna()-o and dnag)-
o differ establishing a more distorted environment for Na(l). At the same time, the
appearance of Mn ions just above and below the Na(1) sites leads to a shorter Na(1)— Mn
distance in comparison to Na(2)- Mn and the distance between identical ions (Mn- Mn,
Na(1)- Na(1), Na(2)- Na(2)) inside the layers, causing significant repulsion. This fact lays
the Na(1) site energetically unfavorable in comparison to the Na(2) one. A comparison of
the ion distances between the present work and published work for both hexagonal and
orthorhombic structures is presented in table 5-2.

Interestingly, according to the aforementioned study, the occupancy of Mn site is found to

be less than 1 in the hexagonal modification. In view of that, further chemical
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characterization through EDS and XPS has been pursued as discussed in the following

sections.
5.3 Chemical characterization

5.3.1 SEM-EDS

5.3.1.1 Experiment and sample preparation

Scanning electron microscopy (SEM) images were obtained using a field emission system
(JEOL JSM-7000F) operating at 15 kV accelerated voltage. To acquire SEM images of
crystal platelets the crystal boule was cleaved inside the glove-box with a tungsten knife by
steadily pressing the boule along growth direction. We did not use spattering or polishing
before the observation in order to reduce the exposure time of the crystals to ambient
conditions. Quantification of the elemental ratios at the surface of the crystal flakes was
carried with energy dispersive spectroscopy (EDS) by using a JEOL JSM-6390LV
scanning electron microscope equipped with an Oxford INCA PentaFET-x3 detector.

5.3.1.2 Layered structure and Na:Mn ratio

The sample flakes were taken from various sections of the grown boules in order to check
consistency. The retrieved EDS spectra taken from a number of cleaved crystal flakes give
an average of 0.71 for Na/ Mn, which implies the existence of non Jahn-Teller Mn** ions.
The deviation of the Na: Mn ratio ranges in between 0.68 to 0.74 (fig. 5-10a, 5-11b). In
figure 5-10 a SEM npicture of a crystal flake cleaved from the crystal boule #5 is shown. A
close up taken close to the edge (figure 5-10 b, 5-11a) reveals well defined layered stacks
of crystallites justifying the existence of multiple reflections per site in the single crystal x-
ray diffraction pattern due to possibly misaligned crystallites in the stacking.
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Figure 5-10 SEM image depicting (a) the layered morphology of the as-grown crystal flake of a-
Nag7MnO,, (b) a close-up view of the stacking layers. Inset in (a) is the EDS pattern revealing a
Na:Mn= 0.68.

Mn: 58.95 %,
Na: 41.05 %

Figure 5-11 A close up of the surface of a flake with a surface stoichiometry ratio of Na:Mn =
0.696

The layered structure that is observed in NayMnO, compounds with 0.6< x< 1 is stable and
independent of the Na percentage inside the aforementioned limits. As studied by the early
works of Hirano et al. [92], [122] the presence of moisture at room temperature can
alternate the Na percentage and the interlayer spacing (expansion of c-parameter of the
unit cell) because of oxonium ions (HsO") occupying the interlayer space. However the
MnQg layering is not collapsing and can be retrieved by immersing the crystal in NaOH
solution at room temperature. The phase transitions that occur starting either from O3- or
P2- type driven by sodium extraction are allowed to follow specific routes when at room
temperature. The nature of these transitions should not demand breaking of the oxygen

bonds as originally suggested by Delmas [9]. In the present case the a-Nag7MnO; crystals

186




Chapter 5 — Quest for single crystals in 2D Manganites: a-Nay7MnO,

retain the P2 structure and the Na:Mn ratio as they have been kept in inert atmosphere

during most procedures including preparation and experiment.

5.3.2 XPS

The Na deficiency that has been hinted in X-ray and EDS measurements allows for the
existence of mixed Mn valence. The quantification of the Mn*/Mn*" ratio has been

pursued further using the XPS technique.

5.3.2.1 Experiment and sample preparation

The surface analysis studies were performed in an Ultra High Vacuum (UHV) chamber
(P<10® mbar) equipped with a SPECS LHS-10 hemispherical electron analyzer at the
Institute Chemical Engineering Sciences (ICE-HT, FORTH, Greece). The XPS
measurements were carried out at room temperature using unmonochromatized Al Ka
radiation under conditions optimized for maximum signal (constant binding energies
difference (AE) mode, with pass energy of 36 eV giving a full width at half maximum
(FWHM) of 0.9 eV for the Au 4f7/2 charge reference binding energy). The probed area
was an ellipsoid with dimensions 2.5 x 4.5 mm?. The XPS core level spectra were analyzed
using a fitting routine, which allows the decomposition of each spectrum into individual
mixed Gaussian-Lorentzian components after a Shirley background subtraction. Errors in
our quantitative data were found in the range of ~10% (peak areas), while the accuracy for
binding energy (BEs) assignments were ~0.1 eV. The pulverised Na-Mn-O crystals were
deposited on a Si wafer substrate and stored in a hermetically sealed container under inert

atmosphere prior to the insertion in the UHV chamber, in order to avoid oxidation.

5.3.2.2 Quantification of mixed valence ratio

The wide spectra recorded from the sample shows the presence of elements Si, C, Na, O
and Mn. In figure 5-12, the Mn 2ps/, and Na 1s peaks for one crashed crystal flake of batch
# 5 are presented. The deconvoluted Mn 2ps;, core level peak (Figure 5-12a) consists of
two components of binding energies 642.6 and 641.9 eV assigned to Mn** (reference peak
extracted from MnO,)[184] and Mn®* (reference peak extracted from Mn,03)[185],
respectively. The Mn*":Mn®" ratio as estimated from the area ratio of the fits of each one of
the two aforementioned components for the same crystal flake attained a value of 0.32,
supporting a strong presence of Mn**.

Moreover, the Na 1s core level peak of the same sample (Fig. 5-12 b) could be analyzed
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into two components, at BEs 1071.9 eV and 1070.7 eV where the presence of the
component at 1070.7eV is assigned to Na-O bonds in NayMnO; (x<1),[186], [187]. Since
the samples are deposited on a Si wafer, the O 1s peak (not shown) is dominated by the Si-

O component making further conclusions difficult at this stage.

(Ia) I I Mn2lpm I # I5 [ (b) Na‘1s #5
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Figure 5-12 X-ray photoelectron spectra (XPS) showing the fitted deconvolution of (a) the main
Mn 2p;, peak, and (b) the main Na 1s peak for the same crystal flake; for the component curves
see main text. Comparing the area ratio of the fitted XPS data provides an estimate of the
Mn**:Mn** (ca. 2.5:1) and Na:Mn (ca. 0.56:1) surface elemental ratios

Using the total peak area of both Mn 2ps, and Na 1s peaks and the appropriate sensitivity
factors (based on Wagner’s collection and adjusted to the transmission characteristics of
analyser EA10), the estimated Na:Mn ratio (within experimental error +£10%) has been
close to ~1. This value has been bigger than the maximum limit of the surface atomic
Na:Mn ratio given by the EDS ( Na:Mn = 0.74) as discussed in the previous section. The
increase of the detected sodium elemental atomic ratio seemed to be the result of Na ions
moving on the surface of the crystal reacting with atmospheric O, for the formation of
Na,O or Na,O,. Further reaction with the H,O would lead to NaOH which reacting with
CO;, would finally form the relatively unreactive to the atmosphere Na,COj3; sodium
carbonate. The presence of Carbon in the recorded spectra is an indication that supports a
possible oxidation of the sample.

However, taking into account the Na:Mn= 0.71 average as given by the EDS studies, the
Mn**:Mn*" = 0.32 ratio as estimated from the XPS fittings and considering no oxygen
vacancies, the chemical formula has been calculated to be Nag,,Mn3%.Mng%, 052 .
However, it is worth mentioning that in hexagonal modification of a-NayMnO, it is

common that the occupancy of the Mn site is less than 1. [175] In powder studies, the
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increase in the oxidation number is concomitant with oxygen uptake which acts as a
compensation, while promoting vacancies in the Mn layer. [183] In the present study, the
average oxidation state of Mn is +3.264 and close to the +3.14 of the a-NayMnO; (x=0.7)
powders [182] that adopt the hexagonal lattice being in agreement with the average non-
distorted Mn environment as presented in section 4.

Combining the information retrieved by the preliminary structural and chemical study, we
will keep referring to our case of single crystals of a-NaxMnO, (x = 0.7) as h-NMO
implying the hexagonal layered topology showing restricted J-T distortion in the mean

structure due to the randomly distributed Mn** and Mn** ions (site disorder).
5.4 DC-magnetization study

With h-NMO single crystals in hand, the anisotropic magnetic behavior of the system has
been visited for the first time since until now the only magnetic susceptibility data for
NaxMnO, systems found in literature refer to polycrystalline samples.

5.4.1 Experiment and sample preparation

Dc magnetic susceptibility (y) of h-NMO single crystals was measured on a
Superconducting Quantum Interface Device (SQUID) magnetometer (MPMS-5S) under
various protocols and magnetic fields (100 Oe - 50 kOe). A crystal flake of 5.287 mg
cleaved with the [001] direction of the hexagonal structure being perpendicular to the flat
surface, has been mounted on a kapton holder inside a straw in two different orientations.
In one case, the external magnetic field (H) has been applied perpendicular to the [001]
direction (or c axis) and in the second case the magnetic field has been applied in parallel
to the [001] direction (c-axis) (fig. 5-13). Temperature dependent measurements in the
range of 5 K to 300 K were held using the ZFC-FC protocol. Pursuing indications of
magnetic transition and glassiness Thermo-Remnant magnetization measurements were
held and the presence of memory effects was investigated. Field dependent hysteresis

measurements in temperature below and above the transition are also presented in this

section.
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Figure 5-13 Cleaved crystal flake of a-Nag;MnO, mounted in two different orientations for
magnetization measurements. From left to right are presented: orientation of the flat surface of the
crystal flake, mount on holder with H field in parallel with the [001] direction, mount on the holder
with the H field perpendicular to the [001] direction (details in text).

5.4.2 Spin-Glass behavior and magnetic anisotropy

The dc susceptibility of h-NMO single crystals has been measured in a temperature range
between 1.8 K and 300 K under a magnetic field (H) of 100 Oe and 10 kOe (fig.5-14, 5-
15). The yqc is anisotropic in the low temperature area with the measured value for H// ¢
almost 8 times larger than the one for H-L ¢ (or H//ab) in the low field measurement (H=
100 Oe). At first glance, the dominant characteristic of the susceptibility curve is the ZFC-
FC divergence below 50 K with the appearance of a clear sharp peak in low field
measurements suggesting a possible spin-glass transition and a broad feature in the high
temperature area.

The magnetic susceptibility of h-NMO single crystals as presented in Figure 5-14, shows a
broad hump that extends even above 200 K. This shape resembles the one observed in the
NaxMnO, polymorphs with x=1 (sections 4.3.1. and 6.5.2) being indicative of low-
dimensional spin-correlations. However, having a closer look at the susceptibility, as
presented in the insets of figure 5-14 a, ¢, we can observe that the temperature where the
ZFC and FC susceptibility curves start to divaricate is high (T1< 200- 250 K): for H// c-
axis the bifurcation starts below 250 K and for H-L c-axis below 200 K. This is also

confirmed by the inspection of ™ (T) plots as shown in figure 5-14 b, d.
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Keeping this in mind, an attempt was made to apply a Curie —Weiss law y= C/ (T-6,) fitin
temperature area above 240 K where the broad feature seems to get linear. The inverse
ZFC susceptibility is exhibited at the inset of figure 5-14 b. From the Curie constant C, the
effective magnetic moment is determined to be ue= 4.707 ug per Mn ion which is found to
be the same for both orientations. This value supports the existence of mixed Mn valence
combined by Mn** (S= 2, ue= 4.90 ug) and Mn** (S= 3/2, uet= 3.87 ug). The Weiss
temperature is found to be 6= -468.385 K which makes reasonable in the first place to

expect frustrated AFM interactions of the Mn ions.
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Figure 5-14 ZFC-FC susceptibility measurements of a single crystal a-Na,;MnO, flake at two
selected orientations (H//c left panel in blue and H-L ¢ right panel in black), at applied field of 100
Oe. The insets in (a), (c) present the zoomed area of susceptibility, where the start of the
bifurcation and the broad feature are indicated. The dashed vertical lines from right to left, are
indicative of the maxima of the broad hump (T¢) and the sharp peak (T;) respectively. Red arrows
point at the start of ZFC-FC bifurcation in each orientation.

Interestingly, under the application of H= 100 Oe, the first splitting in the broad feature of
ZFC-FC curves is followed by a clear divergence below T,= 50 K leading to a maximum
in the ZFC curve at ~27 K when H// c-axis and ~36 K when H-L c-axis (fig. 5-14a, b).

Such sharp features are indicative of a magnetic transition and possible establishment of a
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long range magnetic order while the notable divergence indicates the existence of a net FM
component. To our understanding, these 2 bifurcations may hint two distinct magnetic
transitions.

Thermal irreversibility between ZFC and FC protocols may be the result of different
mechanisms. It is important to stress here though, that such strong differences are met in
frozen systems adopting spin-glass configuration. [44] In addition to that, the splitting of
ZFC-FC profiles being persistent to temperatures above 200 K provides an evidence of
history dependence to the magnetization and can be attributed to possible existence of

ferromagnetic clusters in an otherwise paramagnetic state. [188]
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Figure 5-15 ZFC-FC susceptibility measurements of a single crystal a-Na,;MnO, flake at two
selected orientations (H//c left panel and H-L c right panel), at applied fields of 10 kOe. The insets
present a zoom of the bifurcation in the low temperature area.

In the case of h-NMO crystals, the application of a higher field of 10 kOe seems to dampen
the peak effect of susceptibility in the low temperature area. The dampening of the peak
effect of the susceptibility observed here is in line with the powder study published earlier
[182]where application of increasing magnetic fields suppresses the low-T peak while
shifting it to lower temperatures. Higher magnetic fields suppressing the energy barriers
and lowering the freezing temperature are consistent with a spin glass behavior.

In figure 5-15 one can see almost identical behavior for both orientations both pronouncing
a shoulder around 60 K as a continuation of the broad hump feature in the high temperature
area and a “dip” around 50 K. An interesting low-temperature upturn of the ZFC-FC
curves which takes place in both orientations with the upturn getting sharper below 23 K,
is not commented in any published results in the similarly stoichiometric NMO

compounds. In addition to that, a steep rise in magnetization takes place below 5 K under
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high field application in both orientations (fig. 5-15) while it is observed only for
orientation H-c in the low field (100 Oe) measurement (fig. 5-14 c). Usually such a Curie-
like upturn is indicative of magnetic impurities and is met also in some powder samples of
the parent stoichiometric compounds (a- and -NaMnO;). However, in the case of the h-
NMO grown crystals we cannot attribute it to magnetic phase impurities due to lack of
impurity levels in the x-ray results. We could also exclude the possibility of saturation of
free moments since it is found that the magnetization M(H) does not saturate for fields up
to 50 kOe.

Investigating further the origin of the features observed in the dc susceptibility, we have
measured M(H) isothermal magnetization in two selected temperatures, 70 K and 5 K in
order to confirm possible hysteresis phenomena. The history dependence first implied by
the insisting divergence up to 200 K, is further supported by the M (H) results. The
magnetization M continues to increase with increasing magnetic field H, without any
evidence of saturation until up to 50 kOe. This allows us to say that there is no
ferromagnetic state established at high fields. In the high temperature measurement (T= 70
K) the profile is almost linear (fig. 5-17 c, d). Interestingly, a weak hysteretic behavior is
observed in low temperature (T= 5 K) which starts to develop for fields above 10 kOe and
vanishes above 30 and 35 kOe for orientations of H-L c-axis (fig. 5-17 a) and H// c-axis
respectively (fig. 5-17 b). Even if we don’t have a picture of the whole loop we have a hint
that it resembles a wasp-waisted like shape. The hysteretic effect is rather weak but still the
width of the magnetization branch narrows as the magnetization goes to zero and opens up
above a specific magnetic field. Wasp- waisting usually arises as a result of the co-
existence of different magnetic grains having different coercivities [189] and can be
attributed, among others, to disordered magnetic interactions [188], [190]. Mixed Mn
valence introducting competing FM- AFM interactions could be the origin of such
disorder. [175], [191] In general, weak hysteretic effect could be indicative of either a spin-
glass behavior or existence of ferrimagnetism but further exploration of the nature of the
interactions would be needed to define the driving mechanism with certainty.
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Figure 5-16 Magnetization measurements of single crystal a-Nay;MnO, flake at two selected
orientations. M(H), hysteresis loops between applied fields of -20 kOe< H< +20 kOe.

The glassiness implied by the dc susceptibility initiated the investigation of possible
memory effects of the system. In figure 5-17 middle panel (red circles), the profile of a
ZFC-FC protocol with a “waiting time” step in a temperature below the possible freezing
temperature (~27 K) of the system in H//c orientation is presented. For the tw- protocol, the
sample was cooled rapidly under zero field to a temperature T\ = 22 K and the temperature
was maintained for a waiting time tw=10" s. Following the ageing, the sample was
quenched to the lowest temperature (5 K) and susceptibility was measured in 5 Oe dc field
in the heating run. A reference susceptibility curve was taken using again a ZFC protocol
(H=5 Oe) in the same panel (empty red circles). On the top panel of figure 5-17 a ZFC-Fc
susceptibility measurement taken under H= 100 Qe is put for comparison. We do observe 2
weak dips in the “aging” curve presented in the bottom panel (blue squares) which are a
signature of frustrated magnetic behavior that is met below 50 K in support with the

leading hypothesis of a possible glassy ground state.
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Figure 5-17 Top panel: ZFC-FC dc susceptibility measured at 100 Oe in H//c orientation. Middle
panel: ZFC-reference and ZFC-ty curves measured at 5 Oe with the Tw= 22 K, Bottom panel:
“Ageing” or “memory” curve which is the subtraction of ZFC-reference curve from ZFC-t,, curve.

5.5 Dielectric response of h-NMO crystals

5.5.1 Experiment and sample preparation

The dielectric measurements of h-NMO crystals examined in this study have been held
mainly in a commercial 14 T PPMS platform located in Laboratory for Magnetic
Measurements (LaMMB - MaglLab) at the Helmholtz-Zentrum Berlin which allowed
temperature ramps down to 10 K. A Solatron 1260 Impedance/Gain Phase analyzer has
been employed which is being used together with a 1296A Dielectric Interface System in
order to cope with ultra-low capacitance levels. The setup had been tailored for dielectric
constant measurements in a capacitor-like topology with the sample getting in contact with

the electrodes mechanically.

In the presented measurements, an AC electric stimuli of 1600 -2000 V/m was applied on

the sample under test.
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The crystal flakes have been measured as they have been cleaved from the crystal boule.
Their shape has been roughly rectangular with dimensions 2x 2.5 mm and the thickness
was measured approximately ~ 0.15 mm. In this preliminary test the electric field has been
applies in parallel to the c axis ( and so perpendicular to the flat surface of the cleaved
flake).

The protocol followed for each measurement of the capacitance has been cooling the
sample under zero electric and magnetic field (ZFC) down to 10 K (or the lowest possible
temperature below a known magnetic transition point). Then, measure capacitance upon
heating with 2 K/min rate up to 220 K or above, while measurement points were taken

every 0.05 K by applying an Ac voltage across the sample during the warm up.

5.5.2 Effects on the dielectric permittivity

Preliminary dielectric measurements have been held on the h-NMO crystals and for the
first time the dielectric behavior of the NayMnO, (x~ 0.7) compound has been visited. For
these tests no conductive paste has been used and the electrodes of the dielectric stick were
in touch with the crystal surface.

In figure 5-20 the T-dependency of dielectric permittivity €’, (T) is presented being
measured from 10 K to 220 K. The protocol that has been followed is the one described
earlier starting with a ZFC down to 0 K while a test signal level of E =9 kV/m and f= 100
kHz is applied upon heating. The general trend that is observed is the increase of the value
of the dielectric constant ¢’ (T) with the increase of temperature as in the case of beta
polymorph. The shape of the &’ (T) curve has a pronounced feature in the low temperature
area ~50 K, which is not evident in the Dielectric Loss curve. The low temperature effect
appears at the temperature where the bifurcation in the ZFC-FC dc susceptibility curves is
observed suggesting the onset of a glassy state. The effect persists till 10 K.

A noticeable change in the curvature of the dielectric profile is observed when the sample
is cooled under the application of electric stimuli. This broad hump goes up to 240 K
implying a relation to the high temperature divarication of ZFC-FC curves at 100 Oe. A
straight comparison of the ZFC and FC ¢’; (T) measurements is shown in figure 5-21
where the 1% derivative points out the exact point where the inclination changes presenting

and the broad effect in the high-T area is more evident.
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Figure 5-18 Dielectric permittivity of the a-Nag;MnO, crystals measured with the stimulating ac
field in parallel to [001] direction (schematic) at frequency of 100 kHz. Several runs were taken
starting from a ZFC protocol and a series of FC protocols.
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Figure 5-19 Dielectric permittivity of the a-Nag;MnO, crystals measured with the stimulating ac
field in parallel to [001] direction (schematic) at frequency of 100 kHz. Left panel: ZFC run and 1%
derivative, Roght panel: FC 10" run and 1% derivative.

The flakes tested show a loss of only 20-30 nS which shouts out a good insulator.

5.6 Results and Discussion

The capability of a-Nap;MnO; to accommodate different percentage of Mn** has been

mentioned as consequence of the cooling process [175] and so variations in the average
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Mn valence are expected when we compare polycrystalline specimens coming from
different synthetic procedures as well as when we move to single crystals. Comparing the
average oxidation state of undistorted P2-type h-NMO, distorted P’2-type 0-NMO powders
and P2-type h—-NMO single crystals as prepared for the present study, we realize that both
undistorted hexagonal systems share an average oxidation number closer to 4 (table 5-2).
The high percentage of Mn** increases the percentage of competing FM-AFM interactions
that enhances magnetic disorder that may be the origin of unconventional shape of the M
(H) profile like the wasp-waisted observed in the present case.

Disorder is also driven by the triangular topology of the Mn ions in the layered P6s/mmc
structure as a source of geometrical frustration. The degree of this frustration may be
expressed empirically by the ratio f= |6w| /T with 6w (Weiss temperature) and T;
(freezing temperature) being related to the AFM coupling in the paramagnetic state and the
energy barrier height in the freezing state. The calculated value in the present case is f=
17.67 in the case of H// c-axis and f= 13.01 in the case of H-L c-axis. The values of f>1
imply a strong magnetic frustration which is comparable to the value of f=12.1 met in
NayMnO; (x=0.7) powders. [182]

Apart from the interactions among Mn ions, in the rock-salt layered structured derivatives
the role of interlayer ion is proved to control the set of the Neel state as investigated for
AMNO; (A= Na, Cu) depending on the orbital overlap between the A-cation and Mn. For
the stoichiometric compounds, the Neel state sets at 65 K for Cu and at 45 K for Na
accompanied by different Mn-Mn interplane couplings. The different interplane distances
are modified by the hosted motifs in each case, tailoring the magnetic properties of the
layered compound. In the present case of h-NMO crystals, the interplane distance regulated
by the Na deficiency is 5.556 A (close to that of the powder samples of same stoichiometry
5.559 A) which in comparison to the 5.79 A of the stoichiometric a-NaMnO, could explain
the lowering of the critical temperature below 35 K. In the case of the similarly structured
Na-birnessite with formula Nag3MnO,-H,O the critical temperature below which the
divergence of ZFC and FC curves happen is at ~29 K. [192]. It is worth mentioning here
that in both cases of a-Nay7MnO; [182] and Nag3sMnO,-H,0 [192] the critical temperature
is a freezing temperature setting the onset for a glassy ground state.
The static (dc) susceptibility of polycrystalline a-Nay7MnQO, adopting the hexagonal cell,
as published by Luo et. al [182] shares more or less the same behavior for low field

application (10 Oe < H < 5 kOe) as the h-NMO crystals under study. In this case, a peak in
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the ZFC susceptibility curve is observed at Tr~ 35 K under the application of 25 Oe which
becomes broader and shifts to lower temperatures with the application of increasing
magnetic field. If we would get a mean value of the T; of the two orientation of the crystal
under field of H= 100 Oe this would be Tt average= 31 K While in the powder samples for the
same field the critical temperature takes the value of T;~26 K. Such a deviation is probably
due to small differences in stoichiometry and Mn average valence as described earlier. It is
worth noticing that in the study of the polycrystalline hexagonal a-Nag;MnO, or Na-
birnessite (fig.5-22) no broad feature is observed in the high temperature area neither any
ZFC-FC bifurcation in the area around 200 K.

Studies of the similar structured NaxCoO, in both powder and single crystal form also point
out similar differences in the shape of the magnetic susceptibility. [193] The Na ordering
between the two possible sites may cause irreversibility in the magnetization in the high
temperature area (200 K) as it would distort the oxygen environment of Mn locally. Such
cation “ordering” may condition the electrostatic potential which further affects the
magnetic properties in a strongly correlated electron system, encouraging the development
of cluster like glassiness.

h-NMO crystals exhibit a complex type of magnetic behavior that is commonly observed
in reentrant spin-glasses (RSGs). Upon cooling in a reentrant spin-glass there is an initial
onset of partial order at T; where ferromagnetic/ ferrimagnetic clusters are formed in the
otherwise paramagnetic state. The size of these clusters grows upon cooling until the
systems re-enters a spin glass state at a T. In the case of the h-NMO crystals T;~ 200 K is
indicated by the divarication of ZFC-FC implying the existence of a weak ferromagnetic
component that supports the hints of short-range ferromagnetic order indicated by specific
heat measurements done in the polycrystalline powders. The pronounced divergence of
ZFC-FC curves below To~ 50 K and the cusp at 27 K (H//c) and 36 K (H-lc), sets the
picture of a low temperature glassy ground state. Nevertheless, such a rich magnetic
behavior needs further exploration with frequency dependent (ac) susceptibility
measurements in order to confirm the existence of a spin-glass (or reentrant spin-glass)
state while the origin of the driving mechanisms demand investigations such as neutron

diffraction experiments.
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Figure 5-20 ZFC-FC susceptibility measurements of a) a single crystal a-Nay;MnO, flake at H//c
left panel and b) of polycrystalline powder of Birnessite NaysMnO, x 0.2 H,O right panel, at

applied fields of 100 Oe and 200 Oe respectively. The insets present the inverse susceptibility in the
case of the crystal H// ¢ orientation.

5.7 Summary and Conclusions

Na deficient large single-crystal samples of a-NayMnO, (x~ 0.7) have been grown for the
first time using FZ method and their structurally mediated physical properties have been
investigated. X-ray diffraction experiments (both powders and single crystal) present a cell
described by the hexagonal symmetry (P6s/mmc) with lattice parameters a= b= 2.9064 A,
c=11.1125 A, a=p= 90°, y= 120°. The mean layered structure is confirmed to be of P2 type
with no distortion of the MnOg environment. The chemical composition that has been
studied through SEM-EDS and XPS and quantifies the mixed Mn valence character of the
crystals, while it also suggests that this electronic dis-proportionating favors a hexagonal
non distorted P2 structure with Mn**/Mn® = 0.32 and average Mn valence of +3.62 which
Is in agreement with literature [182], [183]. To investigate the validity of this mixed
(Mn**/Mn*") model system, DC susceptibility measurements were performed for two
different crystal orientations revealing magnetic anisotropy with ¢ as the magnetization
easy-axis. A complex set of transitions in the dc magnetic susceptibility have been
observed implying a possible reentrant spin-glass ground state. The weak FM component
developing in high temperature area (<200 K) seems to evolve into a glassy state in low
temperatures (T< 50 K). The glassy behavior hinted by these early studies on single
crystals comes in agreement with studies on polycrystalline a-Nag7MnO; specimens. The

random distribution of Mn**/Mn** and the lack of Na+ ion ordering is believed to be in the
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origin of the magnetic instability while combined with the geometric frustration seem to
play a crucial role in the formation of the spin-glass state.

Finally, the effect of competing magnetic interactions on the dielectric permittivity is
evident for the first time as broad effects in the preliminary dielectric permittivity
measurements develop in the same temperature where the magnetic transitions occur.
Further exploration in order to clarify the mechanism behind a possible ME coupling and
confirm the re-entrant spin-glass profile is necessary employing frequency dependent
magnetic and magnetoelectric measurements. In addition to that, neutron diffraction would
be a key in order to define the nature of the magnetic interactions that are projected in the
macroscopic physical properties.
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Chapter Six:
Study of the triangular Antiferromagnet

a-NaMnO: - from powders to single crystals

6.1 Introduction- The a-NaMnO, system

Non-perovskite, two-dimensional (2D) Na-Mn-O oxides are notably challenging as they
are an experimental realization of a two-dimensional spin-2, spatially anisotropic triangular
lattice, where the interplay of temperature and strong conflicting interactions, stimulates a
remarkable inhomogeneous magnetic ground state. [194] As they are likely to exhibit
strong geometrical frustration at the ground state this further leads to the development of
non collinear phenomena like spin canting antiferromagnetism (AFM), absence of long
range ordering (LRO) or coexistence of magnetic phases. [195], [196] Being motivated by
the puzzling relief of geometrical frustration and the establishment of magnetic long-range
order (LRO) which may allow emerging magnetoelectric (ME) response, we revisited the
a-NaMnO, polymorph as a good candidate for studying magnetoelectricity in the still
frustrated ground state. [36]

The afore-mentioned a-NaMnO, polymorph [3], a rock-salt derivative of the family of
A'B**0, delafossites, has also attracted a lot of interest due to its wide range of novel
electronic and functional properties. Its potential use as substitute to layered Li-Mn-O
compounds [10], [141], [178], [197], [198] for utilization as energy storage material has

202




Chapter 6- Study of the triangular antiferromagnet o-NaMnO,: From powders to single crystals

been widely studied due to its remarkable cycling performance and operating potential.
[120], [127]

The a-NaMnO, compound in polycrystalline form has been synthesized for the first time in
the 1970 [3] while the first attempt for single crystal specimens was done using
hydrothermal and sealed crucible techniques [92], [199] as it is detailed in chapter 3. Until
recently, all studies related to the system’s rich behavior have been entailed in
polycrystalline powder samples. Keeping in mind that successful synthesis of large volume
single crystals allowed deeper insights in materials of the same ABO, family [132], [133],
[200], a-Na-Mn-O has been revisited in this project using single crystals grown with the
floating zone method (growth details in chapter 3) for exploring interplay between the
structural and magnetic degrees of freedom. It is worth to address that during the evolution
of the present project a parallel work by Dally et.al on the same polymorph has been
initiated and the findings [201], [202] will be discussed in this chapter.

6.1.1 Structure and polymorphism

Among all compounds of the series, a-NaMnO, is particularly interesting because the
electronic configuration promotes an active Jahn-Teller state that results in a monoclinic

distortion of the rhombohedral a-NaFeO, polytype (R-3m), supporting orbital-ordering of
the Mn**-dz? (tfgegl; S= 2; perr =4.9 pp) already at 300 K[41]. The average crystal

structure of a-NaMnO, is shown in figure 6-1a. It crystallizes in the monoclinic C2/m
spacegroup with cell parameters: a= 5.67 A, b=2.86 A, c=5.80 A, =113.14 deg [126] and
is composed by alternating layers of edge sharing MnOg octahedra separated by sodium
sheets. As pictured in figure 6-1a the Mn ions are located at the center of edge-sharing
octahedra, forming a topology of isosceles triangles (figure 6-1b), which maps out a two-
dimensional (2D) anisotropic triangular lattice.

Na-Mn-O oxides exhibit a tailored polymorphism in particular between the stoichiometric
a- and B- polytypes. Electron diffraction patterns supported by HRTEM images of the as
synthesized a-NaMnO,, reveal the existence of coherent mirror twins which are randomly
spaced in the lattice. Depending on their density they may create sequences of either twin
or antiphase boundaries which further lead to the formation of intermediate phases that can
modulate the magnetic behavior of the final material.[126] The energy cost for such

coherent boundaries is very low since it only affects the distribution of Na and Mn, leaving
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the close-packed arrangement of the oxygen atoms as it is. So the energy difference
between a- and - polymorphs is on the scale of the typical thermal energies that results in
a high degree of stacking disorder in these compounds. [125] Such stacking disorder can
work as a structure- directing mechanism which can gradually transform the monoclinic
and orthorhombic structures of the a- and B- phases of NaMnO, into each other

engineering the physical properties of the final compound.

(a) g (b)

Figure 6-1 Schematic of the C2/m monoclinic structure in the stoichiometric a-NaMnO2;
projections in the (a) ac plane showing the alternation of layers between the MnO6 octahedra and
the Na cations and (b) ab plane where the triangular topology of the Mn is clear. The green and
blue lines show inequivalent (J1, J2) magnetic interactions along bm and [110]m (subscript m for
monoclinic). Mn is represented by purple spheres, Na with yellow and Oxygen with red.

6.1.2 Magnetic structure and interactions

The crystal and magnetic structure has been first studied in 2007 by Giot et. al [41].
According to this study, monoclinic a-NaMnO2 (Mn*3, 3d*, S=2) is a frustrated system of

competing anisotropic magnetic interactions (J;>> J,) (figure 6-1b). The magnetic
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frustration is lifted through a magneto-elastic coupling mechanism at Tn=45 K where a
structural distortion to triclinic cell takes place and results in ong range antiferromagnetic
ordering. In particular, neutron powder diffraction (NPD) experiments reveal that upon
cooling below 200 K, diffuse scattering emerged around the 220 Bragg position, with a
typical Warren profile indicating strong 2D magnetic ordering. The intensity of this broad
asymmetric feature (Q ~ 1.25 A™) increases upon cooling and progressively reduces below
Tn= 45 K at the expense of sharp 3D magnetic Bragg reflections indexed by the
propagation vector k= (2 % 0) confirming a Néel ordered state[41]. The schematic
representation of the magnetic structure is depicted in figure 6-2. AFM chains run along
the monoclinic by, axis. In the anbm plane, the chains are stacked ferromagnetically along
the [1-10], direction and antiferromagnetically along [110].,, while the coupling between
adjacent MnO, layers along the c, direction is FM.

With this symmetry breaking, a spin-gap due to leading quasi-one dimensional interactions
(Ji~ 72 K) describes the excitations observed [38], [203]. The coexistence of long and
short range order below the Neel temperature proved by the NPD measurements, hints a
inhomogeneous ground state and initiated further investigation. Zorko et al, in 2014,
proposed a peculiar magnetostructural inhomogeneity that emerges as a consequence of the
system’s tendency to remove magnetic degeneracy due to spin frustration [139], [194]. In
the later, the monoclinic phase is disrupted by magnetically short-range-ordered nanoscale

triclinic regions, thus revealing a novel complex ground state.

Figure 6-2 AFM spin configuration represented in the C2/m monoclinic cell of a-NaMnO,. The
spin arrangement consists of AFM chains running along the monoclinic bm axis. In the ambm
plane, the chains are stacked ferromagnetically along the [1-10], direction and
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antiferromagnetically along [110],. Coupling between adjacent MnO2 layers along the cm
direction is FM.

6.1.3 Deviations from stoichiometry and competing interactions

Several Na-deficient polymorphs have been investigated in the quest for better
performance cathode materials.[10], [124], [125], [129], [176], [177] In contrary, less is
known about the role of mixed Mn valence (Mn** / Mn®"), fostered by Na vacancies in the
structure, and the consequent modification of the cooperative nature of the
electronic/magnetic properties. In this respect, first principle studies, along with theoretical
analysis on the Jahn-Teller distortion of the octahedra in a-NaMnO, confirm that the AFM
state is more stable compared to FM one due to the relatively small Mn-Mn distances,
which allow direct overlap of the half-filled orbitals in the Mn*? ions. Moreover, nn-
interactions between the MnOg octahedra seem to be favored through the super-
superexchange (SSE) path Mn-O---O-Mn, rather than the ordinary superexchange (SE)
one. [204]-[206] Interestingly, Ouyang et al. predict that by increasing the hole-doping in
NaxMnO, the magnetic behavior evolves from that of a striped AFM to a FM ground state,
as the AFM moments become progressively canted. [207] Experimentally, it has been
shown that in the a-Nag7MnO, , the mixture of Mn**/ Mn** ions in the geometrically
frustrated hexagonal structure creates significant site-disorder that fosters a spin-glass
behavior.[182] However, in the case of the monoclinic a-NassMnO,, the Na-cation and
Na-vacancy orderings are connected by the cooperative Jahn-Teller effect (CJTE) to the
Mn®* and Mn** sites in a remarkable way. The probed superstructure highlights the
important role of structural details in altering the magnetic nn-interactions between
Mn® (Jahn-Teller), that forms AFM atomic stripes and Mn** (non Jahn-Teller) that forms
FM or AFM nn-couplings depending on the competition of various direct and indirect
exchange mechanisms.[208]In the latter, the authors note the necessity for single-crystal
studies, but due to the materials’ air-sensitive nature that has been hard to accomplish until

recently.
6.1.4 The quest for single crystal and contribution of the present work

Single crystals are very desirable for experiments that require large volumes or areas of

samples, such as neutron diffraction and anisotropic property measurements. Single
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crystals of a-Na-Mn-O have been grown using the floating zone method for the first time
as a part of this project. Details about the growth are described in chapter 3.

In this chapter, the evolution of the magnetic behaviour of single-crystal a-NayMnO; (x=
0.96) samples, grown with a modified FZ method protocol is investigated. The chemical
composition has been studied through SEM-EDS, ICPMS and XPS, is presented, both
aiming to substantiate the structural modifications drawn by synchrotron X-ray powder
diffraction. The work quantifies the mixed Mn valence character of the crystals, while it
also suggests that this electronic dis-proportionation favors a monoclinic structure,
involving two non-equivalent TM octahedral sites. To investigate the validity of this mixed
(Mn**/Mn*") model system, susceptibility measurements were performed for different
crystal orientations and complemented by single-crystal neutron diffraction data. The
interplay of persistent short-range two-dimensional spin correlations with coexisting weak
FM and AFM long-range spin-orderings at low-temperatures is uncovered while the
geometric frustration is relieved by electronic-driven lattice distortions. Finally, the effect
of competing magnetic interactions on the dielectric permittivity is investigated and
presented for both polycrystalline samples and single crystal specimens.

6.2 Phase purity and Crystallinity

6.2.1 X-Ray Powder Diffraction

6.2.1.1 Experiment and sample preparation

The polycrystalline specimens of a-NaMnO, have been synthesized following the protocol
presented in chapter 3 (section 3.2.1.1). A part of these batches has been used for
magnetodielectric measurements prepared in pellet form while almost 76 gr have been
used as starting powders for the single crystal growth as detailed in section 3.2.3.1. The
purity and crystallinity of the a-NaMnO, specimens has been initially checked by X-Ray
diffraction on a Rigaku D/MAX-2000H rotating Cu anode diffractometer (A=1.5406 A).
The sample in a form of powder or crashed crystal was placed on the holder and sealed
with a mylar foil in the glove box, so that it was kept under Ar atmosphere and exposed if
possible at all in air during the X-Rays experiment. When the use of such a holder was not
feasible the powder or crystals were mixed well with grease inside the inert atmosphere of

a glove box and spread on the available Ni sample holder. All measurements have been
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taken with the same step of 0.02 degrees and time per step, t=12 sec unless it is stated

differently.
6.2.1.2 Polycrystalline specimens of o —Na-Mn-O

The graph obtained by the XRPD is shown in Figure 6-3. The Bragg reflections obtained
from the a-NaMnO, show match well with the reflections obtained from the ICSD
database (cif file: 21028). Therefore, the room temperature structure of the a-NaMnO, can
be successfully indexed upon the monoclinic structure (C2/m) with cell parameters: a=
5.67 A, b=2.85 A, c=5.80 A, p=113.2 deg.
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Figure 6-3 X-ray powder diffraction pattern of a polycrystalline sample of a-NaMnO, (black
continuous line). The indexing of the Bragg reflections has been done according to the 21028 cif
file of the ICSD data base, which corresponds to the blue vertical lines. The magenta vertical line
at 15.7 deg correspond to the 002 peak of the sodium deficient Nao,MnO,. The red arrows are
attributed to reflections of the mylar film.

The one reflection at 15.7 deg pointed with a vertical magenta line in the pattern
corresponds to 002 reflection of the Nag;MnO,. The a-Nag7;MnO,., Na-deficient
polymorph is found to be the most stable phase energetically of the Na-Mn-O system [3]
and is luckily to be formed in a lower temperature during the heating process (~600 °C).
However, according to Parant et. al in temperatures above 700°C a-NaMnOs is likely to be
formed and coexist with the B-Nag7MnO, which crystallizes in orthorhombic cell Cmca
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and with NazMnO,4 (Pmnb) which we did observe in some batches (figure 6-4). In the
figure 6-4 a detailed focus in the low angle area allows the observation of the main Braggs
of minority phases that are likely to form together with a-NaMnQO,. The detection of a
minority phase of B-NaMnO, which would agree with the findings of HPTEM showing
intergrowth of B- stacking sequences inside the o- structure, is only observed in “scaled

up” batches of 4gr that were mainly used for the single crystal growth.
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Figure 6-4 Examples of 2 different batches. Left panel batch of 1 gr. Right panel batch of 4 gr

(scale up). Bragg peaks of f-NaMnO, (001), a-Nag7;MnO,., (002) and $-Nay;MnO, (002) are

detected and represented with green, turquoise and magenta lines respectively. The black arrow
point the peak of NazMnO,.

6.2.1.3 Single crystals of a -Na-Mn-O

The growth of single crystals of the Na-Mn-O system was performed by the floating zone
(FZ) technique in Ar gas atmosphere. The growths were carried out using a 2 mirror Canon
Machinery SC1-MDH 11020 (University of Warwick) with standard double elliptical
mirror geometry equipped with two 1.5 kW lamps, which can reach a maximum operating
temperature of 2000 degrees Centigrade. Several attempts were performed using different
growth conditions. The protocols that have been followed and details on the growth
conditions are presented in chapter 3. The starting powders have been mixture of
synthesized batches that might include secondary phases. An example of a mixed batch

that has been used as starting powder is given in figure 6-5.
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Figure 6-5 XRPD pattern of a mixed batch of a-NaMnO, used as starting powders (black line) and
the same batch sintered (refer to batch #3 in table 3-4) shown in red line. Blue ticks represent the
21028 card of a-NaMnO, and green ticks the 15769 card of f-NaMnO,. Impurities of -Nay;MnO,
(magenda), MnO (orange) and Mn;O, (grey) are observed both starting powders and sintered rod.
The high background in low angles is the contribution of grease which was mixed with the powder
as a protective media against moisture and oxygen.

After the powder has been pressed into rod it was further sintered in order to achieve a firm
feed rod that could be easily mounted in the optical furnace. We should address here that in
all cases the sintered rod is comprised by a majority of alpha phase, the same as the starting
powder. This has been achieved by using the same temperature and inert atmosphere for
sintering, as the one used for the synthesis of the starting powders (refer to chapter 3). The
alpha polymorph is known to be the low temperature phase of the Na-rich phases of Na-
Mn-O system composed in 750 °C [3] and so keeping the same low temperature gave as an
alpha starting feed rod. Sintering protocols of 48h duration starting from room temperature
(Tstar= 25 °C) gave an xrd pattern with both MnO and Mn3O,4 impurities (figure 6-5). The
optimum sintering conditions that led to successful growths entailed a T= 750 °C and a
duration of 16 hours. Following the later sintering protocol, X-ray diffraction of the rods
shows that the main a-NaMnO; phase coexists with minority a-Nay7MnO, and f-NaMnO,

phases, mainly at the surface. Interestingly, the majority phase of the sintered rod in similar
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study was found to be of the p-NaMnO; crystal polytype. [136]
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Figure 6-6 XRPD pattern of a sintered feed rod used for successful growth (black line) (refer to
batch #9 in table 3-4). Blue ticks represent the 21028 card of a-NaMnO,. Impurities of f-NaMnO,
(green arrow) p-Nag;MnO, (magenda arrow), MnO (orange arrow) are observed. The high
background in low angles is the contribution of grease which was mixed with the powder as a
protective media against moisture and oxygen when there was not available sample holder for air-
sensitive samples

In figure 6-6 the XRPD pattern of the scrabbled surface of the sintered rod used for a
successful growth is presented. The starting powder of this batch has been free of Mnz0,
and so has been the sintered rod preserving the majority of alpha phase. Minority phase of
MnO seems to disappear during the growth as it is shown in the pattern of a crashed crystal
flake (figure 6-7).

The coexistence of alpha and beta phases in the XRPD pattern of the grown crystals
represented in figure 6-7, shows that the single crystals grown with the floating zone
method might be also prone to the structural defects that have been observed in the
polycrystalline a-NaMnO, specimens. For this reason, further investigation for the good
crystallinity and exact determination of the nuclear structure of the grown crystals has been
pursued employing single crystal X-ray diffraction and synchrotron X-ray powder
diffraction, performed at the National Synchrotron Light Source (NSLS-I1, BNL, USA).
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Figure 6-7 XRPD pattern of a crashed crystal boule of #9. Blue ticks represent the 21028 card of
a-NaMnO; and green ticks the 15769 card of f-NaMnO,. Impurities S-Nay7MnO, (magenta arrow),
MnO2 (black arrow) are observed. Red arrows point out the mylar contribution of the sample
holder.

6.2.2 Laue Method

Crystal quality and orientation of the as grown crystals was determined using Laue x-ray
back reflection technique. Laue x-ray diffraction photographs were taken using a Photonic
—Science Laue dual camera system. In the successfully grown boules we could observe a
metallic shiny surface with facets. Using published information [3], [126] on the
monoclinic crystal space group C2/m of the starting powders together with the lattice
parameters we could simulate Laue Patterns employing the Crystal Maker software which
would match well with the Laue pictures of the facets of the grown boules and the cleaved
flakes (figure 6-9).
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Figure 6-8 a) Laue photograph of the boule facet and b) Laue photo of the flat side of a cleaved
flake, both matched with the simulation pattern of (-202) plane of monoclinic C2/m produced with
Crystal Maker.

For growth #9, the Laue patterns taken from the facets of the crystal boule (Fig.6-9 a) were
indexed well in the (-202) plane of the monoclinic C2/m system of a-NaMnO,, confirming
the good quality of the crystal flakes. Observation of multiple spots per reflection in some
Laue patterns suggests a stacked layered structure (figure 6-9b), which is also evident in
the SEM images (Fig. ...). The crystal boules cleave easily in the preferred (-202) plane
and Laue pictures of several crystal flakes prove that (Figure 6-9 and figure 6-10). Since
the flakes were cleaving naturally with a flat surface of (-202) further anisotropy

characterization was planned according to that.
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Figure 6-9 (a-b) Laue photograph of the flat side of a cleaved flake of batch#9 and the actual
picture of the flake. (c-d) Laue photograph of the flat side of a cleaved flake of batch #8 and the
actual picture of the flake. Both photographs are identical and match the simulation pattern of (-
202) plane of monoclinic C2/m cell.

6.2.3 Single crystal X-ray diffraction

6.2.3.1 Experiment and sample preparation

The data collection took place at in-house BRUKER D8 VENTURE (Cu Ka, A=1.54 A)
diffractometer (IMBB-FORTH) under the guidance of Prof. K. Petratos and Dr R.
Gessmann. The kappa geometry of the goniometer provides true multiplicity and better
description of the absorption surface leading to an increased I/cI (Average intensity /
average intensity error) ratio. The PROTEUM2 [95] software has been the software tool
used in order to determine the unit cell, prepare the strategy of the data collection and
integrate the data collected. The crystals used for data collection in this thesis were
investigated under cooled nitrogen. Showering a crystal with cold dry nitrogen during data
collection reduces thermal vibrations of atoms so that better data quality is possible. The
choice of crystals has been done according to size and well defined edges under a
microscope. As soon as the crystal got out of the glove box they were bathed in paraffin oil

to prevent any moisture absorption and then captured on the kapton loop.
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6.2.3.2 Results and issues

About 10 crystal flakes cleaved from the successfully grown batches have been tested. The
majority of them seemed to adopt a monoclinic unit cell but in all cases the finally
integrated data didn’t allow further structure determination due to the multi-crystallinity
that have been observed.

The preliminary rotational image collected to screen the sample quality was most of the
times indicating multiple reflections. However in almost all cases it was feasible to collect
a preliminary set of frames for determination of the unit cell. Following an auto indexing
process of the reflections from the previous frames we get the reduced primitive cell and
calculate the orientation matrix (which relates the unit cell to the actual crystal position
within the beam). The primitive unit cell is refined using least-squares or fast fourier
transformation method and then converted to the appropriate crystal system and Bravais
lattice. In this step most of the times the Bravais lattice chosen was giving unreasonable
cell parameters and only in three cases we got a monoclinic P cell that encouraged further
data collection. In these cases, the chosen cell has been refined using least-squares to
determine the final orientation matrix for the sample. After the refined cell and orientation
matrix have been determined, intensity data has been collected by collecting a sphere or
hemisphere of data using an incremental scan method, collecting frames in 0.1° to 0.3°
increments (over certain angles while others are held constant). After the data have been
collected the integration process reduced the raw frame data to a smaller set of individual
integrated intensities introducing corrections for instrumental factors, polarization effects

and X-ray absorption.
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Figure 6-10 Precision picture of reflections of (a) Okl plane , (c) hOl plane and (e) hkO plane and
simulation using the C2/m monoclinic cell in view direction (b) [001], (d) [010] and (f) [001]. The
gray arrows point out reflections of weaker intensity that could not be indexed by the C2/m cell, the
light blue arrows point systematic absences of the C-centered unit cell while the red arrows point
at examples of multiple reflections per site.
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The hkl data would not allow the determination of a unique set of phases that would lead to
the determination of the crystal structure. This was mainly attributed to the multiple
reflections observed that could be the contribution of twin planes or stacking crystallites. In
addition to that, a second crystal domain of weaker intensity that could not be fitted by the
monoclinic system has been detected in the 2D precision pictures of hkl planes. In figure 6-
10 the 2D reflections pattern of Okl, hOl, hkO planes are presented on the left panel (figure
6-10 a, c, e) together with simulated pattern indexed in the C2/m monoclinic system of a-
NaMnO, powders on the right panel (figure 6-10 b, d, f) as it has been determined by
Abakumov et. al [126]. The red arrows point at examples of multiple reflections per site
while the gray arrows point out the existence of a secondary structural domain. The weaker
intensity peaks seem to form a crystallographic domain that could be attributed either to
the systematic absences forced by the c-centering or by a secondary phase existing as an
intergrowth in the alpha. In figure 6-11 a simulation of both alpha C2/m (fig.6-11 a) and
Pmmn beta [126] phases (fig. 6-11 b) compared with the observed pattern is presented
showing that the second crystal domain could be attributed either to beta phase generated
by stacking faults producing a “crimped” structure or a monoclinic P cell free from
absences imposed by the c-centering. All simulations have been done using the SINGLE
CRYSTAL DIFFRACTION module of the CRYSTAL MAKER platform[209]. The
handling of such demanding structures would need much effort and gain of expertise in the
specific technique and was not possible to be pursued in the frame of the present project. In
view of that, high resolution XPD data were the sole way to define the structure of the
grown crystals of alpha phase.
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Figure 6-11 Precision picture of reflections of Okl plane and simulation using the (a) C2/m
monoclinic cell and (b) Pmmn orthorhombic cell in view direction [100] . The light blue arrows
point out reflections of weaker intensity that would either belong to another lattice anda have been
well indexed with Pmmn or were indexed as systematic absences with a blue x.
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6.3 Chemical characterization

The nuclear structure and physical properties of NayMnO, system are highly sensitive to
the exact level of sodium within the system. So an accurate determination of x for the
crystals under study is imperative for solving the nuclear structure and interpreting the
magnetic findings. The Na percentage in the Na-Mn-O formula is a key factor that rules
the Mn**/Mn*" ratio and as a consequence the Jahn-Teller effect having an immediate
impact on the magnetism as well as the structural stability of each phase and rule the
potential applications.

For the determination of the sodium percentage and the quantification of the Mn valence
several techniques have been employed with results generally in good agreement with one

another.
6.3.1 ICP-MS

6.3.1.1 Experiment and sample preparation

Only 3 samples, 2 polycrystalline (p1, p2) and 1 single crystal (c1), were sent for analysis
in NTNU, Department of Chemistry, in order to determine the Na level in comparison with
the Mn level on alpha system. The samples have been stoichiometric a-NaMnO, powders
that have been used as starting powders for the single crystal growth and the crystal has
been taken of the successful growth #9. They all have been dissolved in HCL to produce 3
different solutions, before being introduced into the core of an inductively coupled plasma
(usually argon at >8000°C).

6.3.1.2 Results and drawbacks

The results are summed in table 6-1.

Table 6-1
Sample M [mg] Volume (after Na[ug/g] MnJ[ug/g] Na/ Mn
dilution) [1]
a-NaMnO,-p1 4 378.4 142362 398602 0.85/1
a-NaMnO,-p2 4 378.4 142403 395559 0.86/1
a-NaMnO,-cl 3.4 382.4 217995 502478 1/1
Average of all 167587 432213 0.93/1
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The quantities in ug/g have been calculated by the measured ug/L quantities following the
formula:

. ug
Concentration [?] =

concentration in volume of sample [uL_g] * Volume of Sample after dilution [L]

Sample weight [g]

The low level of Na detected in the case of powders has been a surprise especially when
compared to the stoichiometric within error c1. Due to limited time only one test sample
from each batch (p1, p2, c1) was measured and so the results cannot be fully trusted.

In general the process suffers from several drawbacks. Although the technique is relatively
precise (with an error in x of just 5%) the absolute accuracy depends on a calibration to a
standard sample. During the powder reaction processes, an unknown quantity of sodium is
lost, and so the production of a standard to calibrate the other measurements against is
difficult. In addition to that the preparation of the solution itself can introduce errors to the
measurement especially when the samples handled are air and moisture sensitive (as in the
case of the powders). That should be taken into consideration as a possible reason of the
low Na level measured in the powders. It is worth mentioning that ICP-OES measurements

of past samples determined a Na/ Mn = 0.826/ 1 according to studies by Dr Bakaimi.
6.3.2 SEM-EDS

6.3.2.1 Experiment and sample preparation

Scanning electron microscopy (SEM) images were obtained using a field emission system
(JEOL JSM-7000F) operating at 15 kV accelerated voltage. To acquire SEM images of
crystal platelets the crystal boule was cleaved inside the glove-box with a tungsten knife by
steadily pressing the boule along growth direction. We did not use spattering or polishing
before the observation in order to reduce the exposure time of the crystals to ambient
conditions. Quantification of the elemental ratios at the surface of the crystal flakes was
carried with energy dispersive spectroscopy (EDS) by using a JEOL JSM-6390LV

scanning electron microscope equipped with an Oxford INCA PentaFET-x3 detector.
6.3.2.2 Layered crystals and off stoichiometry

Despite the inevitable (under the present conditions) Na and Mn evaporation, the Na: Mn

ratio in the crystals was found to be near the fully stoichiometric (1:1) a-NaMnO, parent
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powders. EDS spectra taken from a number of cleaved crystal flakes gives an average of
0.96: 1 for Na: Mn stoichiometry, which allows the existence of a small amount of Mn**
ions due to Na vacancies. The sample flakes were taken from various sections of the grown

boule in order to check consistency.

“

X30  500pm - ; A ¥

Figure 6-12 SEM image depicting (a) the layered morphology of the as-grown crystal flake of a-
Nag.gsMnOy,, (b) a close-up view of the stacking layers

In figure 6-12 a SEM picture of a crystal flake cleaved from the crystal boule #9 is shown.
A close up taken close to the edge (figure 6-12 b) reveals well defined layered stacks of
crystallites explaining the easy cleavage of the flakes towards a specific direction. A
misalignment of these stacks is possibly the source of multiple reflections per site in the
single crystal xrd pattern and later on in the single crystal neutron diffraction pattern. The
really thin layers (~0.667 um) make it impossible to to split them by hand.

EDS spectra taken on several flakes show a deviation of the Na/ Mn ratio from the
stoichiometric Na/ Mn= 1/ 1 to the Na/ Mn= 0.88/ 1. Such a deviation has been attributed
to the sensitivity of the Na-Mn-O system to air and moisture allowing a fast oxidation of
the surface. In order to confirm the effect of exposure to ambient conditions a chosen flake
with initial surface Na/ Mn ratio of 0.96/ 1 ( same as the average ratio) was left exposed
and measured a) fresh out of the glove box, b) after one day of exposure and c) after one
month of exposure in ambient conditions. The result is presented in the three frames of
figure 6-13. The initial Na/ Mn= 0.96/ 1 ratio has been changed to Na/ Mn=1.01/ 1 in only
one day. The surface of the crystal changed from smooth (fig.6-13 a) to one covered by a
whiter layer of grains (fig.6-13 b). The increase of the detected sodium elemental atomic
ratio seemed to be the result of Na ions moving on the surface of the crystal reacting with

atmospheric O, for the formation of Na,O or Na,O,. Further reaction with the H,O would
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lead to NaOH which reacting with CO, would finally form the relatively unreactive to the
atmosphere Na,CO3 sodium carbonate (white in color). The suggested mechanism of the
chemical transformation that happens on the surface of the crystal follows the sequence of
the reactions presented below:
4Na + 0, - 2Na,0
2Na,0 + 0, - 2Na,0,
Na,0 + H,0 —» 2NaOH
2NaOH + CO, - Na,C0O3 + H,0

SEl 15[ WD 9

Figure 6-13 A close up of the surface of a flake that initially had a surface stoichiometry ratio of
Na/Mn = 0.96/1 taken on 3 different dates having the flake exposed at ambient conditions. (a) 26"
April, (b) 27" April, (c) 24™ May of the same year. The tables on the top right corners present the
EDS results for Na and Mn relative proportions (Atomic %)

The assumption made here is that the highly reactive sodium abandons the interlayer
position and forms the aforementioned salt on the surface of the crystal. This is supported
by the observation that the electron beam is burning the white surface while trying to focus
on the surface as well as the detection of carbon on the surface after a longer exposure to
air. In figure 6-14, a crack of the crystal formed after 1 month of its exposure into air,
allows EDS analysis of the area inside the crystal (fig.6-14 b) which comes in agreement
with the scenario that wants Mn to stay in the layered structure while Na in the form of
Na,CO3 has covered the surface of the crystal as shown in figure 6-13 c. According to
Sherbini et. al [210] In presence of both O, and H,O, oxidation and hydration occur
simultaneously while hydrolysis of a-NaMnO, shows continuous salting out of Na as we

could also witness in the SEM images.
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Figure 6-14 SEM picture through a developed cracked after 1 month of exposure at ambient
conditions of the flake with initial Na/Mn = 0.96/ 1 ratio. (a) x2700 zoom and (b) x20000 zoom in
the inner part of the crack. EDS spectra reveals reduced amount of Na in the interior of the crack
(Atomic %: Mn=82.11, Na=6.71, C=11.18).

6.3.3 XPS

The reduced Na level to x=0.96, hints for a mixed Mn valence in the a-NaggsMnO,
chemical formula. As a further step in the exploration of the mixed Mn valence, XPS study

of several chosen flakes allowed a more precise quantification of the Mn**/Mn** ratio.
6.3.3.1 Experiment and sample preparation

The surface analysis studies were performed in an Ultra High Vacuum (UHV) chamber
(P<10-9 mbar) equipped with a SPECS LHS-10 hemispherical electron analyzer at the
Institute Chemical Engineering Sciences (ICE-HT, FORTH, Greece). The XPS
measurements were carried out at room temperature using unmonochromatized Al Ka
radiation under conditions optimized for maximum signal (constant binding energies
difference (AE) mode, with pass energy of 36 eV giving a full width at half maximum
(FWHM) of 0.9 eV for the Au 4f7, charge reference binding energy). The probed area was
an ellipsoid with dimensions 2.5 x 4.5 mm? The XPS core level spectra were analyzed
using a fitting routine, which allows the decomposition of each spectrum into individual
mixed Gaussian-Lorentzian components after a Shirley background subtraction. Errors in
our quantitative data were found in the range of ~10% (peak areas), while the accuracy for
binding energy (BEs) assignments were ~0.1 eV. The pulverised Na-Mn-O crystals were
deposited on a Si wafer substrate and stored in a hermetically sealed container under inert

atmosphere prior insertion in the UHV chamber, in order to avoid oxidation.
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6.3.3.2 Quantification of mixed valence ratio

As it is depicted in Figure 6-15 c-d, using the total peak area of Mn 2ps,, Na 1s and the
appropriate sensitivity factors (based on Wagner’s collection and adjusted to the
transmission characteristics of analyser EA10), we estimate that the surface atomic ratio
Na:Mn (within experimental error £10%) is 0.96:1. The deconvoluted Mn 2p3, core level
peak is presented in Figure 6-15c. The peak consists of two components of binding
energies 642.6 and 641.9 eV assigned to Mn** (reference peak extracted from MnO,) [40]
and Mn®" (reference peak extracted from Mn,03)[185], respectively. The Mn**:Mn** ratio
as estimated from the area ratio of the fits of each one of the two aforementioned
components for the same crystal flake attained a value of 0.14:1, showing a clear majority
presence of Mn**.

Taking into account the Mn**:Mn** =0.14:1 ratio and considering no oxygen vacancies, the
chemical formula has been calculated to be NagogsMni 32> 052 which is in agreement
with the EDS result that is mentioned in the previous section. Mn*:Mn®" ratio and Na:Mn
atomic ratio at the surface of three representative crystal flakes are compiled in Table 6-2
and the analysis is also presented in Figure 6-16. Moreover, the Na 1s core level peak of
the same samples (Fig. 6-16 d-f) could be analyzed into two components, at BEs 1071.9
eV and 1070.7 eV. Although the presence of a component at 1070.7eV could be assigned
to Na-O bonds in NayMnO, (x<1),[186], [187] since the samples are deposited on a Si
wafer, the O 1s peak (not shown) is dominated by the Si-O component making further

conclusions difficult at this stage.
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Figure 6-15 SEM image depicting (a) the layered morphology of the as-grown crystal flake of a-
NaoesMnO,, (b) a close-up view. X-ray photoelectron spectra (XPS) showing the fitted
deconvolution of (c) the main Mn 2ps, peak, and (d) the main Na 1s peak for the same crystal
flake; for the component curves see main text. Comparing the area ratio of the fitted XPS data
provides an estimate of the Mn*":Mn®* (ca. 0.14:1) and Na:Mn (ca. 0.96:1) surface elemental
ratios.

Table 6-2 Mn**:Mn*" and Na:Mn atomic ratios at the surface of the crystal as extracted from
comparing the area ratio of fitted peaks in the XPS spectra (Figure 6-16). Errors in our
quantitative analysis are found in the range of ~10% (peak areas), while the accuracy for the
corresponding binding energy assignments was ~0.1 eV.

Samples Mn**:Mn** Na:Mn
Parent powders
n/a 1:1
o-NaMnO,
Flake-1 0.14 0.96(9):1
Flake-2 0.42 0.93(9):1
Flake-3 0.096 1.00(9):1
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Figure 6-16 X-ray photoelectron spectra of three as-grown specimens (Table 6-2), showing the
fitted deconvolution of (a-c) the main Mn 2ps;, peak for the three chosen crystal flakes and (d-f) the
corresponding Na 1s peak for the same crystal flakes.

6.4 Synchrotron X-ray Powder Diffraction (XPD)

Off-stoichiometry in such two-dimensional materials, is a key feature as it may trigger
transformations[211] within structural groups (e.g. R3m, rhombohedral to P6s/mmc,
hexagonal symmetries, known as O3 and P3 structures, respectively), while together with
polymorphism it is commonly met due to metal-oxygen layered gliding.[212] Therefore,

structural data offer an important complementary view.
6.4.1 Experiment and sample preparation

The phase purity of pulverised Na-Mn-O crystals was studied by synchrotron X-ray
powder diffraction, performed at the National Synchrotron Light Source (NSLS-11, BNL,
USA). The specific measurements were performed at room temperature employing the 28-
ID-2 (XPD) beam line at NSLS-II, equipped with an image plate detector and A= 0.2354 A.
Two small Na-Mn-O crystal flakes (growth batch #9) were ground in fine powder, loaded
in g1 mm glass capillaries, which were then flame-sealed and studied at XPD as two
separate specimens. The data were analyzed by using both the Le Bail and Rietveld

refinement options available within the FullProf suite of programs.[106]
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6.4.2 Structural considerations

The lack of adequate resolution from measurements of pulverized crystals using the in-
house Rigaku D/MAX-2000H rotating Cu anode diffractometer (A=1.5406 A) and the
observation of mixed crystal domains observed through the SCXRD measurements,
created the need for a synchrotron powder study. Through the XPD patterns it was
revealed that the majority of a-Nag9sMnO, Bragg reflections could be indexed in the P2/m
monoclinic system at 300K. Moreover, a two-phase Le Bail refinement, using the
orthorhombic Pnmm B-NaMnO, as a secondary, minority phase, fitted all the observed
peaks (Fig. 6-17), with good reliability factors Ry= 7.88%, Rwp= 10.1% and y?= 3.322
(Table 6-3).
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Figure 6-17 (a) Two-phase Le Bail refinement of the synchrotron X-ray diffraction data (300 K)
from a pulverized a-NagoMnO, single crystal; observed (circles), calculated (black line) and
difference (bottom) profiles are shown. Vertical ticks indicate the predicted reflection positions in
the monoclinic P2/m (top set) and orthorhombic Pnmm cell settings (bottom set).

Surprisingly, utilisation of the C2/m symmetry, commonly employed to describe the a-
NaMnO; [18] properties was of inferior quality. In that, Le Bail analysis based on a
combination of C2/m and Pnmm symmetries, corresponding to Na-Mn-O stoichiometric
‘alpha’ and ‘beta’ type polymorphs, resulted in Rp= 18.5, Ryp= 20.6% and y?*= 8.63 (Table
6-3, Fig. 6-18 a). The possibility of having an impurity of MnzO, intergrowth as recently

studied by Dally et al. [201] has been also examined using a two phase compilation of
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C2/m and | 41/amd for a Le Bail refinement resulting in Ry= 17%, Rup= 20 % and x?*=
8.81 (Fig. 6-18 b, Table 6-3).

A two-phase analysis where the majority P2/m phase was treated by the Rietveld method
(Fig. 6-19 a) instead, gave lattice constants of a= 5.657977 (4) A, b= 2.857402 (4) A, c=
5.793074 (4) A, B= 113.071907 (3)°, indicating a small compression of the a-axis as
compared to the stoichiometric ‘alpha’ that crystallizes in C2/m.[126] Further fitting
attempts assuming a phase mixture with minority phase the most energetically stable,
hexagonal derivative of a-Nag7;MnO, (P63/mmc), [24] didn’t improve the quality of the
fit[3] (Fig. 6-19 b, Table 6-3).
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Figure 6-18 Multi-phase refinements of the synchrotron X-ray diffraction data (300 K) collected on
a pulverized single crystal of o-NaggsMnO,; observed (circles), calculated (black line) and
difference (thick line at the bottom) profiles are shown. Vertical ticks indicate the predicted
reflection positions in (a) two-phase Le Bail model assuming the monoclinic C2/m (top set) and
orthorhombic Pnmm cell settings (bottom set) (b) two-phase Le Bail model assuming the
monoclinic C2/m (top set) and tetragonal 1 41/md of Mn304 cell settings (bottom set).
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The P2/m crystal structure, obtained by using the Rietveld refined structural details (Table
6-4) is sketched in Figure 6-20 a, b. The small Na off-stoichiometry suggested by the XPS
analysis has been the starting point. According to this, the Na-site occupancy was set to
0.96 allowing both Na- and Mn- site occupancies to be refined, while constrained per
element (Na; site constrained together with Na, site and Mn; site constrained together with
Mn;, site). Refinement of both Na and Mn sites gave the same R-factors with the case
where the Na-site occupancy was constrained to 0.96 in complete agreement with the XPS
results. The occupancy of the Mn-site was found stoichiometric within the experimental

error.
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Figure 6-19 (a) Two-phase model where the monoclinic P2/m (top set) phase is treated by the
Rietveld method and the minority orthorhombic Pnmm phase (bottom set) by the Le Bail approach;
(b) three-phase Le Bail model assuming a majority, monoclinic C2/m (top row), hexagonal o-
Nay;MnO, (P6s/mmc; middle row) and orthorhombic f-NaMnO, (Pnmm; bottom row) type of
polymorphs. Quality of fit factors and lattice parameters are compiled in Table 6.1.
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The slight Na sub-stoichiometry, infers that vacancies lead to partial oxidation of the
manganese sublattice. In effect, Mn-Mn and Mn-O pathways would be influenced through
distortions of the octahedral Mn-O coordibation (Fig. 6-20 a, b) arising from the presence
of the non Jahn-Teller active Mn** sites. As a result of the broken C centering and the
realization of P2/m symmetry, two crystallographically inequivalent Mn-sites establish
differing MnOg octahedra chains perpendicular to the [100] direction (Fig. 6-20 a).

(a)

Figure 6-20 Schematic of the refined P2/m monoclinic structure in a-NaggMnO,, projected in the
ac- (a) and ab- (b) planes. The distorted oxygen coordination environment for neighboring Mn-
sites is depicted by alternating color-shading of the MnOg octahedra in the [010] direction, while
intercalated Na-cations are represented by gold/yellow-colored spheres. The interlayer Mn-Mn
separation is marked (a), and the differing Mn-oxygen apical (O,,) and equatorial (Ocq) bonds of
the in-plane spatially anisotropic triangular lattice are portrayed (b).

The varying length of apical (Mn-O4) and equatorial (Mn-Og) bonds of the MnOs
octahedra correlates with the modification of Mn-0-Mn angle (Table 6-5), which differs
from the stoichiometric a-NaMnO, (Fig. 6-1) to the a-NapgsMnO, (Fig. 6-20). The
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induced layer corrugation likely introduces extra lattice strain to a system that already has a
tendency to be inhomogeneous in the nanoscale.[126], [194] In a related study of the
isostructural CuMnO, against the off-stoichiometric Cuy 04Mngg60>, the strain in the lattice
caused by the subtle inter-site substitution in the latter, seems to disturb the balance
between competing interactions, giving-rise to a nanostructural state with modified
properties. [42], [213]
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Table 6-3 (a) Lattice parameters and quality of fit R-factors obtained from exploratory Le Bail refinement of synchrotron X-ray powder diffraction data of a pulverized a-
Na0.¢6MnO, crystal. Combination of models rest on common phase transition processes induced by Na off-stoichiometry in Na,MnO, (x<1). (b) Crystallographic atomic
fractional coordinates of a-Na0..sMnO, nuclear structure (300 K) derived from a two-phase refinement, where the monoclinic P2/m phase was treated with the Rietveld
method and the secondary orthorhombic Pnmm phase by the Le Bail approach.

C2/m C2/m & Pnmm C2/m & P6s/mmc C2/m & | 4,/amd C2/m & P6s/mmc & Pnmm P2/m & Pnmm P2/m
(0'3) (0'3) & (P2) (Mn30y) (0"3)
a 5.6591(8) 5.6366(9) 6.134(1) 5.6648(7) 2.8737(8) | 5.6546(6) 5.7002(6)| 5.6472(9) 2.8764(9) 6.344(1) | 5.6179(8) 6.133(1) | 5.6179(8)
b 2.8588(4) 2.8588(3) 2.8832(7) | 2.8595(3) 2.8737(8) | 2.8573(3) 5.7002(6)| 2.8632(7) 2.8764(9) 2.8605(8) | 2.8616(3) 2.8752(7) | 2.8616(3)
c 5.7938(9) 5.7907(2) 4.7850(7) | 5.7948(9) 11.062(3) | 5.7846(8) 9.309 (1) | 5.803(1) 11.138(4) 4.7766(9) | 5.7877(7) 4.7752(9) | 5.7877(7)
a 90 90 90 90 90 90 90 90 90 90 90 90 90
] 113.102(8) | 112.964(9) 90 113.102(7) 90 113.137(8) 90 113.18 (1) 90 90 112.834(6) 90 112.834(6)
Y 90 90 90 90 120 90 90 90 120 90 90 90 90
Rup 20.6 16.4 16.4 20 17.5 10.1 16.1
Rp 18.5 14.7 13.8 17 16.5 7.88 12.3
R. 7.01 6.97 6.74 6.74 6.9 5.54 6.5
1 8.63 5.55 5.897 8.809 6.283 3.322 6.178
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Table 6-4 Crystallographic atomic fractional coordinates of a-Na0.ssMnO, nuclear structure (300
K) derived from a two-phase refinement, where the monoclinic P2/m phase was treated with the
Rietveld method and the secondary orthorhombic Pnmm phase by the Le Bail approach.

Atom Mult V\:kaOff X y z occ. Uiso
etter

Mnl |1 a 0.00000  0.00000 0.00000  0.999 0.75985(2)
Mn2 |1 d 0.50000  0.50000 0.00000  0.999 0.75985(2)
Nal |1 e 0.00000  0.50000 0.50000  0.9600(2) 0.54524(3)
Na2 |1 f 0.50000  0.00000 0.50000  0.9600(2) 0.54524(3)
o1 |2 m 0.2802(5) 0.0000  0.7991(5) 1 0.50104(3)
02 |2 n 0.7797(5) 0.5000  0.7535(5) 1 0.50104(3)
Bov 1.0046

a=5.657977(4) A, b=2.857402(4) A, c=5.793074(4) A, B=113.071907(3)°

Ruwp= 14.7, Ry=12.2, Re= 6.59, y*= 4.988

In earlier work, Wu et al. explored the correlation between almost 90° Mn-0-Mn angles
and the Mn-O---O-Mn pathway with anisotropic intra-chain (J;) and inter-chain (Jo) Mn®'-
Mn®* interactions (driven by J-T distortion) proving the dominant role of the super-super-
exchange pathway (SSE) over the common AFM Mn-O-Mn super-exchange (SE)
one.[206] Moreover, studies in diverse structural types, such as the mixed-valence Mn-
perovskites, corroborate that the Mn-0-Mn angle has an important impact on the magnetic
and transport properties of manganites. [45] This was claimed to be associated with the
value of the ey electronic bandwidth, W, favoring double exchange interaction (DE)
between the carriers, which results in ferromagnetic coupling between the nearest-neighbor
(nn) Mn sites, thus suppressing AFM ordering. [46,47] Learning by the mixed-valence
manganite example, mixing Mn®* (Jahn-Teller) with Mn** (non Jahn-Teller) offers a
ground state that combines AFM super-exchange and FM DE nn couplings [48], the final
nature of which depends on the relative number and strength of various direct or indirect
coupling mechanisms. [49] However, DE is also met in mixed Mn valence systems where
Mn-0-Mn is near 90°, [217], [218] while theoretical work by Ouyang et al. predicts the
growth of FM couplings due to DE interaction in NayMnO,.[207] In view of such
knowledge, the small percentage of Mn**, combined with the intrinsic (nano)structural
defected nature of the Na-Mn-O compounds,[126] motivate a quest as of how the subtle

interplay of emerging short and long-range interactions implicate deviations from the

pathway known to relief frustration in an otherwise AFM triangular lattice.[41], [139],
[203]
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Table 6-5 Comparison of the Mn-Mn, Mn-O distances and Mn-0-Mn angles in ab-plane for the
C2/m unit cell of the parent a-NaMnO, powders and the P2/m setting of the a-Nag¢sMnO, crystals
as derived from Rietveld analysis of diffraction dat. These parameters are extracted from the
refined structure design which is portrayed in Figure 6-20 and Figure 6-1. They are measured
through VESTA software and so no errors are presented. DFT calculated parameters in the C2/m
space group, for both ferromagnetic and antiferromagnetic spin orderings, are taken from
reference[204] for comparison purposes.

u-NaMnOz (l-Nao_gsMnOZ u-NaMnOz
C2/m — powders [126] P2/m- crystals DFT- C2/m [204]
d Mn-Mn [010] (A) 2.8600 2.8574
2.41 (AF), 2.48
d Mn1- 0ap (A) 2.4078 2.2976
(FM)
d Mn2- Oap (A) 2.5144
1.95 (AF), 1.94
(FM)

d Mn2- Oeq (A) 1.9385
6 Mn1- Oeg- Mn2

93.02 86.842
[110]
0 Mn1- Oeg- Mnl

94.96 87.145
[010]
6 Mn1- Oap- Mn2

96.494
[110]
0 Mn2- Oeg- Mnl
96.494

[110]
a (A) 5.6614(3) 5.6569
b (A) 2.8553(1) 2.8589
c( A) 5.7947(2) 5.7943
B ) 113.143(2) 113.0858

6.5 DC-magnetization study

DC magnetization measurements often present a good indicator of the sample quality and

initiate a discussion over the nature of the likely microscopic mechanisms that mediate the
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bulk system behavior. At present, the only magnetic susceptibility data for Na-Mn-O

system found in literature consists of measurements on polycrystalline samples.
6.5.1 Experiment and sample preparation

A Quantum Design Superconducting Quantum Interference Device (SQUID)
magnetometer (Quantum Design MPMS) was used to measure dc magnetic susceptibility
as a function of temperature x(T) (5< T< 300 K with 2 K step) and field dependent
magnetization for three different orientations of the single crystal flakes (mass of about 2-3
mg). Temperature dependent susceptibility was measured under zero field-cooled (ZFC)
and field-cooled (FC) conditions with the measuring field (low-field of 100 Oe and a
moderate field of 10 kOe) applied either parallel or perpendicular to b crystal axis, while
field-dependent magnetization measurements were carried out at several temperatures

below and above the observed characteristic transition temperatures.

6.5.2 Canting behavior witnessed in magnetization measurements of a-

Nap.96sMnO; single crystals

In the present study, DC susceptibility measurements were performed with the crystal
flakes oriented at three unique directions (a- b- c-) with respect to the externally applied
magnetic field (H= 100 Oe and 10 kOe; Fig. 6-21). It is worth to remind that the flat
surface of each flake is always the (-202) plane. Broadly speaking, two main features were
witnessed (Fig. 6-21), namely: a kink at Tyi~ 45 K, which is consistent with previously
reported AFM LRO in a-NaMnO, powders[41], [194] and a surprising subtle feature
around Tnpx 26 K. The first order derivative of the susceptibility, dy/dT (Fig. 6-21 a-, c-
directions inset), marks the existence of the latter for orientations where the applied field is
perpendicular to [010] direction. These findings motivated further single-crystal neutron
diffraction experiments (vide-infra) aiming to corroborate their origins.

The ZFC DC-susceptibility of the crystals shows a broad feature in the high-temperature
area (cf. 100-300 K), which is followed by a clear maximum below 45 K in all chosen
directions (Fig. 6-21). The broad maximum in the high temperature regime suggests the
built-up of low-dimensional spin-correlations which comes in agreement with the powder
measurements of x(T) and a large negative Curie-Weiss temperature, whose exact
magnitude would necessitate experiments at elevated temperatures. The similarities in the

DC-magnetization behavior between alpha powders and the single crystals will be further
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discussed in section 6.5.2. However, distinct ZFC/FC divergence around 45 K detected in
the crystals is not one of them and requires additional clarifications. This is because a
number of processes (cf. domain effects, spin-glass freezing, magnetic moment canting
etc) may give rise to thermal irreversibility between ZFC and FC x(T) protocols. The % (T)
is measured under fields of 100 Oe and 10 kOe (Fig. 6-21). At low- field, the bifurcation of
ZFC and FC data is large suggesting large magnetic anisotropy and freezing of domains in
low field. However this bifurcation is profoundly decreased with increasing the applied
magnetic field (see Fig. 6-21 b-, c- directions) which indicates a reduction of the magnetic
anisotropy in the system. This phenomenon together with the reduced susceptibility that is
observed at the highest applied field could be associated with a weak FM component that
competing interactions amongst magnetic sites may generate. The field of 1 T almost
saturated the magnetic dipoles (so the value of the susceptibility below 45 K is lower under
10 kOe than under the 100 Oe field) while the assumption of a weak FM component
requires probing by isothermal magnetization measurements, M(H). Moreover, another
characteristic observed in the high filed measurements is an upturn/ downturn in FC/ZFC
susceptibility develop below 5 K (figure 6-22). The effect seems to be more pronounced in
the (b) direction. Such a hint of a possible spin flop transition seems to be related with a
canted AFM which also allows the existence of FM component.

Left panel of figure 6-23 presents the M(H) loops at T< 60 K for the crystals addressed in
this study. Hysteretic behavior is observed for the crystal orientations (b) and (c). In the
former (H// b* and H_L [-202]) the effect is more pronounced as the temperature is lowered
below 45 K. In effect, the coercive field (H.) is increased from 0.152 kOe at 45 K to 5.15
kOe at 5 K and likewise the saturation magnetization (M) raises from 0.016 pg/ u.f. to
0.073 pp/ u.f. at the corresponding temperatures (Fig. 6-23). Nevertheless, the
magnetization seems not to reach full saturation at the maximum applied field, but has a
remnant of 0.058 uB/ u.f.. The small ferromagnetic moment observed along the b*
direction, combined with the AFM-like susceptibility observed in the ac plane are in favor
of a canted AFM state below 45 K or the response of an almost compensated
ferrimagnet.[219] Further insight on the validity of the spin canting and the suggested
general magnetic moment direction is derived from the single crystal neutron diffraction

work on this specimen (see section 6.6).
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Figure 6-21 ZFC-FC susceptibility measurements of a single crystal a-NaggsMnO, flake at three
selected orientations (a- b- c; top raw of sketches), at applied fields of 100 Oe (left panel) and 10
kOe (right panel). The insets present the 1% order derivative of the ZFC susceptibility.
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Figure 6-22 Indication of a spin-flop transition in dc-susceptibility of a-Na0.96MnO2 crystals
measured in b and c directions as shown in the inserts.

In support of the spin-canted magnetism, as a consequence of competition between double
exchange (DE; favoring FM) and superexchange (SE; supporting AFM) interactions come
the mixed-valence manganites. [46] In these, doping-induced metallic ferromagnetism has
been attributed to spin-configuration distortions imposed by DE between pairs of Mn®*
(%29 €"9) and Mn™ (t%) ions, [2] which are capable to provoke canting of the AFM ground
state even in the single impurity limit.[220] By analogy, the small Na-deficiency of the a-
Nag 9sMnO, crystals could result in subtle DE-mediated lattice distortions. These could in
turn distort the AFM spin arrangement, resulting in non-zero spontaneous magnetization at
low-temperatures, while they also implicate average crystal structure modifications,
bringing into play the aforementioned broken C-lattice centering.

Indication of a spin flop transition under the application of high magnetic field in a canted
AFM system is also met in AFM Cr,0O3 nanocrystals [221] and spin-1 system
SrNi(PO4),.[222] According to the later, for a canted AF system, the total magnetization
M below Ty can be considered as a sum of the weak ferromagnetic term “Myg” and the
linear AF term “yH”. This is expressed as follows: M=Mwg +yH, where “Mwg” arises from
canted spins and yH from AF interactions. Therefore, the weak ferromagnetic term My is
dominative at a lower applied field H and the linear AF term becomes gradually
dominative with increasing field H.
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Figure 6-23 Magnetization measurements of single crystal a-NaggsMnO, flake at three selected
orientations. M(H), hysteresis loops between applied fields of -20 kOe< H< +20 kOe. The small
decrease in the saturation magnetization in panel (f) (small red arrow) indicates the evolution of a
subtle competing process.
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Figure 6-24 Temperature evolution of the hysteresis loops’ parameters for a single crystal o-
NaggsMnO, flake. The saturation magnetization (Ms), remnant magnetization (Mg) and coercive
field (Hc) at selected orientations, b (inset, left panel) and c (inset, right panel). The small decrease
of the Mg for c orientation (bottom panel) is an indication for the development of competing
processes below 26 K.

6.5.3 Powders versus single crystals

Similar measurements on polycrystalline samples of a-NaMnO, (Fig. 6-25 h) are featured
by a broad maximum around 200 K which is characteristic of spin-correlations built-up in
low-dimensional antiferromagnets (AFM). The continuous decrease of susceptibility upon
cooling is interrupted by a small anomaly around 45 K while the drop of the susceptibility
below 40 K is a clear indication of enhanced AFM correlations and 3-D ordering. The
susceptibility behavior changes below 20 K showing a minimum plateau (Fig. 6-25 d)
which increases upon cooling. Since this increase is much slower than the one described by
the Curie law, the plateau like behavior could be attributed to intrinsic behavior of the
system[41], [203].

In Na-Mn-O crystals’ study we observe a magnetic behavior consistent to the
polycrystalline samples. The ZFC dc-susceptibility of the crystals shows a broad effect in
the high temperature area, between 100-300 K, which evolves to a clear maximum below
45 K in all chosen orientations (Fig. 6-25 (a)- (c)). Following the temperature decrease, we
also observe a minimum plateau below 20 K. Comparing the susceptibility values (same
order of magnitude- 10 emu/mol Mn) (Fig. 6-25) in the high temperature area with the
powders we can confirm the realization of high spin state for Mn[203]. The broad
maximum in the high temperature regime hints to low-dimensional antiferromagnetic

interactions and a large negative Curie-Weiss temperature. However, in order to determine
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the exact Curie-Weiss temperature measurements at higher temperatures have to be

performed.
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Figure 6-25 Susceptibility measurements of parent powders and single crystal flake in 3 selected
orientations (a), (b)& (c). (a- d) Low temperature plateau (e- h) broad bump around 200 K related
to low-dimensional AFM interactions.

6.6 Single crystal neutron diffraction

6.6.1 Experiment and sample preparation

Single-crystal neutron diffraction measurements were performed on the WISH
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diffractometer [38] operating at the second target station (TS2) of the ISIS Facility (RAL,
UK). WISH is equipped with a continues array of position sensitive *He detectors that
cover an angular range of 10° <20 < 170° providing the substantial Q-space coverage
required for single crystal experiments, while high-brilliance and resolution at low-Q offer
optimal conditions for magnetic studies. The measurements were conducted between 1.5
and 300 K and in applied field up to 8 T with an Oxford Instruments cryomagnet (nominal
upper field 13.5 T). The single crystal flake was fixed in specially designed Al-holder
which was hermitically sealed under He atmosphere in a He-circulating anaerobic glove-
box. The crystal (m= 12 mg) was aligned with the c*-direction (c*< a-b plane or c*= d,,
direction) vertically (the direction which contains the local gravity direction at that point),
allowing to collect reciprocal space intensity maps from the (hk0) scattering plane, while
the external magnetic field was applied perpendicular to the latter (i.e. along the c*-
direction).

In order to derive the one- dimensional intensity patterns, the neutron diffraction data are
getting reduced, which is the transformation of the dataset collected from the instrument
into a dataset of physical units. Data reduction together with the analysis of the neutron
scattering data has been handled out using algorithms and scripts developed within the
framework of Mandid project. [224] The observed peaks have been chosen and masked in
order to get the Intensity of the presented peaks. For the integrated intensity the

mathematical area that is defined by each reflection peak has been calculated.
6.6.2 Evaluation of Single Crystal Neutron Diffraction

When the temperature is lowered for the a-NaggsMnO; crystal, two long-range-ordered
magnetic regimes evolve in the neutron diffraction patterns, offering a way to compare the
crystal’s magnetic behavior to that probed by macroscopic magnetization. But before
discussing the particulars of the magnetic scattering, a key observation is that when the
crystal is still in the paramagnetic state (T>Ty;~ 45 K), nuclear intensity is observed at the
(010) Bragg position (Fig. 6-26). This nuclear refection is consistent with the synchrotron
X-ray diffraction findings, which pointed before the violation of the C-lattice centering and
favored a P2/m model for the average crystal structure (section 6.4). Accordingly, the
propagation vectors that have been used to index the magnetic reflections in this study are

defined with respect to the P2/m monoclinic cell.
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Figure 6-26 The red arrow and circle corroborate that the non-zero scattering at d~ 2.87 A4, while

a-Nag 9sMnQO; is still in the paramagnetic state (T> 45 K), originates from the nuclear structure; it
is indexed as 010 on the basis of the P2/m monaoclinic cell.

When the crystal was taken at temperatures below Tni~ 45 K, a clear increase in the
intensity at the (010) nuclear reflection is observed (d~ 2.857 A). This suggests the
development of scattering of magnetic nature (Fig. 6-27a) that arises from a spin
configuration with a propagation vector k;= (000). The profile shape of this reflection
(inset, Fig. 6-27a) is similar to that adopted by the nuclear peaks, thus indicates ordering of
long-range type, which complies with the development of a weak-FM moment, in
agreement with the bulk magnetization measurement findings.

Below 30 K, a diffuse scattering feature at d~ 5.02 A evolves to a Bragg peak (Fig. 6-27b)
which can be indexed with propagation vector k,= (‘2 %2 0). The shape of the associated
(2%20) reflection is broader than the regular nuclear ones, even down to 1.5 K, indicating a
finite length of the magnetic domains. It is worth noting that the broad asymmetric

scattering around the (}2'40) lattice position (Fig. 6-27c) precedes the Bragg scattering.
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Figure 6-27 Temperature evolution of the intensity of the a-NagsMnO, neutron diffraction peaks
in a limited d-spacing section (left panel) and the integrated intensity versus temperature (right
panel) for the main scattering features of magnetic origin.] (a), (d): Bragg peak at the (010) lattice
position. The intensity of the nuclear reflection is subtracted and only the magnetic contribution is
presented. (b), (e): Bragg peak at the (% % 0) lattice position. (c), (f): The broad asymmetric
scattering (diffuse) around the (Y:%0) lattice point indexed as (% 7 1). Red lines represent the fit to
the data (see text).

Careful inspection of the reciprocal space intensity maps (Fig. 6-28) uncover more on the
nature of this type of scattering, which is found to persist in a wide-range of temperatures
at T< 100 K (Fig. 6-27 f). Namely, it is sharper in the HKO plane, while it presents an

elongation along the L direction signifying a finite correlation length. The diffuse
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scattering remains centered while its “rod-like” shape of is indicative of scattering from a
two-dimensional (2D) lattice. Indeed the observation of a sharp scattering shape in the
HKO plane and the elongation in the L direction (Fig. 6-28) are in support of a longer
correlation length within the triangular Mn layer, instead of an inter-layer one. It is worth
noting that a similar diffuse signal, at the same ky= (%2 4 0) was also observed in powder
samples and was then described by a characteristic Warren type profile inferring analogous
2D order.[41] The persistence of the diffuse signal up to high temperature correlated to low
dimension interactions agrees with the susceptibility findings that indicate low

dimensionality of interactions already from high temperature.
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Figure 6-28 Reciprocal space intensity maps of a-NayosMnO, in the HKO (a, ¢) and in the ¥ KL
(b, d) lattice planes at (a, b), 35 K (c, d) and 1.5 K; x and y axes are presented in reciprocal lattice
units (r.l.u.). The 2D character of the coexisting magnetic scattering is depicted by means of the
elongation of the diffuse component along the L direction. At the base temperature (b, d), the
strong increase in intensity at the L= 0 position indicates the increase of the spin-correlation
length. The subscripts of the Miller indices at the scattering features of the maps, point to either
nuclear (n) or magnetic (m) peak contributions.

The temperature dependence of the integrated intensities for the 010 and '4'20 reflections

as well as that for the diffuse scattering around the '220 reciprocal lattice position are
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conveyed in Figure 6-27 (d-f). The simple fitting with a power-law, = [, [1 —
(T/TN)]Zﬁ, suggests a transition temperature of Ty;= 45.033(3) K and Tyy= 26.48(2) K,

for the k; and k, components, respectively, while the critical exponent assumes values of
B=0.156(2) and 0.175(3) in each case. Despite the apparent proximity of these values to
the theoretically expected p= 1/8, [225] for Ising-like interactions amongst neighboring
spins, additional experiments may be required for its verification. However, the Ising-like
behavior in an otherwise 2D spatially anisotropic Heisenberg AFM, is discussed in the
early neutron powder diffraction study of the a-NaMnO,,[41] suggesting that the system
rests in the Ising limit due to lack of reorientation of the Mn-spins in both 2D and 3D
ordered regimes. Neutron inelastic scattering on the other hand, has pointed out that either
in a-NaMnO, powders [20] or in recently grown a-NagoMnO, single crystals[202], the
subtle balance of degeneracy introduced through the lattice topology, results in the
effective lowering of the dimensionality of spin excitations and the two-dimensional
network of moments can be described by strongly coupled one-dimensional AFM spin-
chains.

However, the intensity of the diffuse scattering seems that it cannot be discussed simply as
critical scattering, as it rises somewhat linearly below 100 K and reaches saturation around
30 K. Bearing in mind that frustrated spin interactions are known to exhibit remarkable
sensitivity to small perturbations that could favor certain states among their degenerate
ground-state manifold, we resorted in the utilization of the external stimulus to shed more
light in the nature of this diffuse scattering. Diffuse incommensurate signal may shift to a
commensurate lattice position and the spin-structure may consequently re-configure in
cases where structural inhomogeneities occur. [201] Interestingly, in related low-
dimensional AFM triangular lattices, such as the LuFe;O4+5 ISing system, with coexisting
long- and short- range correlations, where the application of an external magnetic field (or
oxygen deficiency) is able to manipulate the length of the interlayer correlations. [51]
Toward this direction, magnetic-field (H_Lc*-direction) dependent single-crystal neutron
diffraction experiments were carried out, at 1.5 K (<Ty) and 50 K (>Ty). The intensity at
the (010) reflection (Fig. 6-29 a-b) increases linearly with the applied field and reaches
saturation at ~4 Tesla, as expected from the coupling of the weak-FM component with the
external field. However, neither for the AFM 2}20 Bragg reflection (Fig. 6-30 a,b) nor for
the diffuse scattering (Fig. 6-30 c,d) around this lattice point an intensity re-distribution has

been resolved at fields up to 8 Tesla.
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Figure 6-29 Magnetic-field dependence of the (010) reflection at 1 K (b) and 50 K (c) respectively.
The progressive intensity saturation at 1 K is in line with the weak-ferromagnetic character of the
ordered state.

The present experiment showed that the effect of the magnetic field on the neutron
scattering patterns arising from the AFM correlations (both Bragg peak at (Y2 2 0) and
diffuse scattering) is negligible while the FM component is enhanced. This gives us the
information of the coexistence of two types of magnetic correlations that could be realized
either as FM and AFM clusters coexisting separately in the ground state or magnetic
clusters having a canted AFM structure that allows the existence of a FM component. The
simultaneous presence of the aforementioned magnetic phases below Tn,~26 K is clearly

presented in in Figure 6-31.
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Figure 6-30 Magnetic field dependence of the scattering features at 1 K and 50 K, for (a, b) a
well-shaped sharp peak indexed at the (% % 0) lattice position in P2/m cell system and (c, d) a
diffuse scattering contribution in the vicinity of (V> %> 0) Bragg position, described as (2 72 1).
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Figure 6-31 (a) A d- spacing section of the single crystal neutron diffraction patterns as a function
of temperature. Intensity of AFM peak with propagation vector k = % % 0 (contour plot on the left)
being at least 1 order of magnitude more intense than the FM peak described by propagation
vector k; = 0 0 0 (contour plot on the right). Both contributions are indexed in P2/m monoclinic
system (b) Temperature evolution of the integrated intensity of the two different magnetic regimes
indexed in k;= 000 (FM- black spheres)) and k = % % 0 (AFM- red spheres) suggesting a
coexistence of both FM and AFM orders as temperature goes below 26 K. The existence of the
plateau of the weak FM contribution (gray spheres below 26 K) confirms that only a fraction of the
magnetic moments order AFM.

6.6.3 Possible Spin configuration

The constraints imposed by the fixed magnet geometry, utilized both for zero-field and
field-dependent measurements, restricted the out-of-plane lattice coverage and did not
allow the collection of adequate number of magnetic reflections to perform a complete
quantitative refinement of the magnetic structure. Nevertheless, thanks to the combination
of the macroscopic magnetization measurements and symmetry arguments, we can draw
some clues on the possible spin configurations giving rise to the detected scattering.

With respect to the propagation vector ki, the observation of magnetic intensity at the 010
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reflection indicates the presence of a spin component perpendicular to b- direction. This
information combined with the clear observation of a weak FM component along the b-
direction as suggested by the Dc susceptibility measurements (Fig. 6-23 b) let us conclude
that the magnetic moments are likely to lie slightly out of the ac plane of the monoclinic
cell in collation to the parent a-NaMnO, powders allowing in that way a component of the
magnetic moment along b-direction. [41] Magnetic symmetry analysis, performed with the
help of the ISODISTORT software [54], using as parent symmetry the P2/m nuclear cell,
indicates two irreducible representations (IRREPS), mI';" and mI',", which allow further
discussion on the data. The former allows only an ordering along the b-direction,
corresponding to the P2/m magnetic space group, while the latter allows an ordered
structure with the spins confined in the monoclinic ac-plane, corresponding to the P2’/m’
magnetic space group. Each one of the two aforementioned IRREPS, when considered
independently, cannot interpret both neutron and macroscopic magnetic measurements.
Indeed, the P2’/m’ magnetic space group can explain the observation of magnetic intensity
at the 010 reflection (which demands a component perpendicular to b-direction), whereas
the P2/m space group allows a FM moment along the b-direction, as observed in the

magnetization measurements (Fig. 6-23 b). For these reasons, it is necessary to take the

direct sum of the two IRREPS, namelly mI';" @mI," that results in the P-1 magnetic space

group.
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Figure 6-32 Proposed magnetic models for (a) the k;= (000) component, (b) the antiferromagnetic
ko= (% % 0) state, and (c) a likely low-temperature ferrimagnetic stripe-like structure; plus and
minus signs indicate the spin-orientation at adjacent Mn-sites, while the different colors indicate
the symmetry in-equivalent magnetic sites. For clarity only one triangular Mn-layer is shown,
assuming a ferromagnetic stacking sequence along the c-axis, for both propagation vectors. The
magnetic space group and the associated irreducible representations are also given for each spin
configuration.

Despite the lack of a complete set of reflection, it is still possible to gain some knowledge
on the relative spin-orientation of the two independent manganese sites of the P2/m nuclear

model. Calculation of the magnetic structure factor of the 010 reflection in the P-1
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magnetic symmetry shows that in order to obtain a non-zero contribution, the spins of the
two independent Mn sites need to be oriented anti-parallel to each other, at least for their x
and z components. The spin arrangement is schematically shown in Figure 6-32(a) for one
triangular layer. Since the AFM structure is composed of two symmetry independent
lattice positions and the magnetic space group allows for a FM component in all three
directions, the weak FM contribution can be ascribed to the unbalance between the two
independent sub-lattices or to a canting of the AFM structure. None of the two possibilities
can be excluded solely on the basis of the present neutron diffraction data, as both seem
consistent with the small presence of Mn** in the structure (fostering DE) due to the Na-
vacancies, as highlighted in the previous sections (6.3-4).

The second magnetic component, with propagation vector ks, is fully consistent with the
spin-ordering reported before from neutron powder diffraction data of the stoichiometric a-
NaMnO.. [41] On the grounds of a P2/m nuclear structure, the AFM spin-ordering is due
to the common action of the mC;" and mC," irreducible representations, resulting in the P-
1 magnetic symmetry. A schematic view of the relative spin arrangement is shown in
Figure 6-32(b). If we assume that the sample is magnetically homogeneous at the ground
state, the two components then belong to the same magnetically ordered phase, resulting in
a ferrimagnetic stripe-like structure which is schematically depicted in Figure 6-32(c).
However we cannot exclude the possibility that the system is magnetically inhomogeneous
and undergoes phase-separation at low temperature, but with the current neutron data and
the macroscopic physical characterization, this scenario is indistinguishable from the

former.

6.7 Magneto- electric response

The coexistence of two magnetic regimes, long-range commensurate and short-range
magnetic structures, is present at low temperatures as presented by the neutron diffraction
experiments in both o-NaMnO, powders and the grown o-NaggMnO, crystals.
Interestingly in the second, a possible emerging of canted magnetic moments when a
moderate field (1 Tesla) is directed perpendicular to the (-202) lattice plane occurs,
allowing a FM component to coexist with the aforementioned magnetic regimes down to
base temperature (1.5 K). Competing interactions, arisen in the present case from the
mixed Mn valence, between spins and their complex magnetic orders are known to

motivate spectacular cross-coupling effects that lead to improper ferroelectricity and
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multiferroicity in frustrated magnets. [76], [163] In view of that, we investigate the
possible magnetodielectric coupling in the a-Na-Mn-O system with measurements of the
dielectric constant (¢') and dielectric loss (¢"or tand) versus temperature and under various
magnetic fields.

In the early exploration of the magnetodielectric behavior of a-NaMnO, the effects on
dielectric permittivity could be observed in a limited Temperature area (not below 78-80
K). The only feature that has been observed at that time was at T= 93-97 K and was
attributed to the intergrowth of beta phase stacking sequences inside the alpha main
structure. In continuity to these findings, measurements in a wider temperature range
allowed us to display the contribution of the existence of the trade-off between the a-type
nanodomains and those of the B-type as created by the dense existence of stacking faults in
the dielectric permittivity by going down to 5 K. This fact gave the advantage of observing
for the first time a feature developed below 45 K which is the temperature of the
magnetoelastic transition to the AFM state of the bulk o-NaMnO,. Apart from that, the
improved temperature control allowed for a better repeatability of results and the detection

of artifacts caused by a non-linear temperature ramp.
6.7.1 Experiment and sample preparation

The dielectric and magnetodielectric measurements of a-NaMnO, powders and crystals
examined in this study have been held mainly in a commercial 14 T PPMS platform
located in Laboratory for Magnetic Measurements (LaMMB - Maglab) at the Helmholtz-
Zentrum Berlin which allowed temperature ramps down to 10 K. A Solatron 1260
Impedance/Gain Phase analyzer has been employed which is being used together with a
1296 A Dielectric Interface System in order to cope with ultra-low capacitance levels. The
setup had been tailored for dielectric constant measurements in a capacitor-like topology
with the sample getting in contact with the electrodes mechanically.

In the presented measurements, an AC electric stimuli of 1600 -2000 V/m was applied on
the sample under test. Changes in the applied electric stimuli didn’t show any changes to
the observed values of the dielectric permittivity in contrary to afore mentioned values
while they both lay in the same order of magnitude with small differences that could be

attributed to the use of different quality and thickness of electrodes.

For the dielectric and magnetoelectic characterization of the a-NaMnO, powders the same

pelletizing process as in the case of B-polymorph had been followed. The final pellets had
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diameter of @ 5 mm and thickness of approximately ~ 1 mm and the pelletizing conditions
have been found to be best for m=~ 89 mg, pelletized under 22 Nm for 60 min. These
conditions resulted in pellets of 85 mg. As electrodes, have been used conductive pastes
such as silver paste, carbon paste and in some cases sputtered gold. The crystal flakes have
been measured as they have been cleaved from the crystal boule. Their shape has been
roughly rectangular with dimensions 2x 2.5 mm and the thickness was measured
approximately ~ 0.15 mm.

The protocol followed for each measurement of the capacitance has been cooling the
sample under zero electric and magnetic field (ZFC) down to 10 K (or the lowest possible
temperature below a known magnetic transition point). Then, measure capacitance upon
heating with 2 K/min rate up to 220 K or above, while measurement points were taken
every 0.05 K by applying an Ac voltage across the sample during the warm up. Knowing
the dimensions of the sample the dielectric permittivity €’; (T) was calculated from the

equation (2-8)

. Ccd
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r

while the dissipation factor has been directly measured by the instrumentation in mode Cp-

D.
6.7.2 Studies on a-NaMnO, powders

The samples that have been measured here are of batches that have been synthesized 2-4
years before the DE measurement took place following all the same protocol. The xrd
patterns of the powders have been taken again before the dielectric measurements in order
to reassure the purity of the phase and the good condition of the samples.

In figure 6-33 the T-dependency of the dielectric permittivity &’ (T) is measured from 10
K to 220 K. This is the first time that dielectric measurements have been held down to 10
K allowing the observation of effects while being well in the magnetically ordered state of
the a-NaMnO, as the later has been defined by the neutron diffraction study. The protocol
that has been followed is the one described earlier starting with a ZFC down to 0 K while a
test signal level of E = 1600 V/m and f= 1 kHz is applied upon heating. The general trend
that is observed is the increase of the value of the dielectric constant ¢, (T) with the

increase of temperature as in the case of beta polymorph. The shape of the ¢’, (T) curve
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points out a weak feature in the low temperature area ~50 K which is not evident in the
Dielectric Loss curve as presented on the right axis of the graph.
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Figure 6-33 Dielectric constant (¢'y) (black symbol-left Y-axis) and dielectric loss (black thin line-
right Y-axis) of a-NaMnO, measured with a ZFC protocol at 1 kHz, applying 1600 V/m upon
heating. The inset on the &', (T) shows the weak feature observed below 50 K.

The magnitude of the measured dielectric constant is about ~7 at low temperature area for
both low and high frequencies (figure 6-34) while the magnitude near room temperature
varies depending on the frequency. This value is close to the value observed in the beta
powders (~6-7) and so the comparison with other ABO, systems has been already
presented in chapter 4. However the value of susceptibility at room temperature is lower in
the a-NaMnO, polymorph comparing to the p-NaMnO, showing a dielectric of better
quality. The proof that a-NaMnO, is a low-loss dielectric is also confirmed by the
dielectric loss giving ﬁ « 1 where o is the conductivity of the material. The dielectric
loss is expressed in nanosiemens through measuring the conductance “G” related to the

conductivity with the following equation: ¢ = G% where, | is the distance between the

two flat surfaces of the sample and A the area of the surface.
The measurements have shown a good repeatability on several runs of the same sample for

the effect in the low temperature area. The high temperature area (250-300 K) has been
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affected by humidity as absorbed by silver paste contacts and has been further commented
in chapter 2. The polymorphism that is met in the Na-Mn-O system proved to engineer the
physical properties of the final defected system in the case of B-NaMnO,. [126] The
appearance of high density areas occupied by alpha-like stacking sequences seems to drive
the dielectric behavior as proved by the detection of an effect in the temperature area (~45
K) of the AFM transition of the bulk a-NaMnO,. However, in the case of a-NaMnO;
powders, the density of the beta-like stacking sequences in the mean alpha structure was
found to be smaller compared to B-NaMnO,. We support that this is the reason that in the
alpha powders, no effect is present in the temperature area of 100 K where the
commensurate AFM transition occurs in 3-NaMnO,. In the end, in alpha powders the
feature observed below 50 K is believed to be correlated to the magnetic transition to the

commensurate AFM transition.
6.7.2.1 Effect of frequency on the dielectric permittivity

Figure 6-34 shows the £'(T) of a a-NaMnO, powder sample measured as a pellet at f= 111

Hz, 1 kHz and 20 kHz. As the frequency increases, the value of the €'(T) is expected to

1
2nfX

decrease according to the C = which is confirmed by our observations.
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Figure 6-34 Dielectric constant and dielectric loss of a-NaMnO, measured at low frequency area:
111 Hz, 1 kHz, 20 kHz. Inset shows the low temperature feature.
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Interestingly, the feature developed at 45 K seems to be slightly enhanced by the
increasing frequency. However it is more reasonable that this enhancement arises by the
continuous “runs” as the sample gets more polarized and is not dependent on the
frequency. The comparison of the bump between two different frequencies is presented in
figure 6-35. The shape and “height” of the bump don’t seem to be affected by the different
frequencies. However what is clearly observed through the first derivative is the slight shift
of the bump to higher temperatures when the frequency increases. Similar behavior has
been observed in erbium iron garnet ceramic[227] while this shift has not been further
investigated.

The frequency dispersion of the effect cannot be attributed to a conventional ferroelectric
phase transition. The magnetic long-range order established below Tn= 45 K as provided
by the magnetic studies probably gives rise to the dielectric anomaly via third-order
magnetoelectric (ME) contribution to the free energy, JF = - (6/4)P°M? (“bimagneto-
bielectric effect”, [228]). This exists under all symmetries. In Debye approximation the
induced ac permitivity follows resonant dispersion, de = Ae / (1+ i2nft ) with Ae =ggat -0
It maximizes for the relaxation time z = (2zf )™, which is probably correlated with local
homogeneous magnetic ordering due to magnetostatic restoring forces. Large values of t
are expected for large magnetic correlation lengths, hence, low temperatures. This
complies with the low temperature shift of the peak as the frequency decreases (figure 6-
35).
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Figure 6-35 Two different runs of Dielectric constant measured at 1 kHz (left panel) and 100 kHz (
right panel) with Vrms= 1600 V/m. (Top panel) Dielectric constant against temperature. (Bottom
panel) 1% derivative curves calculated from dielectric constant against temperature.
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6.7.2.2 Effect of magnetic field

The application of several magnetic fields up to 14 T seems to have only a weak effect in
the anomaly observed around 45 K. The bump seems slightly enhanced and shifted to
higher temperature. The observed behavior resembles to the behavior met in B-phase in the
same temperature range strengthening the hypothesis that both effects are correlated to the
magneto elastic transition of the a-phase.

The whole trend of the &'(T) curve is presented in figure 6-36 top panel while a close-up to

the low temperature area is presented in the bottom panel.

7.6
10.1
7.4 @
A=
-(,Qh N
25 10.013
-
7 f= 1 kHz| 1 E-
1 1 1 1 y 1 1 1 1 1 L L |E|= 16C|)OIV/rn-1E3
S0 100 150 200

Temperature [K]

30 35 40 45 50 55 60
Temperature [K]

Figure 6-36 Dielectric constant of ¢'(T) of a-NaMnO,, measured upon heating at 1 kHz under
applied magnetic fields from 0 T- 14 T. Top panel: The whole temperature range. Bottom panel:
low temperature area of the same measurement zoomed in. The measurement under zero (0 T)

magnetic field was carried out twice: first before the application of the magnetic fields, represented
with the turquoise and second in red, after the magnetic fields have been applied.
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The change of the €'(T) response under the application of magnetic field below 45 K
indicates the presence of a weak magneto-electric effect (MDE) driven by the AFM
magnetic transition of the a-NaMnO,. The relative dielectric response (Ag'(%)) has been
calculated for H= 14 T at T=35, 40, 42, 44, 45, 46, 47, 48, 50 and 55 K and is plotted in
figure 6-37 (black axis-left) for f= 1 kHz. The Ae¢’ (%) is defined as:

ag' (%) = L2228 100 4-9)

and is plotted against temperature to show the temperature dependence of the maximum
change of the dielectric constant caused by the applied field of 14 T. According to this the
MDE is about 0.05 % at 47 K which is slightly higher than the 0.033% value we got from
samples of the beta phase. However, considering the huge magnetic field of 14 T that has
been applied on the sample, the enhancement is truly weak.

The slight shift of the maximum value of the &' (T) with the applied magnetic field is
shown in the right-top axes (in red) of the figure 6-37. The general trend shows non-linear

shift towards higher temperatures.
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Figure 6-37 Left-bottom axes (black): Ade' (%) calculation against Temperature for H= 14 T
showing the maximum change in the values of dielectric constant with the application of the
external magnetic field. The MDE is of 0.05 % at 47 K. Right-top axes: shift of the critical
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temperature Ty with respect to the applied magnetic fields. Ty refers to the temperature where the
dielectric constant is maximum.

In the case of a-NaMnO,, possible second-order MDE coupling via so-called by Cardwell
magnetodielectric effect[85] of the free energy may become active. This applies to systems
with broken time-inversion due to field-induced magnetic ordering but persistent spatial
inversion symmetry. Considering the symmetry-constrained, by the -1 magnetic point

group, free energy for a-phase which can be written as:

F(E, H)zé‘ij(T)EiEj-l-,uij(T)HiHj—l-
+37ij HiE jExc+ 38 EE jHiH +. (4-9)

it is suggested that the observed feature in the dielectric constant and the magnetic field
dependence is likely to be related to the non-linear [163] quadratic and bi-quadratic terms
as has already been stated in chapter 4 (beta polymorph). Here, an enhancement of the

dielectric anomaly 8e = —g;2 (%) = yM « H is added to the as observed (Fig. 6-36).

Again, this contribution may map the density of spatial regions with dielectric relaxation
times © ~ (2xf ). Since the field-induced increase of homogenously magnetized regions
counteracts thermal disorder, the permittivity peak is shifted to higher temperatures.
Enhancement of the bump effect in the dielectric permittivity has been observed also in the
structurally similar triangular antiferromagnet a-NaFeO,. In that case though, the effect
takes place at the onset of incommensurate (ICM2) cycloidal magnetic order and is
significantly enhanced with the application of the external magnetic field while in the
ICM1 phase the absence of polarization comes in agreement with the restriction of the
centrosymmetric 2/m1’ group. [74]

On the other hand, similar to a-NaMnO, case, the “magnetocapacitance” effect has been
attribute to the non-linear coupling with dominating higher ordered terms in systems where
magnetostriction has been observed as in the cases of BiMnO3; [168] and piezoelectric
paramagnet NiSO4-6H,0O[84].
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6.7.3 Studies on a-Nag9sMnO; crystals

The magnetoelectric (MDE) coupling is determined by the structure and magnetic
symmetry of a crystal. As a consequence, small modifications might alter, eliminate or
permit MDE effect. In the case of the crystals of o-NaggsMnO, the small sodium
deficiency and the resulting mixed Mn valence reduced symmetry from C2/m to P2/m
tailoring the magnetic behavior in the low temperatures. Due to limited time we only had
the chance to perform preliminary dielectric measurements over some crystal flakes in
order to investigate possible changes in the dielectric permittivity in comparison to the
parent alpha powders. The general trend remains the same while the low temperature effect
appears at the onset of the as suggested canted AFM phase but persists till base

temperature in opposition to the stoichiometric powders.

Ei 3R —
-202] | ] —— 100 kHz |
} 20 kHz
<} |[010] 6.60F.| ]
E or b* 'éJ ‘ E
6.40} ¢ | :
i o
I ! ——20KkHz e
W20 TP RELE TS
6.00 :ENC' .
i ZFC, 2 K/min|
E =6.600 V/m
5.80 L——— —

50 100 150 200
Temperature [K]

Figure 6-38 Dielectric permittivity of the a-NaygesMnO, crystals measured parallel to [-202]
direction (schematic) at 2 different frequencies of 20 kHz (orange) and 100 kHz (red). The inset
show the 1% derivative of the dielectric permittivity measured at 20 kHz.

In figure 6-38 the dielectric permittivity is presented as measured under E= 6600 V/m ac
stimuli applied parallel to [-202] as presented in the schematic. The frequency dependence
follows the predictable trend of a decreasing permittivity value as the frequency increases,
as commented in all previous cases. No further frequency dependency of the effect is
observed while the value is at the same order of magnitude with the parent powders of

alpha. What is worth noting here is that the development of the bump coincides with the
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ZFC-FC divergence in the low field (100 Oe) measurements. A similar divergence of the
zfc and fc v(T) curves at the temperature, where the MD effect begins, was reported for
DysFes012. [229] In this work, the evidence for a MD effect below that temperature was
interpreted as the setting of the non-collinear magnetic structure.

In addition to that, the effect appears at the onset of the canted AFM regime as suggested
by the neutron single crystal study and shows a plateau down to 10 K where the AFM
order is established. Interestingly no effect is observed in higher temperatures where the
diffuse scattering takes place confirming once more that all effects on the dielectric
permittivity are correlated to magnetic long range orders.

A different batch grown on the same protocol showed an alternate behavior of the
dielectric permittivity but lack of detailed structural and magnetic characterization does not

allow safe conclusions.
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Figure 6-39 Dielectric permittivity of the a-NayesMnO, crystals measured parallel to [-202]
direction at f= 100 kHz (red). The inset show the 1% derivative of the dielectric permittivity
measured at 100 kHz.

The general trend seems to be the same along the whole temperature range but in this case
the effect is less pronounced and appears below 30 K. Talking about the same crystal this
would refer to the onset of the AFM phase. However, all amplitudes seem reduced. In this
case a chemical transformation by oxidation and transfer Mn**-> Mn** might partially

destroy the underlying spin structure and further affect the anomaly. The inevitable
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chemical inhomogeneity makes the details of the effect dependable on the volume fractions
of intergrowths and so slightly depends on sample. For further understanding this
phenomenon, systematic investigations of the defected microstructure and extensive

dielectric and electric studies are necessary.

6.8 Effects of deviation from stoichiometry- discussion

To our understanding, this single crystal neutron scattering experiment suggests that long-
range order (LRO) in a-NaggsMnO, develops below 45 K, as studies on powders have
originally suggested. This is described by a ky= (000) component, which coexists with a
diffuse scattering contribution in the (hk0) plane that precedes the LRO (Fig. 6-40).
Lowering the temperature further, a ko= (%2 % 0) related intense scattering part develops
below ~26 K, inferring simultaneous occurrence of both distinct LRO orders with the (hkO0)
rod-like diffuse scattering, which remains strong all the way down to the base-temperature,
with no change in relative intensity ratios of all three components down to 1.5 K. The
outcomes of the study indicate that the relief of frustration by means of spin-order in the
triangular topology of these manganites is a complicated process where additional
interactions may be of relevance. This is especially important in view of the sensitivity of
the materials’ degenerate ground state to all kinds of perturbations.[202], [230]

In the general case, with structural disorder being absent, a magnetically-driven structural
phase transition is established when the energy gain in the spin system outweighs the cost
in the elastic energy. However, when disorder-induced exchange randomness comes into
play, fluctuations in nearest-neighbour interactions are anticipated to control the disorder-
averaged ground-state energy.[231] Theory predicts that additional interactions measured
by the magnitude of the quenched disorder (cf. vacancies, Mn®**:Mn**, Jahn-Teller favored
crystallographic twinnings etc) may allow a frustrated system to enter a LRO Néel state
either by lowering its lattice symmetry or even by avoiding to do so.[232] Such a
complexity, with analogies to the observations in a-Nag9sMnO,, is met in the isostructural
Cu(Mn1xCuy)O, system. In the latter, variable Cu-doping requires creation of Mn*" ions
for charge neutrality, as Na-vacancies in the former would create similar impurity-state
ions. As such, the lattice strain induced by the associated structural defects in Cu(Mn;.
xCUyx)O; disturbs the balance of competing interactions, allowing FM interlayer coupling in
an otherwise antiferromagnetically ordered system.[213] Moreover, as the Mn magnetic

lattice gets randomly diluted by Cu®*/Mn** ions, the emerging magnetic scattering at
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intermediate doping (3% Cu) is indexed by two propagation vectors. [233] When Cu
doping is raised to 7%, the anticipated structural phase transition that relieves frustration in
the parent CuMnO; is no more developed, but the competition between short-range
(diffuse) and 3D long-range (Bragg) orderings, with the latter being addressed by a single
propagation vector, is observed down to the base temperature.
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Figure 6-40 The thermal evolution of the magnetic scattering at d~ 5.05 A; the diffuse component
precedes the growth of the Bragg contribution at the (V> /> 0) commensurate lattice position.

We should also note that in both works of Garlea et al. and Dally et al. substoichiometry is
a key in the lowering of dimensionality of the magnetic lattice. Inelastic neutron
experiments in the case of the recent a-Nay sMnO; single crystal study[234], assign single-
ion anisotropy, favored by a disordered ground regime, responsible for fluctuation effects
that lead to a long-lived amplitude mode. In the case of a-Nag9MnO; crystals, intergrowth
defects of beta seem to be avoided[136] but still high density twinnings are considered as
different spin domains that attribute to create a coherent model. However, it is admitted
that cation vacancies and mixed Mn valence together with twin-defects could create
random magnetic impurities in the lattice which in cases of Cu.xMniO, [42], [213],
[233] or a-Na;xMnO, [176], [182], [192], [207] has been proved to disturb the magnetic
lattice.

Therefore in the limit of weak disorder, in which exchange randomness acts as a
perturbation, ground state instability may be generated. However, in AxMn1,O, (A= Na,
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Cu), additional interactions, such as the evolution of the Mn** Jahn-Teller distortion, may
compete with the effective couplings and lead the distorted ground state to a particular
nature (cf. AFM, FM etc). In view of this, a theoretical work[207] has investigated how the
Jahn-Teller distortion in NayMnO, system is modified upon hole doping (x>0). As Zener
explained,[235], [236] holes’ hopping between Mn eq-orbitals gives rise to FM coupling
between local spins due to the DE interaction. With this argument in hand, Ouyang et
al.[207] has pointed out that for very small doping concentration n, cosd (where, 6 is the
canting angle between local spins along the z-axis and 26 is the angle between two
neighboring spins) increases linearly with the doping level (Fig. 6-41). The outcome is that
manganese spins in NaxMnO; can transform from a canted striped AFM state to a FM
long-range ordered one. Such an electron-complexity, in an otherwise chemically
homogeneous system, has been suggested earlier by de Gennes, for compounds with
mixed-valency, as a consequence of carriers which are responsible for DE as well.[196] In
his theory electrons (or holes) would give rise to a distorted ground state spin arrangement,
but when they fall into bound states (cf. impurity ions of opposite charge) may give rise to
local in-homogeneities in the spin-distortion that relay diffuse magnetic peaks in the
neutron diffraction patterns. Our experimental observations in a-NaggsMnO, crystals
confirm a weak FM contribution that could be due to small canting of AFM moments, and
a diffuse scattering component which may infer bound states, without being able to waive
out microscopic spatial in-homogeneities.

The existence of the diffuse scattering well above the first transition temperature (Tn1=45
K and the diffuse starts developing below 90 K) is met also in TbMnO3z multiferroic. In
that case it is attributed to fluctuations of both Mn and Tb contributions that could be
observed in an ordered SPW phase. [237] The diffuse is said to arise out of strong
magnetic frustration in the ab plane between competing FM nearest neighbor and AFM

next nearest neighbor interactions.
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Mn1 0 ﬁ 0
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Figure 6-41 Schematic of Mn-spin canting (ab-plane view), a possibility due to non-negligible
hole-concentration (n) in the off-stoichiometric a-Na,MnO, (n~ 1-x). According to Ouyang et al
[207]a weak ferromagnetic component is expected to develop along the b-axis of the monoclinic
cell.

@ ¢ @

6.9 Summary and Conclusions

Large volume single crystals of a-NaxMnO, (x= 0.96) grown by the floating zone method
have been employed to examine the magnetic properties of the system for the first time.
The crystals possess a monoclinic P2/m structure with a= 5.6579 (4) A, b= 2.8574 (4) A,
c=5.7931 (4) A and B= 113.0719 (3) deg. A well-established long range antiferromagnetic
order vanishes rapidly above 26 K, while a coexistent canted antiferromagnetic state
persists up to 45 K. That appears as double feature in magnetic susceptibility
measurements that is obvious only when the magnetic field is perpendicular to the growth
direction [010] of the crystal. In high temperature area, low-dimensional, short-range
correlations are inferred by the broad maximum in the susceptibility data. Magnetic
scattering in the (hkO), plane, from single-crystal neutron diffraction data, allows us to see
the two distinct magnetic regimes arise as Bragg peaks indexed with the k;=(0 0 0)
propagation vector, which appears below Tc= 45 K and the ko=(" %2 0) that evolves below
Tn= 26 K. Critical behavior for both describes a two dimensional Ising system. A diffuse
scattering in the vicinity of the Y2740 Bragg peak confirms the short range interactions that
coexist with the aforementioned long range ordered magnetic states, persist up to almost
100 K.

It is presented that the substitution of Mn*" in Mn®" positions due to Na volatility in a-
NaggsMnO, crystals, confirmed by the XPS and EDS analysis, is at the basis of the
observed magnetic properties. Competing FM (Mn**-Mn*") and AFM (Mn**-Mn*)
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interactions may be the root of the anisotropic magnetic properties witnessed, having a
weak-FM contribution observed for the first time.

The chemical transformation by oxidation of manganese Mn**— Mn** that is met in o-
Nay 9sMnO; single crystals seems to alternate the underlying spin structure in comparison
to the parent a-NaMnO, powders. This has an impact on the dielectric behavior of the
system regulating the shape and temperature range of the effect. However in both cases
effects in the dielectric permittivity suggest the onset of the commensurate magnetic long
range order (T~ 45 K) which in the case of the powders allows a magnetocapacitance
effect of 0.05 %. Since symmetry restrictions don’t permit the onset of any polarization the
magneto-dielectric behavior is attributed to non-linear terms of the free energy.

The ways in which the Mn cations map out on a corrugated 2D triangular lattice, is still an
open theme as studies on the evolution of the average structure and magnetism are scarce.
Further understanding of the mechanisms that dictate if frustrated interactions are relieved
and magnetic order is established will help us to resolve whether other coupled electron

degrees of freedom are likely to be generated in this family of oxides.
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Chapter Seven:

Wake & Perspectives

Simultaneously active electron degrees of freedom and their unfolding under restrictions
imposed by the underlying crystal lattice has been the root of complexity met in transition
metal oxides.  Furthermore, competing interactions that arise from compositional
modulations pertaining to magnetic frustration seem to set the ground for emergence of
coexisting magnetic and ferroelectric order that can be mutually coupled arousing
technological interest. Engineering the materials’ structure in order to accommodate
unusual neighbor interactions gives rise to the highly desired era of ‘materials by design’.
[64] Fostered by the better understanding of the chemistry/structure/property relationships
it leads the way to technological innovations while motivating further fundamental
research.

The present study wished to be a part of this progress by providing a further insight of the
underline mechanisms that dictate why frustrated interactions are relieved in favor of
establishment of long range magnetic order and how magnetic and electric degrees of
freedom may be coupled. Layered rock-salt-type of oxides (AMnO,, A= Na, Cu) are
appealing in this respect, as they provide a paradigm where polymorphism and triangular
lattice topology have profound implications on their spin-dependent properties. The 2D
triangular Na-Mn-O system apart from the Mn triangular topology imposing magnetic
frustration offers also a great playground as far as competing interactions are concerned.

This happens due to structural inhomogeneities created by local intergrowth of the alpha
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and beta phases into each other while the Jahn-Teller distortion of Mn®*" is smoothened out
by the existence of Mn*" as an attempt for chemical counterbalance to Na* vacancies
resulting from different synthetic routes. Na-Mn-O oxides have been revisited in the form
of polycrystalline samples and for the first time as large single crystals allowing the study
of the anisotropy in magnetic properties and offering the opportunity to employ techniques
that require large surfaces and volumes such as neutron scattering.

A summary of the findings and conclusions will be summarized below setting some
perspectives and suggested future work as initiated by the present study.

Synthesis protocols and processes for all a-NaMnO,, B-NaMnO, powders and single
crystals of a-NagesMnO, and a-Nag7MnO, (h-NMO) grown with the Floating zone
technique in Ar and O, respectively have been detailed in chapter 3. Different quenching
approaches and crystal growth conditions have been explored. The result in polycrystalline
specimens has been a pure main phase of the stoichiometric alpha or beta with most of the
times secondary phases of the sister polymorph and /or the (-Nap7MnO,. The first
successful attempts of the crystal growth could work as a starting base for exploring the
conditions for a successful growth of a single crystal of the beta polymorph though it
proved to be extra challenging.

In chapter 4 the highly defected nuclear structure of p-NaMnO, polymorph has been
explored in detail through neutron powder diffraction. The intergrowth of alpha- areas into
the mean beta structure has been confirmed and further modeled as one phase employing
superspace formalism. The flexibility of f-NaMnQO; to alternate its lattice topology is at the
basis of chemical and physical properties underlining the role of the energetically
degenerated o- and B- layer stacking sequences. A non-collinear spin arrangement has been
found to develop as a perturbation in the boundary of the a- and B- like stacking sequences
setting a cooperative proper-screw magnetic state below T,=95 K while a second collinear
commensurate AFM state sets at T;= 200 K. The lattice topology of the Jahn Teller Mn**
ions drives the original 3D spin correlations (T< Tn1) to become 2D in character. Inelastic
neutron scattering and Na NMR provide evidence that a spin-gap (A= 5 meV) opens in
the excitation spectra, supporting the 2D nature of the magnetic interactions at T< Typ. The
structural complexity of beta actually sets a new picture over the dielectric permittivity
studies which have been done extensively in powder samples both as synthesized and extra
annealed. In the as synthesized samples effects in dielectric permittivity have been

observed in the setting of the commensurate ordered state (T;= 200 K) and the set of
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commensurate state of alpha (Tn= 45 K). Although weak, the magnetoelectric coupling of
about 0.033% is believed to be connected to the relief of frustration of the alpha domains.
The fact that in the annealed samples there is an extra effect in the setting of the proper
screw magnetic state, promote the thinking of the phenomeno being connected to the
domain-wall like phenomena. Origin of the weak magnetocapacitance has been attributed
to the high order terms of the free energy formula and should be further explored in the
context of domain walls. Since the superspace point group maintains the inversion
symmetry no polarization is expected. Nevertheless, pursuing measurements of
polarization would shed some light in the mechanism of this weak coupling.

h-NMO crystals have been grown for the first time with the floating zone technique and in
chapter 5 a study over their structure and chemically related physical properties is
discussed. The crystal structure has been solved confirming a P2 type described by
hexagonal P6s/mmc cell with no distortion of the MnOg environment. In line with this is
the average Mn valence of +3.62 which is closer to 4. Dc susceptibility measurements
show a complex set of transitions hinting for a reentrant spin glass state emerging at low
temperatures. The glassy ground state agrees with the observations for a canonical spin
glass state in the a-Nag7;MnO, powders. However, further investigation to detangle the
glassy behavior observed in the Nag7MnO; crystals could be initiated. For instance, ac-
susceptibility measurements could be employed in order to explore the relaxation effects in
spin glasses which together with thermoremanent magnetization are signature
measurements for the determination of a spin glass phase and would offer a useful insight.
In addition to that, neutron scattering would clarify the picture of the temperature evolution
of magnetism in a-Nap;MnO,. The presence of a diffuse scattering or the existence of
sharp Bragg peaks indicating an ordered state would definitely add to the understanding of
the distorted ground state of Nag;MnO,. Along with that, the effect observed for the first
time on the dielectric permittivity seems to originate from the competing magnetic
interactions since it develops at the setting of the so-called ‘spin glass order’. Further
exploration of the dielectric and magneto dielectric response taking advantage the single
crystal anisotropy as triggered by this preliminary dielectric study, would allow to better
understand the role of competing interactions and their performance in relation to the
glassy ground state.

In chapter 6 the growth of a-NayMnO, (x= 0.96) single crystals by the floating zone
method allowed us to see a different evolution of the magnetic system in comparison to the
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alpha powders. The a-NaggsMnO, crystallizes in P2/m monoclinic cell allowing the
existence of two independent Mn sites. The small percentage of Mn** seems to play a role
in the behavior of the system initiating FM-AFM competing interactions being the root of
anisotropic magnetic properties. Single-crystal neutron diffraction data, allows us to see
the two distinct magnetic regimes arise as Bragg peaks indexed with the ki;=(0 0 0)
propagation vector, which appears below Tc= 45 K and the ky=('% 4 0) that evolves below
Tn= 26 K. Critical behavior for both describes a two dimensional Ising system. A diffuse
scattering in the vicinity of the ’2)%20 Bragg peak confirms the short range interactions that
coexist with the aforementioned long range ordered magnetic states, persist up to almost
100 K.

The chemical transformation by oxidation of manganese Mn**-> Mn*" that is met in o-
Nag 9sMnO, single crystals seems to alternate the underlying spin structure in comparison
to the parent a-NaMnO, powders. This has an impact on the dielectric behavior of the
system regulating the shape and temperature range of the effect. However, in both cases
(crystals and powders) effects in the dielectric permittivity suggest the onset of the
commensurate magnetic long range order (T~ 45 K) which in the case of the powders
allows a magnetocapacitance effect of 0.05 %. Origin of the weak magnetocapacitance
should be further explored in the context of domain walls due to the inherent structural
polymorphism of the system especially in the powders samples. A way to quantify the
number of defects in the powders and in the grown crystals could be by **Na NMR.
Knowing the percentage of the structure faults would allow the safer conclusions as far as
the origin of the magneto electric coupling is concerned.

In the same context, pursuit of more detailed and well organized experimental
dielectric/magnetodielectric sequences taking advantage of the anisotropic properties of the
grown single crystals would allow precise comparison with the powders and further
commenting on the possible anisotropy. For this preliminary measurements on the crystals,
electric field has been applied only perpendicular to the flat surface which has been the (-
202) plan for a-NaMnO, crystals and ab plane for a-Nayg;MnO,. Application of the
magnetic field in parallel and perpendicular to the electric field (and so the flat surfaces)
would allow the realization of an anisotropy in the observed effects.

The work presented in this thesis has furthered the existing knowledge on the structure,
magnetic, dielectric and dynamical properties of the NayMnO; (0.7<x<1) system offering

an insight on the structure imposed spin arrangements and the setting of ordered distorted
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ground states. However, time limitations have not allowed us to respond to all questions
arose so it is still worth to be further pursuit.

Polarization measurements or Pyro current hasn’t been performed in the systems under
study since this kind of measurement needs a standardization in order to have repeatable
and trustworthy results. This would demand testing of the station using with a material that
exhibits known polarization and working towards the way of fixing a safe measurement
process. [238], [239] The proof of the existence of a ferroelectric or polar order would
allow safer conclusions towards the emergence of magnetoelectric effect in the studied
systems.

Proposed theories of magnetoelectricity are not only addressing the field of multiferroics,
but are also widely applicable to the broader field of correlated electronic systems. [238],
[239] In this sense, the development of magnetoelectric theories is one of the core physical
topics of focus within Condensed Matter Physics in recent times. Certainly additional
efforts are much needed to further push forward the physical understanding of this subject

and be closer to real applications of these fascinating multiferroic materials.
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INTRODUCTION -EQUIPMENT

The Home-made Magnetodielectric Station of Functional Nanocrystals Laboratory is
installed and programmed to be run remotely and sequentially using a LABview designed
interface through which the user can preview and control most of the parameters.

Magnet’s
temperature monitor e ‘ 4 ‘ Magnet’s 4Q
Magnet’s Power — Power Supply
Supply Programmer W e
\ \ E = : ‘
PC-LABview T | Control &

Probing
Instrumentation

Continuous F|OV\,! -
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?
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> Ir :?

U | pump

{ “ v Ae'N
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Analog Flow \
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_ | Turbo Pump
controller

— Rotary vacuum
~ pump

Figure 8-1 Magneto- electric Station of B0O09

INSTRUMENTATION & PHYSICAL MEASUREMENTS

The system uses a continuous flow cryostat by Janis, which is placed in the center of 7
Tesla cryogen-free superconducting solenoid magnet allowing probing evolution of

physical properties under specified temperature and applied magnetic field conditions. It is
also equipped with electronic Instrumentation capable to probe temperature and frequency
dependent phenomena with externally applied magnetic or electric stimuli and measure
physical quantities like Capacitance and Dielectric Loss, Voltage, Electric DC Current and

Impedance. The main Instrumentation is presented below:
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7-TESLA CRYOGEN-FREE SUPERCONDUCTING SOLENOID MAGNET

The 7 Tesla cryogen-free superconducting solenoid Magnet is designed and manufactured

for Dr. Alexandros Lappas at the Foundation for Research and Technology — Hellas by

American Magnetics. The magnet system is cooled by a Cryomech pulse tube cryocooler,

Model PT410 with remote motor, and Model CP2800 water cooled compressor providing

1 watt of cooling power at 4.2K. The magnet is controlled by an AMI Model 430

programmer and Model 4Q05100 bi-polar power supply and has a persistent switch heater

installed with the ability to isolate the magnetic field in the coils and ensure stability of the
magnetic field applied during a long lasting experiment with the main magnet leads
discharged. Temperature monitoring of the magnet system is obtained using LakeShore
Cernox and platinum resistor temperature sensors, and a LakeShore Model 218

temperature monitor.

CONTINUOUS FLOW CRYOSTAT & FLOW
CONTROLLER

The system uses a continuous flow cryostat by
Janis, which is placed in the center of the

magnet coils allowing probing properties under

specified temperature and applied magnetic
field conditions at the same time. The
continuous flow cryostat is used in order to cool
down to cryogenic temperatures (Liquid N
down to 77 K). The flow of gas into the
Cryostat is maintained with the support of a

diaphragm pump which is connected to the

output of the cryostat and creates negative
pressure. The gas is transferred into the cryostat figure 8-2 Superconducting magnet (7-
with a cryogenic transfer line which s Tesid)and continuous flow Cryostat

connected with a control system so that nitrogen (N2) gas is transferred in a controlled way
from a Dewar of Liquid N,. On the top of the N, line there is a gear unit motor which is

controlled through a parallel port from a desktop computer and is able to open/ close the
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needle valve of the line and control the flow of nitrogen (N,) gas which is inserted in the

cryostat.

MAGNETIC FIELD CONTROLLER AND POWER SUPPLY

The AMI Model 430 Power Supply Programmer is a sophisticated digital power supply

controller which controls and programs the externally connected 4-quadrant, bipolar,

programmable, voltage and current stabilized d-c Power Supply 4Q06125PS (Figure 3- top

left corner). The 430 Programmer allows an operator to control the current through the
Persistent Switch Heater which is installed in this superconducting magnet system
allowing to “trap” the magnetic field in the coils without having the main leads charged
during a long duration experiment where a stable dc magnetic field is required as a stimuli.
At the same time it “reads” the Voltage developed on the magnet leads ensuring electric

current stabilization and as a consequence, stabilization of the magnetic field on the coils.

e —

Figure 8-3 Instrumentation used to probe physical properties and control external stimuli
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TEMPERATURE CONTROLLERS

The Lab is equipped with a variety of temperature controllers (Figure 8-3 bottom left
corner) occupied for sensing or controlling temperature. In this Station the Lakeshore 218

temperature controller is occupied with monitoring the temperature in different stages of

the magnet installation in order to check normal state of operation. The main temperature
control of the sample environment, both Janis Cryostat and the sample space, is in the
hands of Lakeshore 332 temperature controller in which channel A is connected with the
Cryostat heater of 40 Ohm and CX-1050-SD Cernox #X235263 and channel B is
connected with the heater (20 Ohm) placed on the sample holder stick and CX-1050-CU

Cernox #X94732. The complete temperature control is managed with the support of the

controlled flow of the cryogenic liquid/gas into the cryostat by a gear unit motor,
controlled through a parallel port from a desktop computer and able to open/ close the
needle valve of the flexible transfer line of the cryogenic through a LABview interface

which will be further described in the guide.

CAPACITANCE BRIDGE AND LCR METERS

Impedance analyzers and LCR meters are used to measure the sample’s properties at low
frequencies (up to MHz). The sample is stimulated with an AC source and the actual
voltage across the sample is monitored. Material test parameters are derived by knowing
the dimensions of the sample and by measuring its capacitance and dissipation factor. The
main instrument employed for probing Capacitance or Impedance is precision LCR meter
E4980 of Agilent with a frequency range of 20 Hz- 2 MHz (or the oldest model of 4284A).
Depending on the sample a 4-probe or a 2-probe connection can be established and a

standard correction can be used depending on the length of the wires used. For the lower

frequency range (50 Hz- 20 k Hz) an AH 2700 ultra-precision capacitance bridge is used

(Figure 3- right column).

ELECTROMETERS, NANOVOLTOMETERS AND CURRENT SOURCES

For electric measurements the Keithley electrometers 6517A/ 6517B Electrometer/High
Resistance Meter are used as the worldwide research laboratory standard for sensitive
measurements providing reliable measurements of current levels down to 10 aA (10 x10-

18A,) charge levels down to 1 fC, and the highest resistance measurements available up to
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1018 Q. The 6517B also is capable of measuring the largest voltage range - up to 200V -
with an input impedance exceeding 200 TQ. However, probing the afore mentioned values
is highly dependent on the circuitry used to the sample, the quality of the contacts
especially when these measurements are happening in a wide range of temperature inside a

cryostat. Keithley 6221 AC & DC current source is also available and integrated into the

sequential user interface together with the Keithley 2182A ideally combined for

applications like Hall measurements, resistance measurements using delta mode, pulsed

measurements, and differential conductance measurements.

PREPARE THE MD STATION
SUPERCONDUCTING MAGNET- 7 TESLA

Before energizing the Power Supply 4Q06125PS in order to charge the magnet we first
need to ensure that the magnets’ jacket vacuum is at least at the lowest range of 10™ mbar.
The Magnet’s Vacuum should be checked at Room Temperature.

a) If the vacuum is lower than 10 mbar then you need to pump the magnet’ while at RT.

b) If the Vacuum is at the lowest range of 10 mbar then you may switch on the
compressor. Switch on the Compressor by:

1) Switch on the “Main Breaker” ii) Switch on the Power iii) Press the button “Compressor
On”. Write down on the log book the Hrs of operation, the Low and High Pressure. Check
the H,O flow and the H,0 Temperature and write that down on the log book. iv) Switch on
Lakeshore 218 (the temperature Controller above the AMI1430 programmer) and note down
the initial temperatures at the Compressor’s Log book. v) Wait 14-15 hrs so that the
temperatures will reach down close to the recommended ones: T1=45K, T2=33K,
T5=4.5K, T6=5K, T7=4K.

CRYOSTAT:

Check the “Janis Cryostat STPV NMR” Cryostat’s Jacket Vacuum. It is recommended to
have it in the range of 10”. If the vacuum is lower than this range, pump it overnight
before you run the experiment. Recommended to pump @ RT.

TRANSFER LINE:

Check the vacuum of the transfer line, a vacuum at the range of 10*-107 is acceptable.

Vi
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ELECTRONIC INSTRUMENTATION:

It is advised to have switched on the instruments (LCR bridge, Lakeshore Temperature
Controller332 (or340), AMI430 and the 4Q power supply) at least one hour before you
start the experiment on.

' It is highly recommended to check the magnet’s vacuum at least every two months. In
case of low vacuum, pump up only at RT. In case of any mal function of the magnet

contact: Alexandros Lappas and the American Magnetics technicians

SAMPLE PREPARATION & PREPARATION OF THE MD- STICK

SAMPLE PREPARATION
CAPACITOR TOPOLOGY

In case of Impedance or Capacitance measurements on either a single crystal or a
polycrystalline sample (in a pellet form), you need to make two contacts on two flat
parallel surfaces of your sample. The sample is going to be measured like a capacitor.

3. In case you are measuring a polycrystalline
sample make a firm pellet. Make sure you have
prepared/ cut your pellet (or crystal) with two
parallel surfaces. They should be even and
smooth so that a good contact with the conductive
terminals can be ensured.

4. It is essential in order to calculate the dielectric
permittivity to know the dimensions of your
sample. Measure the thickness of the sample
before putting any conductive paint on it. In case 9ureé 8-4 “Sample holder2” Flat

. L carrier. The pellet is mounted with
you use some conductive paint it is recommended grease on the sapphire substrate.
to measure the conductive area and keep the same Silver paste is used on a BaTiOs
conductive area in both sides. pellet. Copper wires are attached with

5. It is recommended to appl_y a conductive paint on faﬁﬁéﬁ Ognthfh:aﬁféie"i Sgirnfgcz‘; "tﬁz
the surfaces that are going to be used as the gample carrier.
capacitor plates. In the lab there are available
Silver” and Carbon paints but in special cases one can also deposit Gold using the Gold
evaporator available in the Lab.

6. “Sample holderl- Capacitor topology” (Fig. 8-6g): In the case you use “Sample
holder1” you need no wires attached to your sample. Depending on the nature of the

i = vii
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sample you may use a conductive paint on the 2 flat parallel surfaces or keep them as
they are if they are even and smooth.

7. “Sample holder2- Flat multi pin carrier” (Fig. 8-6h): In this case, after your sample’s
surfaces are covered with a conductive paint you may attach copper or gold wire on
one of the surfaces while the paint is still “wet” and let it dry before you do the same
on the opposite surface. It should look like figure 8-4 (2 wires on each surface) or 8-6f,
I.

8. To keep the sample mechanically stable in the case of the “Sample holder2” you may
use some vacuum grease in order to keep it still on the sapphire plate while soldering
the wires on Ni pins of the sample carrier. This is optional though and if you do so it is
hard to remove and reuse the sample again.

9. You are prompted to check for any short between the two surfaces after the contacts
are dried by measuring the resistance on the other edge of the wires (or the pins) with a
multimeter.

2 Check the conductivity of the silver paste. If it is not thin enough then use the silver paste
solvent which is placed at the plastic drawers in lab BO09. The silver paste is stored in the
refrigerator of the lab BOO1 (and should be kept in the refrigerator! Take a small quantity

in a vial for your own use)

STANDARD 4-PROBE TOPOLOGY

For resistivity measurements of metals or

Resistivity M. t . .
esistivity Measurements semiconductors (low resistivity) the pellet

1) Simple 4 probe technique (bar shape sample) should be cut as a rectangular bar/plate and

/ the single crystal should be chosen
accordingly. You need a 4-point contact
P topology as the one depicted in Figure 8-5

\
usually done with Silver paint for both

oo R Wt cases of polycrystalline samples and single
1

crystals. In the case of a pellet in a pressed

Figure 8-5 Standard 4-point topology for low disc form, the Van der Paw method is

resistivity measurements. , )
suggested for contacts’ preparation.

Vili
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SHORT DESCRIPTION OF THE MD PROBE

The MD probe used in this set up is suitable for measuring dielectric properties
(Capacitance or Impedance) and Pyroelectric current of non-conductive materials in both
polycrystalline and single crystal forms. Two different sample holders/carriers are
designed in such way so that they can be detachable from the main stick and can be
prepared inside an atmosphere controlled Glove box. That makes the construction also
suitable for air-sensitive samples (Fig. 8-6b). This probe is designed to be used in
temperature range 2-325 K and is suitable for magnetic field up to 7 Tesla.

In order to accomplish an independent probing and control of the temperature on the
sample environment we follow a dual- loop control which requires the installation of a
heater and a temperature sensor on the probe apart from the ones installed inside the
cryostat. The temperature sensor in the sample area is a Lakeshore CX1050-CU. The
heater is a resistance of 20 Ohms constructed by Lakeshore MW-30 wire wrapped around
the brass neck of the holder base (Fig.8-6e black part on the top). The electrical isolation
from the brass base is succeeded with the use of the thinnest rolling paper and varnish so
that there is also good temperature conductivity between the heater and the brass part. The
heater is electrically isolated with a top coat of STYCAST.

The wiring allows 2-probe and 4-probe measurements depending on the physical property
that is probed. The cables from the BNC connectors to the sample holder base are
Lakeshore CC-C cables (solid copper center conductor drain wire and aluminized/
polyester shield) since low conductor resistance is prime consideration for measuring low
signals. We used the 4-Terminal-Points configuration since our main probing Instrument
(LCR-Agilent) which provides 4 terminals (Vy, Vi, lu, 1) suggests a better probing
precision in a wide range of Impedance in this configuration (Fig. 6¢, d). We also use a
floating GND. All 4 wires’ shields are connected together on a noise shield (copper plate)
which is close to the sample (or DUT) at the back side of the lower carrier socket in order
to limit the stray capacitance that develops among the 4 leads (Fig. 6e). For further details
on this you may want to check Mr Mouratis’ Master thesis or Ms Aza PhD thesis.

The main part of the stick is chosen to be carbon fiber of diameter= 6.4 mm and its length
from the bottom of the Teflon flange to the sample space calculated to bring the sample

space exactly to the vertical center of the magnet coils (adjustable height from 691-716
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mm) (Fig. 6a) where the magnetic field is homogeneous over a certain diameter of

spherical volume (DSV) which in our case is 1 cm.

Do not interconnect the outer
shielding conductors of the cables
. 8t UNKNOWN terminals side

_Connect here

Figure 8-6 (a) MD fiber stick, (b) lower carrier socket on brass frame and 2 detachable sample
holders/carriers, (c) 4 wires come down to lower carrier socket from isolated Teflon flange, (d)
4TP wiring sketch, (e) GND according to 4TP and noise shield in the lower carrier socket, (f)
sample wired with 4TP as a capacitor, (g) “Sample holderl — capacitor topology”, no wires on
sample, (h) “Sample holder2- Flat multi pin carrier 2 or 4 probe wire connections to the sample,
(i) sample connected as a capacitor using paste (sketch of (f)).

MOUNTING SAMPLE
POLYCRYSTALLINE PELLET

If your sample is polycrystalline powder pressed in a pellet the orientation of the applied
magnetic field should not affect the probing properties. So it is advised that you use the
vertical orientation (flat surface of the lower carrier socket - to H field) during the
measurement so that you do not need to mechanically stabilize your sample (Fig. 7b). You
may choose between the two sample carriers/holders depending on how fragile your pellet

Is or how important is a fast mounting.
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SINGLE CRYSTAL

In the case of a single crystal one should take into consideration the proper orientation of
mounting the sample itself
on the carrier and the
orientation of the carrier
since the lower carrier socket
can be oriented either
parallel or vertical to the

applied Magnetic field. The
orientation of the electric
field depends on the
experiment and the way you

are going to choose your
Figure 8-7 (a) Parallel to H field orientation of the sample
carrier- Sample Holder2 (b) Vertical to field orientation of the
under study. sample carrier- Sample Holderl

contact areas on the sample

= After connecting and stabilizing the sample on the carrier one should check continuity
between the lower socket connector and the BNC sockets at the top-hat flange. In the
case of the 4TP topology mentioned earlier, V* & I and V" & I are shorted in pairs on
the sample carrier as depicted in figure 6f and only two wires (+, -) are attached on the
2 opposite surfaces of the sample.

= Mount the sample carrier on the lower carrier socket
on the Brass base of the MD probe. To do this the
lower carrier socket should be rotated as in Figure 7a.
You can do this by loosening the side screws on the
brass base. After mounting the sample carrier on the
lower carrier socket you choose the final orientation of
your socket.

= Open the top hat of the cryostat and place carefully the
MD probe inside. ATTENTION! The cryostat should
be at room temperature before openning the top hat (or
at least above 285 K)!!

= Connect all four BNCs that come from the LCR
bridge accorcing to the labeled BNC sockets on the
teflon Flange of the probe. Connect the LEMO
connector that connects Lakeshore 332 with the
temperature sensor and Heater on the sample holder to
continue with temperature control.

Figure 8-8 Dewar and transfer
line of cryogenic liquid (N,)
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= In case our samples are air-sensitive we should have already done the process
described in Section 4 for the temperature stabilization and initiallization of the flow
control so that there is the appropriate Gas atmosphere inside the cryostat. In such a
case before inserting the probe in the cryostat we need to press the “Auto Control”
button in order to stop the Auto Control procedure on the
“Contol_Dewar Valve ver2.vi” and switch off the diaphragm pump temporarily. After
the pressure of the system comes back to normal (The indication on the analog Gas
flow controller should be back to 0) then we may open the cryostat’s top hat and insert
the MD probe with the sample mounted. We switch back on the pump to ensure the gas
flow and press again “Auto Control” button to set temperature back to our chosen Set
point.

INITIATE AN EXPERIMENT WITH TEMPERATURE CONTROL

Before starting any experimental sequence or any solo experiment even before stabilizing
the temperature, it is highly recommended to open the “Sequence Controller ver2.vi”. By
opening it, all the necessary instrument libraries for all available experiments are loaded. If
the afore mentioned .vi is not opened, each time a new .vi is opened, it will force all the
necessary for the experiment libraries to be reloaded and this will cause libraries to be
loaded more than once which may initiate further delay to software and trash in the PC

memory.

SET THE N: LINE AND INITIATE FLOW CONTROL:

In order to set up the N transfer line, follow the following steps:
a) Fill up with N, (or He, depending on the temperature range of your experiment) the
Liquid Nitrogen Dewar.

b) Insert the whole system of the line in the Dewar after having placed the base neck (Fig.
9a). It should look like Figure 8.

c) Insert the LN, level sensor (Fig. 9b). It should indicate a level above 85 %.

d) Connect the control circuit to power and connect the cables on the black box on the
Transfer Line (T.L). Turn the red switch on (on the control box on the T.L). Turn the black
switch on. (Fig. 9¢)

e) Open the Labview .vi “Control_Dewar Valve ver2.vi” and put it in manual mode (Fig.
10 “Auto Control” indicator should be OFF)

Xii
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Figure 8-9 (a) Base of the cryogenic liquid transfer line, (b) Liquid N, level indicator, (c) Control
circuit in box with DC motor, (d) Gear transmission system with metal stopper rod that changes
the condition of the two micro switches.

{3 Contol Dewar_Valve_verZyi — ] *
File Edit View Project Operate Tools Window Help
- s
||* @ 1] 7
~
VI5A resource name register address
HGPBO:TNSTR 7] e
full closed valve opened valve (1 turn)
Auto Control . .
Close Valve Open Valve . .
@ @ Closing Opening Steady
Initialization §top Error A Chanel (Vaporizer) Error B Chanel (Sample)
@ | | o
b4
< >

Figure 8-10 “Control Dewar Vlave ver2.vi”

f) Rotate open the wvalve through software (press button “Open Valve” in
“Control_Dewar Valve ver2.vi”) and test if there is N, flow by placing the bayonet tip of
the line in ethanol (check bubbling). Press again “Open Valve” button to stop rotation
when the stopper rod is in the % of a whole turn. Alternatively have the “Initialization”
Button pressed before running the .vi.

g) If the flow is ok, insert the short tip of the transfer line into the cryostat input and switch
on the diaphragm pump which is located in the He liquefier room (next to B009) in order
to initiate flow. This pump is connected with a gas flow controller which in this set up is
only used as an analog flow meter. 3-4 turns of the control valve on the flow meter should
ensure sufficient flow. If you wish to evacuate the cryostat chamber before letting flow

Xii
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inside, close the needle valve of the transfer line (T.L) through software let the pump work
for some time (10 min) and then open the valve again.

SET TEMPERATURE- TEMPERATURE CONTROL

After having read the steps in previous section EBEEEEEAT _ =01
Fil= Edit “ew Project Operate Tools ‘Window Help ‘@
and wish an automated control in order to reach a 8[u] 2] =
H H VISA T session VISA T QUT
stable temperature point, you do the following oo B e
p rOCGd U re . Ramp Mode (OnfOfF) Rate ¥alue (0,1}
If you haven’t executed the
“Contol Dewar Valve ver2.vi” (Fig. 10) please Rt
run it. Before you run it make sure the Convte @iy |
. . . . . HW EITI- 'arameters
“Initialization” button is activated. — Teies
L. . . Heater Range (0: Off) “Reset (1) (0.0}
As soon as the initialization button turns off (dark Spiah o) ¢ o
Analog Dut Mode (0: OF Rate (D) (D)
green) you should observe a temperature drop. If o> oo
Manual Output (0.000)
in 10 minutes time there is no temperature drop, oo
Contral Mades:
press the “Open Valve” button in Order to open ?jg:g;:ggiﬁ?rameters, Heater Range, Manual Quput, Setpoint
- Si EZE ;‘:?;De!rnsaHng:EaTaRlﬂ:L;Elgﬁtlal Dutput, Temp parameters
the valve further than the position reached through fies = e e e
6-> Set Setpoink
the initialization process. If you open the valve
K o

approximately Y2 turn and there is no temperature
drop then one should check whether the N, Fiaure8-11- “Lakeshore 332.vi”
transfer-line is ok (we suppose that the LN, sensor is on and there is LN, in the dewar). For
clean/dry the transfer line please check Appendix C.

When you observe a dropdown to the temperature then run the “Lakeshore 332 .vi” (Fig.
11) in order to set a specific temperature (up to 325 K). This is a single action .vi. This is
set to operate the Lakeshore 332 ( temperature controller) in ramping mode and zone mode
( as defaults). After you fill in your Set Point in “Lakeshore 332 .vi” go back to
“Control_Dewar Valve ver2.vi” and press the “Auto Control” button to start the process
of controlling the gas flow automatically. As mentioned earlier, in “Lakeshore 332 .vi” the
default settings are the ones shown in Fig. 11 and have been programmed after several tests
having in mind the temperature control using liquid N, as a cryogenic liquid. In case you
use He and wish to go further down in temperature one should probably modify the control
zones from the “Zone Tuner Lakeshore 332.vi”. (Find further details in MD SET UP
written by Mr Mouratis Paragraphs 3.7, 3.8).

Xiv
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Note: When you will execute the “Contol Dewar Valve ver2.vi” the software will
automatically open and run the “Show Indicators.vi”. Keep it open because all control

procedures/experiments communicate with that vi.

18 show Indicators.vi * - O X
File Edit View Project Operste Tools Window Help
=8
[u] :
A
AMI 430 Agilent E4980A Keithley 2182A Keithley 6220-6221 AH-2700
Parallel Mode
et tl e v Current Level (A)
Magnet Field (kG} Ramping Mode YT T —
g 10.00000E-0 o-00000 Voltage [mVolt] 100.000m Capacitance
f0.000 | [rampinG | — 0
D - Dissipation Factor B e o 0 picoFarads
Magnet Field (T) Target Current (4) IDOOOOO N It
T — 0.00000E -0 . Field [G] =
foooo ] foooo 1 — AC Current [A] 0 0 nosiem
Magnet Current ()| Hegter Indicator Sl DT00008E™0) ) el Probe Frequency
Booo o.0000€+0 Field [kG] pallEre) o He
Magnet Voltage (V) A DC Bias Voltage [Volt]  DC Bias State  DC Voltage [Volt] 0 ® Applied Voltage
0.00000
0.000 Persistent Mode 0.0000 S | Field [T] 0 g
Supply Voltage (V) j—r | DC Source Voltage [Volt] DC Source StateDC Current [A] 0
0.000 o.0000 _ 0.00000E+0
Connection Connection Connection Connection Connection
Lakeshore 332 Agilent 4284A | Keithley 6517B-6517A | Lakeshore 340 | Keithley 6220-6221, 2182A
E
SetPoint Indicator  HesterOutput  Analog Output Parallel Mode Measurement Meas Units
poooo | om- 10000~ o —— e Voltage Source [Volt] Kelvin Reading C Loop 5 o
0 |o.0000
i o fo.00000E -0 | .o | Current Level (A)
- 1AC i Voltage [Volt]
Kelvin Reading A Loop DL/ Dieslpstion factos monitor 0
@00 5000~ boooose-0 | kbowe o-000000E -0 |
o.0000 - -
i Voltage [Volt] DC Bias State
40.00-| 4000
.00000 [WorE |
Kelvin Reading B Loop 2000~ 2000- Frequency [Hertz] DC Bias Voltage [Volt]
o.0000 o.0000€--0 | Jo.0o00 |
Connection Connection Connection Connection Connection
Update time (ms) Save to sto
o a = Auto () Manual

Figure 8-12 “Show _Indicators.vi”

DESCRIPTION OF EXPERIMENTAL PROCESSES

Before starting any experimental sequence or any solo experiment even before stabilizing
the temperature, it is highly recommended to open the “Sequence Controller ver2.vi”
shown in Figure 13.

One can perform an amount of single experiments with the available instrumentation
arrangement on this Set Up while one can also build a sequence of experiments that use the
same wiring to the sample (and the same probing instrument as well). In this chapter we
will describe the main experiments that can be performed with this set up and give a user’s
guide for the LabVIEW interface through which the experiments can be set, monitored and

controlled.




APPENDIX A- MD Station of FUNL
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Fil=  Edt Wiew Project Operate Tools Window Help |@
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[

Created by @ Kyriakos Mouratis
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Figure 8-13 “Sequence Controller ver2.vi”

DIELECTRIC PERMITTIVITY MEASUREMENTS

The Dielectric constant of a material “ « ” is a complex quantity. In a homogenous

material, the dielectric constant or relative permittivity “ €, is expressed as fraction of

linear permittivity over the permittivity of vacuum. The definition of dielectric constant is
described in equation (1).

E ' . "
K=—=¢ =€ —jg, (1)
80
Where ¢, represents the Storage ability of the material while the imaginary parte represents

the Losses.

XVi
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If you want to probe the dielectric permittivity of a specimen you can do it by measuring
the Capacitance or the Impedance/Admittance of the sample prepared in a capacitor
topology and do the calculations according to the equations that relate the afore mentioned
physical quantities to each other. Since we are talking about a complex quantity we need to
measure both a quantity related to the real part and a quantity related to the imaginary part
of the relative permittivity. We suggest to prepare a sample in a capacitor topology as
described in section 3.1 and perform AC measurements on Agilent LCR meter (or AH
capacitance bridge) in a Cp-D (Capacitance-Dissipation Factor) or a |Y|-6 (Admittance-
phase angle theta) mode when small capacitance value is predicted. In order to choose the
more suitable mode among the available modes on the LCR instrument, depending on the
sample under test, one should check the Agilent Impedance Measurement Handbook.

A
C=Ke d

{a) Ideal value

Il Real-waorld capacitor

(b) Real value

.

Real-world | | = J; *+%
component || - Cp
. ! ', A |III |‘
Test fixturing instrument A\
v R
(a) {e) Measured value (b) P

Figure 8-14 (a) Ideal, Real and Measured values in a capacitor topology, (b) parallel equivalent
circuit mode for capacitor measurements

In the case you decide to measure in Cp-D mode that means you consider a parasitic
Resistance in parallel with your ideal capacitor as pictured in Figure 14. In this case, you

can calculate the dielectric permittivity by the following formula:

g = ,D:tanézs—f (2)

r

™

o
“n
™m
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Where d is the distance between the capacitor plates (thickness of the sample), S is the
conducting area of the plates. If we have an area covered with conductive paint this is the
area we should use for our calculations. The Dissipation factor (D) measured should be
close to zero value for a good dielectric material and is related to the Cp value as
following:
S S S,
24fC,R, Q

Where f is the frequency of the V. triggering signal, R;, is the equivalent parallel resistance
in the parallel equivalent model circuit (Fig. 14b) and Q is the Quality factor. Q serves as a
measure of a reactance’s purity (how close it is to being a pure reactance, no resistance),
and is defined as the ratio of the energy stored in a component to the energy dissipated by
the component and is dimensionless.

PROBING CAPACITANCE/IMPEDANCE AGAINST TEMPERATURE- EXAMPLE
SEQUENCE

MANUAL- SOLO EXPERIMENT

When we study the behavior of a material as a function of Temperature we are usually
looking for a peak or effect on the probing physical property that would indicate a
transition. In order to check the temperature evolution of permittivity, in different selected
frequencies of stimulant Vac, we suggest the following process:

a) Open the “Sequence Controller ver2.vi” in case you haven’t done it already. It only
serves for loading instruments’ libraries for now.

b) Execute the steps described in section 4 in order to initiate flow of cryogenic Gas and
stabilize temperature before starting the experiment.

c) Prepare the sample in a capacitor topology as described in Section 3 and mount it in an
appropriate way. Insert the MD probe inside the cryostat and stabilize temperature
(Section 4).

XViii
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Figure 8-15 Solo experiment- “07 Ramp Temperature Lakeshore 332.vi’-
Tab 1 Set the experiment/Save file

d)

f)

9)

h)

Usually, in such experiments, we ramp to base temperature (For N, use you can go
down to 79-80 K) with zero electric field applied on our sample and measure upon
heating. So once the sample is inside the cryostat at RT we cool down the system in a
controlled way using “Lakeshore 332 .vi” (Fig. 11). We recommend the default
settings which should be “Ramp mode”-> ON, “Control Mode”-> Zone, “Heater
Range” -> High and only change the “Setpoint” to the desired temperature (example->
79 K) and the “Rate Value” -> 2, which represents the ramp rate of temperature to K/
min.

Open the “07 Ramp Temperature Lakeshore 332.vi” from the Solo experiments
folder (APPENDIX B). The first interface Tab (Tab 1) should look as in Figure 15.

Set the starting temperature (From-> 79 K) and the final temperature (To-> 320 K)
points.

In the right frame of Tab 1 you may enter several delays during the measurements. We
suggest a small delay in the “After Instruments” field -> after the new set values are set
on the instruments and in “In Loop” which sets a delay in between each measurement
loop. 5-10 sec should be enough.

Set Sample name, username and select the folder in which your dataset will be saved.
The Operation button should be set in Manual mode when you run a single experiment
and not a sequence.

XiX
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Figure 8-16 Solo experiment- “07 Ramp Temperature Lakeshore 332.vi”-

Tab 2-Setting instruments

J) In the second Tab of the .vi (Fig. 16) we should first connect the instruments that are
used for the experiment. In all cases we would connect Lakeshore 332 that ramps and
monitors temperature and we will connect one of the other 3 available probing
Instruments. For accurate Low frequency measurements (50 Hz — 20 kHz) we use AH-
2700 and for measurements up to 2 MHz we use the Agilent E4980A.

k) Inthe Lakeshore 332 frame (Fig. 16 left) we make no changes since the main set points
and ramp rate have been selected in the Tab 1 of the same .vi in the first place.

I) In case we use Agilent E4980A, we should select the appropriate “Function”-> i.e. Cp-

D, the “Frequency” of the Vac-> 100000 Hz and “Signal Level”-> 0.1 V. We may

leave the rest as they are by default.

If our choice is AH-2700 we can measure by Default “Capacitance” but we have a

choice over the “Loss” quantity which by default is measured in Siemens (G->

conductance).

n) We check Tabs 3-5 and ensure no other instruments are “Connected”. If we have an
Instrument “Connected” but not switched ON the software will crash since it will make
attempts to establish a communication that is not possible. If the Instrument is ON it
will just read/save unnecessary trash.
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0) When all previous are set we are ready to go back to Tab 1 and press “Run” which is
the white arrow on the top left part of the .vi.

p) As soon as the experiment starts running, the “Show Indicators.vi” will start
automatically and then the “Graphs.vi” will visualize the measurements after the first
two points are measured (Fig. 17).

3 Graphs.i E=ll=

File Edit View Project Operate Iools Window Help

[>] @]

C(VAC)

e al

Figure 8-17 “Graphs.vi”

SEQUENCE EXAMPLE

If you want to perform the ramp temperature experiment several times in different
frequencies or using different settings of Vac/ Vdc you may program a sequence of
experiments that will automatically run one after the other. In such case an example
sequence and some tips are given below.

a) Be sure that you have enough cryogenic liquid for several temperature ramps.

b) You follow steps a-c from 5.2.1 section.
€) Open “Create_Sequence ver3.vi”
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B Create_Sequence_ver3.vi =

Fle Edt View Project Operate Iools Window Help
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EN‘B" AR g 114'1:-;#2017l

= aE

Figure 8-18 “Create Sequence ver3.vi”- Tab 1 Add experiments, Save file

d) Select a .csv file to save the sequence. The easiest way to select a file is to copy an
older file from a different folder, and afterwards paste it in the folder you specify and
select that one.

Press the “Delete Sequence” button if you want to clear previous data from the file and
start adding experiments.

Choose your first experiment from the “Experiment Type” menu. You may choose
among 100 experiments. In this example we will make a sequence for several ramp
Temperature measurements probing Cp-D in different frequencies.

Each time you choose an experiment this is programmed to set/monitor different
instruments. So depending on the experiment you should connect and Set the
appropriate instrumentation. Once you select the experiment and before adding it to
sequence you set the parameters in Tab 2-5. So every time you want to insert an
experiment in a sequence you

—Select Experiment

f)

9)

—Set parameters/ Connect instruments (tabs2-5)
—Press “Add experiment” button

An example Sequence is presented in Figure 18.
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h) _First experiment §
“05_SetUp_Instruments Without Lakeshore 332 Lakeshore 340 AMI 430.vi”. In
this you need to connect one of the Capacitance probing instruments apart from the
Lakeshore 332 controller (Tab 2). Although Lakeshore 332 is connected, this
experiment is designed to only set up the probing Instruments. So to start the specific
experiment you Set “Function”-> i.e. Cp-D, the “Frequency” of the Vac-> 100000 Hz
and “Signal Level”-> 0.0 V in order to cool down in zero E field. You may double
check your settings

1) Second experiment is “04 Go To Temperature Only Lakeshore 332.vi”. We only
need to Set the temperature in Tab 2. It is recommended to keep the probing instrument
connected.

J) Third experiment is “07 Ramp_ Temperature Lakeshore 332.vi” which is set as
described in 5.2.1 section.

k) To fill the sequence you repeat these 3 experiments as many times as desired changing
the necessary parameters. In this sequence in every
“07_Ramp_Temperature Lakeshore 332.vi” we set a different frequency.

) In the end of each  sequence it is  suggested to add
“05_SetUp Instruments Without Lakeshore 332 Lakeshore 340 AMI 430.vi” in
order to Set the electric field to 0.0 Volts and after that add
“04_Go_To Temperature Only Lakeshore 332.vi” t0 go to 300 K in order to be
ready to remove the sample stick.

New feature!

For a quick temperature scan in different frequencies at the same time you may use the
solo experiment “07-Ramp Temperature Lakeshore332 multifrequencies.vi”. In tab-1
(Figurel9), you may set the temperature limits. For example you start your cooling with no
field @ 324 K (Start Temp), you cool down to 80 K (Cool Temp) and measure upon
warming up to 324 K (Warm Temp). After the measurement is finished you may wish that
the system goes back to 300 K (End Temp). In the center of the tab-1 the 2-states button
allows you to choose between LCR E4980A or AH_2700 depending on the frequency
range you want to check and choose the frequencies in which you would like to take a
measurement of the chosen physical property (for example Cp-D).

In Tab-2, you connect and set the instruments that are used in the experiment as described

earlier (Figure 20).
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Operats Inoks Wrdow Help

Bls Edt isw Project
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Figure 8-19 “07-Ramp Temperature Lakeshore332 multifrequencies.vi”- Tab-1- Set temperature
and select frequency range.
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Figure 8-20 “07-Ramp_Temperature Lakeshore332 multifrequencies.vi”- Tab-2- Connect & Set
Insturments
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PROBING CAPACITANCE/IMPEDANCE AGAINST FREQUENCY- EXAMPLE
SEQUENCE

When we need to observe the behavior of a material as a function of frequency we are
usually looking for a peak or effect on the probing physical property that would indicate a
resonant or relaxation effect (Figure 8-22). In the case of piezoelectric sample for example,
we expect electromechanical response when poled so we can observe several peaks in
specific frequencies (piezoelectric sample: typical resonant and antiresonant frequencies)
(Figure 8-21). In order to check the frequency response of permittivity, in selected

temperatures we suggest the following process:

76 » ' ' g=g'+ig" w
74 7 . 1 g dipolar ET @
l

atomic )
electronic

72}

70t

Capacitance [pF]

68}
66’ . ' ' § —+——t—t—"1Tt++"T+T71T>
10 T 1000 103 10°  10°  10%?  10%°
Frequency [HZ] (E4980A) [microwave | infrared [vis [uv |

Frequency in Hz

F_igure 8-21 Example of resonance peaks in Figure 8-22 Frequency dependence of
piezoelectric material dielectric permitivitty

a) Follow the steps a-c from 5.2.1 section

b) Depending on the case of study we may need to ramp down to a temperature below a
transition and then ramp up to the temperature of interest in order to perform a
frequency sweep. We handle this using
“04_Go_To Temperature Only Lakeshore 332.vi”.

c) For the frequency sweep with LCR E4980A (after having stabilized the temperature to
the desired point) we use “45 Sweep Frequency From File Agilent E4980A.vi”.
(Figure 22).

d) There are some prepared .txt files of frequency points on the whole frequency range
that make the measurement short and manageable. These files are in MD
“C:\Users\team\Desktop\Muraza\Projects\text_files” folder.

e) After you select and load the frequency points file you select the folder where the data
will be saved and go to Tab 2 to connect and set Instruments.
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f) Since the “45 Sweep Frequency From File Agilent E4980A4.vi” is used E4989A
will be connected by default in Tab 2. One only needs to select function (Cp-D or
other) and signal level (0.1 V) on this frame. Check if Lakeshore 332 is connected and
set the temperature you want the frequency scan to happen. Once the temperature is
stable the scan will start.

2, Adient E49804, Adilent 42844, AMI 430, AH-2700

Delay init (before |ake332) (sec)
E
8o

T - Delay bef h It
L|n:||ls : 20 Hz to 2 MHz 3§av sfore instruments {sec)
Units : Hertz ¥

Delay after instruments (sec)
A s
Load points file
- Delay inloc (sec)

Average Factor in Loop
7

5, Cr\UsersiteamiDesktap\MD_DATAY ] 31 9s
5

Delay ot the end (sec)
i
a o

Sample Name User Name Sample Name For Data Fle (5.2 2..20.9 _) Sequence_Number
u 2 A
[t aea |] [Sampie_pame \] :':‘1

\ Sample's Hame \]

Directory Path for data to be saved
(|1, C:|Usersiteam|DeskEopiMD_DATA|DeFaulk_Folder | }

Operation

Aulo‘ ) Manual
| g ol o/ 1 A

Figure 8-23 “45 Sweep Frequency From_File Agilent E49804.vi”, Tab I-Load point file and
save data
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Figure 8-24 “45 Sweep Frequency From_ File Agilent E49804.vi”, Tab 2-Set temperature,
measurement mode and signal level

g) In case you need frequency scans in several temperatures it is recommended to create a
sequence in which the main experiments will be
“04_Go _To Temperature Only Lakeshore 332.vi” and
“45 Sweep Frequency From_ File Agilent E4980A4.vi”. You may follow the tips on
creating a sequence as mentioned in section 5.2.2

h) In the case you need to perform a frequency scan limited to lower frequencies you can
use the AH Capacitance bridge and select
“89 Sweep Frequency From File AH 2700.vi".

RESISTIVITY MEASUREMENTS

quartz
substrate

Resistivity of

conductors/semiconductors silver
paint

25 um

Four-probe method is used to gold wire

L. voltage contact
measure low resistivity of metals and

current contact

semiconductors when contact

resistance gives errors in two probe Figure 8-25 Wiring for measuring resistivity with
the direct 4-probe method.
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measurements. However, for high resistance measurements in kOhms and above four

probe is not used. So for low-resistivity measurements the sample should be prepared in 4-

point contact topology as summarized in 3.1.2 section. Depending on the sample under test

it is recommended for the experimentalist to study which method would be more

appropriate for the case. Four-probe (regular bar shape), Van der Pauw (for arbitrary

shaped sample), Montgomery’s method etc. Typically a 100 mA ac current should be used

though dc measurements are also possible if the current is reversed to account for thermal

emfs. Following the latest suggestion you can measure using delta mode which is

programmed and available for Keithley nanovoltometer 2182A. Find our suggestion

below.

a)
b)
c)

d)

f)

9)

Prepare sample contacts following 4-point topology and mount it in the MD-probe if
measurements against temperature are your intention.

Connect output of Keithley 6221 current source to I+, I- on the BNC sockets on the
probe and input of Keithley Nanovoltometer 2182A in the V+, V- sockets.

Open the “Sequence Controller ver2.vi” in case you haven’t done it already. It only
serves for loading instruments’ libraries for now.

Execute the steps described in section 4 in order to initiate flow of cryogenic Gas and
stabilize temperature before starting the experiment.

For  measurements  against  temperature =~ we  suggest again  the
“07 Ramp_Temperature Lakeshore 332.vi”. We set the first Tab as described earlier.
In the next tabs we want connected only the instruments that are used in the
experiment.

In Tab-2 we keep Lakeshore connected but disconnect LCR. We check that nothing is
connected in Tab-3.

In Tab-4 we connect Keithley 6220-6221- Keithley 2128A (delta measurements)
(figure 26). Current level of 1 mA dc is usually ok but it depends on the sample.
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Figure 8-26 “07 Ramp Temperature Lakeshore 332.vi”- Tab-4 Connect and set current source
and nanovoltometer for Delta function resistivity measurements.

=), 4108 PM
@72 i o 121202017 =

Resistivity of Insulators

The resistivity of an Insulator is determined by applying a LO
voltage to the sample for a specified period of time measuring A
the resulting current with an electrometer (or picoammeter) and

then calculating the resistivity based on Ohm’s law and l

geometric considerations. In this case the sample is prepared Electrode E

and connected using a capacitor topology (figure 27). [240] Sample

According to the ASTM standard, a commonly used test HI

condition is a voltage of 500 V applied for 60 seconds. — Voltage

= Source
According to the IEC standard, apply 100 V for 60 seconds Lol

unless another voltage is stipulated (as mentioned in Keithley’s
application notes for electrometer 6517B). After the Figure 8-27 Determine the

e . . ) resistivity of an insulator
electrification period the current is measured using an ammeter

XXIX




APPENDIX A- MD Station of FUNL

capable of measuring nanoamps or lower. Volume resistivity can be calculated based on
the area of the electrodes and the thickness of the sample under test.

p=-7 (4
Keithley electrometer 6517B is available for measurements of resistivity but the sequence

as described above is not programmed through software since it is a very short

measurement.

MEASURE PYRO ELECTRIC CURRENT- EXAMPLE SEQUENCE

a) The most popular experiment in order to investigate the existence of polarization is
pyro-electric current measurements. The protocol goes as follows: Apply a big DC
Voltage (enough to pole your sample) and cool down to a temperature below the FE
transition. Zero the voltage and wait for 60 sec. Then measure current upon warming
without applying any voltage. Keithley 6517B electrometer can be also used to perform
this measurement. Before doing any measurement using electrometer Keithley
6571B/A we strongly recommend to study the manual, user’s guide and Keithley’s
application notes in order to use the appropriate and safe configuration for the
measurement of choice. A suggested procedure for pyro-electric current measurement
would be the following (similar to the resistivity measurement protocol of an
insulator):
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Figure 8-28 “07 Ramp Temperature Lakeshore 332.vi”-Tab-3 Keithley 6517B connected

b) Prepare and mount the sample in an appropriate way. It is important to measure
dimensions of the sample before mounting it. Thin samples (<1mm) are preferable for
this measurements.

c) Connect output of Keithley 6517B (V+, V-) to the V+ and V- respectively on the BNC
connectors on the probe. Apply a field of 100 V on the sample using the instruments
display.

d) Cool down to a temperature below transition without zeroing the electric field. You
may use the solo experiment “04 Go To Temperature Only Lakeshore 332.vi” to
cool down.

e) After stabilizing the temperature, zero the electric field and wait for 60 secs.

f) At this point you should disconnect instantly the V+/V- from the BNC sockets of the
probe and connect 1+/1- of the triax cable of the electrometer on the 1+/1- sockets on the
probe.

g) You may use “07 Ramp Temperature Lakeshore 332.vi” in order to start ramping up
the temperature. This time the Keithley 6517B should be connected in Tab-3
(Figure28) so that you collect data of the current intensity as you warm up.
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Note! We haven’t managed to see a pyro-electric current on the samples tested the last 4
years using this software. The experimentalist should take into consideration possible
wiring or thermal noise and even consider an instant discharge during the change of cable
configuration from applying Voltage (electrifying process) to the sensing of the current.

The software seems to work fine.

USE OF MAGNETIC FIELD AS AN EXTERNAL STIMULI

All, afore mentioned, experiments can be performed under the application of magnetic
field. The 7-Tesla superconducting magnet, as mentioned in section 1.4, is controlled by

AMI430 Power Supply Programmer and powered by model 4Q05100 bi-polar power

supply. It is also equipped with a Persistent Switch heater to ensure the stability of the
magnetic field during a long lasting measurement. Using solo experiment vis we can

control some functions by communicating with the AMI430 Programmer.

a) Charge the magnet -> “00 Target Magnetic Field AMI 430.vi” (Figure 29). With
this vi, once the magnet is cold and in good vacuum (check section 2-Prepare MD
Station), you can charge up to the desired field. The limits are 7 and -7 Tesla. In a
manual procedure, in order to charge up the magnet, first the heater should be warmed.
This .vi does it for you so you don’t need to press the persistent switch button on the
Programmer. If the heater is already warm the software will check it and will move on
charging the magnet.

b) Enter Persistent mode-> “0! Entering Persistent Mode AMI 430.vi”. With this .vi
the programmer gets the command to cool the heater and then discharge the cables. If
all of these functions can be done manually with no problem then software should be
trusted. Usually we use this vi in a sequence of experiments just before getting into a
“ramp temperature” experiment which lasts quite long (5 hours). After our long
experiment is over and we want to take control of the field again (for example
discharge or change field) we need to run the next .vi.

c) Exiting Persistent mode-> “02 Exiting Persistent Mode AMI 430.vi”. This .vi
commands the programmer to charge the cables to the previously used magnetic field
and warm up the PSheater. When the PSheater is warmed then you can run again the
“00 _Target Magnetic_Field AMI 430.vi” in order to change field. In case you finish
your experiment with the magnetic field application you may energize the button that
in labeled as “Close Heater and Connection when zero Output” in
“00 Target Magnetic Field AMI 430.vi” (Figure 29). IF YOU DO SO you need to
restart the .vi to recover connection with AMI 430.

d) When we need the magnet values and communication with the AMI430 in a ramp
temperature experiment we should not forget to connect AMI430 in tab-2.(Figure30)
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e lools Window Help

Opera tion AMI 430
Auto é Manual -
Connection
Ramp Rate {(A/sec)
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Figure 8-29 “00 Target Magnetic Field AMI 430.vi”

Ramp field experiments

If we want to perform an isothermal magnetic field ramp or sweep we may use one of the
solo experiments from 16 to 24 depending on the case. They can be used solo as well as in

a sequence.
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Figure 8-30 Keep AMI1430 connected during an experiment that takes place under magnetic field

CLOSE EXPERIMENT

In order to close safely an experiment check the following

a) Be sure that your experiment/sequence is over.

b) Be sure that you have no electric or magnetic field applied on the sample under test. If
so, set zero field using the appropriate controlled instrumentation.

c) Verify that you are at room temperature so that you can remove the sample from the
cryostat.

d) When at room temperature you may stop the N2 flow (or other cryogenic in use). You
do this by first of all stop the “Auto Control” of the flow from
“Control_Dewar Valve ver2.vi”. Then press Close Valve until it is completely closed.

e) Observe the HEATERS level (Lakeshore 332 panel or Indicators .vi). When the
heaters’ level goes below 10% you may close the heaters by using
“HEATERS_OFF.vi”. You may observe a small temperature fall after that.

f) When HEATERS are OFF and there is no field applied on the sample you may unplug
all connectors from the MD probe.

g) Now the cryostat is in negative pressure. In order to export the stick the diaphragm
pump should be switched off and wait for system to come to equilibrium.
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h) If the system (cryostat) is still above 290 K you can export the sample. If you can’t take
the probe out due to the pressure use the pressure relief valve of the Janis Cryostat.

1) Place the probe to the bench and unmount the sample. Store it as usually.

J) Remove the transfer line first from the cryostat and then from the Cryogenic Liquid
Dewar. Be Careful! Be sure to relief the pressure inside the Dewar, before you take the
Transfer Line out! Otherwise when you try to take out the transfer line, or the adaptor
the pressure might cause the Cryogenic Liquid to burst out on the experimenter!!

k) Switch off the Temperature Controller.

[) Switch off all the instruments (first-4Q Power Supply, second- AMI1430, LCR)

m) Before you place the Transfer Line to the wall be sure you have dried it with the heat
gun/ hair drier and that it is completely dry.

TIPS ON SOFTWARE EMERGENCIES

For more detailed description on the function of some functional but not experimental vis
you may want to study the “MD SET UP” written by Mr Mouratis in the paragraphs

referred to:

GLOBAL STOP
HEATERS OFF

Close a .vi programmatically
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APPENDIX I. VACUUM PREPARATION
PUMP CRYOSTAT/MAGNET-PROCESS

a) The system should be at Room Temperature.

b) In the case of the cryostat check that the green vacuum valve is closed. In the case of the
magnet you want the black round valve on the magnet to be closed. (Fig.4)

¢) Open the water valves (red & blue) that cool the turbo pump and are located behind the
magnet system. Indication of the flow meter should be 4-5 It/min. (Fig.4)

d) Ensure the relief valve of the rotary pump is closed before you switch on the pump
(clockwise). Ensure the oil of the pump is in good condition and in the suggested by the
manual level (between the two indications). Change of oils is noted on the pupms
Logbook. First you switch on the rotary (Adixen Pascal 2021 SD) pump and wait for the
thermovac TM21 gauge to reach 10-2 - 10-3 before you switch on the turbo pump (about
15-20 min ).

e) When the indication of thermovac TM21 , pirani has reached 10 then you may switch
on the turbo pump TURBOVAC 150CSV  through the frequency converter
(TURBOTRONIC 150/360) -> START. After some seconds the indication
“normal/normalbetrieb.” of TURBOTRONIC should be illuminated.

f) Switch on the penning (Penningvac PM31) to check the vacuum level. When vacuum
level is of 10 open slowly the green vacuum valve on the cryostat. The range of 10 is
good vacuum for the cryostat.

Fig.4 top: cryostat vacuum Fig.5 top-left: water flow meter, top
valve, bottom: magnet right: rotary vacuum pump for low
vacuum valve vacuum Bottom: vacuum gauges

and controller of the turbo pump
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Reverse process

a) When we reach the satisfactory vacuum we first switch off the vacuum valve on the
pumped equipment (green valve on the cryostat/ black valve on the magnet).

b) Switch off the turbo pump -> STOP on TURBOTRONIC. Wait for 15-20min (up to 30
min) till it stops spinning

¢) Then switch off the rotary pump. Important! After switching the rotary off we break the
vacuum by rotating anticlockwise the relief valve (Fig. 4). This protects the turbo pump
and bellow lines from rotary pump’s oil.

d) Turn off red & blue water valves on the wall behind the magnet.
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APPENDIX II. LABVIEW FOLDERS AND FILES ON PC

The experiments that you can execute are the following:
(You can find them in the following location
C:\Users\team\Desktop\ShortCut_JanisLab_SubVIs\Experiments_Solo” folder)

00_Target_Magnetic_Field AMI_430.vi
01_Entering_Persistent_Mode_AMI_430.vi
02_Exiting_Persistent. Mode_ AMI_430.vi

03 _Delay_Time_Between_Experiments.vi
04_Go_To_Temperature_Only_Lakeshore_332.vi
05_SetUp_Instruments_Without_Lakeshore_332_Lakeshore_340_ AMI_430.vi
06_Time_dependance_in_seconds.vi
06b_Time_dependance_Continuous.vi
07_Ramp_Temperature_Lakeshore 332.vi

08 Sweep_with_Steps Temperature_Lakeshore 332.vi

09 Loop2_Ramp_Temperature_Lakeshore 332.vi
10_Loop2_Sweep_with_Steps_Temperature Lakeshore 332.vi
11 Loop3 Ramp_Temperature Lakeshore 332.vi

12 _Loop3_Sweep_with_Steps_Temperature_Lakeshore 332.vi
13 _Loop4 Ramp_Temperature Lakeshore 332.vi

14 Loop4_Sweep_with_Steps_Temperature Lakeshore 332.vi
15 Sweep_Temperature_From_File_Lakeshore 332.vi
16_Ramp_Magnetic_Field AMI_430.vi

17 _Sweep_with_Steps Magnetic_Field AMI_430.vi

18 Loop2_ Ramp_MAgnetic_Field AMI_430.vi

19 Loop2_Sweep_with_Steps_Magnetic_Field_ AMI_430.vi
20 _Loop3_Ramp_Magnetic_Field AMI_430.vi

21 Loop3_Sweep_with_Steps_Magnetic_Field_AMI_430.vi
22 _Loop4_Ramp_Magnetic_Field AMI_430.vi

23 _Loop4d Sweep_with_Steps_Magnetic_Field AMI_430.vi
24 _Sweep_Magnetic_Field_From_File_ AMI_430.vi
25_Sweep_Frequency _From_File_Agilent_4284A.vi
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26_Loop2_Sweep_Frequencies_From_Files_Agilent_4284A.vi
27_Loop3_Sweep_Frequencies_From_Files_Agilent_4284A.vi
28_Loop4_Sweep_Frequencies_From_Files_Agilent_4284A.vi

29 Sweep_with_Steps AC_Voltage Agilent_4284A.vi
30_Loop2_Sweep with_Steps AC_Voltage Agilent 4284A.vi

31 Loop3_Sweep with_Steps AC_Voltage Agilent 4284A.vi
32_Loop4_Sweep with_Steps AC_Voltage Agilent_4284A.vi
33_Sweep_AC_Voltage From_File_Agilent_4284A.vi

34 Loop2_Sweep_AC_Voltage From_Files_Agilent_4284A.vi

35 _Loop3_Sweep_AC_Voltage From_Files_Agilent_4284A.vi
36_Loop4 _Sweep_AC_Voltage From_Files_Agilent_4284A.vi
37_Sweep_with_Steps DC_Bias_Voltage_Agilent_4284A.vi

38 Loop2_Sweep with_Steps DC Bias_Voltage Agilent_4284A.vi
39 Loop3_Sweep with_Steps DC Bias_Voltage Agilent 4284A.vi
40 Loop4 Sweep with_Steps DC Bias_Voltage Agilent_4284A.vi
41 Sweep DC Bias_Voltage From_File Agilent_4284A.vi

42 Loop2_Sweep_DC_Bias_Voltage_From_Files_Agilent_4284A.vi
43 Loop3_Sweep_DC_Bias_Voltage_From_Files_Agilent_4284A.vi
44 Loop4_Sweep_DC_Bias_Voltage_From_Files_Agilent_4284A.vi
45 Sweep_Frequency_From_File_Agilent_E4980A.vi

46 _Loop2_Sweep_Frequencies_From_Files Agilent E4980A.vi

47 Loop3_Sweep_Frequencies_From_Files Agilent E4980A.vi

48 Loop4 Sweep_ Frequencies_From_Files Agilent E4980A.vi

49 Sweep_with_Steps AC_Voltage Agilent_ E4980A.vi

50 _Loop2_Sweep_with_Steps_ AC_Voltage_Agilent_ E4980A.vi

51 _Loop3_Sweep_with_Steps_ AC_Voltage_Agilent_E4980A.vi

52 _Loop4_Sweep_with_Steps_ AC_Voltage_Agilent_ E4980A.vi

53 Sweep_AC_Voltage From_File_Agilent_E4980A.vi

54 Loop2_Sweep AC_Voltage From_Files_Agilent E4980A.vi

55 Loop3 Sweep AC_Voltage From_Files_Agilent E4980A.vi

56 _Loop4 Sweep AC_Voltage From_Files_Agilent E4980A.vi
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57 _Sweep_with_Steps DC_Bias_Voltage_Agilent_E4980A.vi

58 Loop2_Sweep_with_Steps_DC_Bias_Voltage_Agilent_E4980A.vi

59 Loop3_Sweep_with_Steps DC_Bias_Voltage_Agilent_E4980A.vi

60 _Loop4_Sweep_with_Steps DC_Bias_Voltage_Agilent_ E4980A.vi

61 Sweep DC Bias_Voltage_From_File_ Agilent E4980A.vi
62_Loop2_Sweep DC_Bias_Voltage From_Files_Agilent_ E4980A.vi
63_Loop3_Sweep DC_Bias_Voltage_From_Files_Agilent E4980A.vi

64 _Loop4_Sweep_ DC_Bias_Voltage_From_Files_Agilent_E4980A.vi
65_Sweep_with_Steps_DC_Source_Voltage Agilent_ E4980A.vi
66_Loop2_Sweep_with_Steps_DC_Source_Voltage Agilent_E4980A.vi
67_Loop3_Sweep_with_Steps_DC_Source_Voltage Agilent_ E4980A.vi
68_Loop4_Sweep_with_Steps DC_Source_Voltage Agilent_ E4980A.vi

69 Sweep DC_Source_Voltage From_File_ Agilent E4980A.vi

70 _Loop2_Sweep DC_Source_Voltage From_Files Agilent_ E4980A.vi

71 _Loop3_Sweep DC_Source_Voltage From_Files Agilent E4980A.vi
72_Loop4_Sweep DC_Source_Voltage From_Files Agilent E4980A.vi
73_Sweep_with_Steps DC_Voltage Keithley 6517B_6517A.vi

74 _Loop2_Sweep_with_Steps DC_Voltage Keithley 6517B 6517A.vi
75_Loop3_Sweep_with_Steps DC_Voltage_Keithley 6517B_6517A.vi
76_Loop4_Sweep_with_Steps DC_Voltage_Keithley 6517B_6517A.vi

77 _Sweep_DC_Voltage From_File Keithley 6517B_6517A.vi

78 _Loop2_Sweep DC_Voltage From_Files_Keithley 6517B_6517A.vi

79 Loop3_Sweep DC_Voltage From_Files_Keithley 6517B_6517A.vi

80 _Loop4 Sweep DC_Voltage From_Files Keithley 6517B_6517A.vi

81 Sweep_with_Steps DC_Current_Source_Keithley 6221 6220.vi
82_Loop2_Sweep_with_Steps DC_Current_Source_Keithley 6221 6220.vi
83_Loop3_Sweep_with_Steps DC_Current_Source_Keithley 6221 6220.vi
84 Loop4_Sweep_with_Steps DC_Current_Source_Keithley 6221 6220.vi
85_Sweep_DC_Current_Source_From_File_Keithley 6221 6220.vi
86_Loop2_Sweep DC_Current_Source_From_Files_Keithley 6221 6220.vi
87 _Loop3 _Sweep DC_Current_Source_From_Files_Keithley 6221 6220.vi
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88_Loop4_Sweep_DC_Current_Source_From_Files_Keithley 6221 6220.vi
89 Sweep_Frequency From_File_AH_2700.vi
90_Loop2_Sweep_Frequencies_From_Files_ AH_2700.vi
91 Loop3_Sweep_Frequencies From_Files. AH_2700.vi
92 Loop4_Sweep_Frequencies From_Files. AH_2700.vi
93 Sweep_with_Steps AC_Voltage AH_2700.vi

94 Loop2_Sweep_with_Steps_ AC_Voltage AH_2700.vi
95 _Loop3_Sweep_with_Steps_AC_Voltage_ AH_2700.vi
96_Loop4_Sweep_with_Steps_ AC_Voltage AH_2700.vi
97 _Sweep_AC_Voltage From_File_AH_2700.vi

98 Loop2_Sweep_AC_Voltage_From_Files_ AH_2700.vi
99 Loop3_Sweep_AC_Voltage From_Files_ AH_2700.vi
100 _Loop4 Sweep AC Voltage From_Files. AH 2700.vi
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APPENDIX III. DRY THE TRANSFER LINE

Usually it is enough to place the Transfer Line to the wall and dry it with the heat gun/ hair
drier until it is completely dry. It would help to let some ethanol on the bayonette tip to
remove any humidity. It is recommended once you have experienced a blocked transfer
line to leave it hanging dry for a couple of days.

remove any humidity. It is recommended once you have experienced a blocked transfer

line to leave it hanging dry for a couple of days.
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Appendix B:
Study of -NaMnO: modulations

through Superspace formalism

In continuation of section 4.5.2, a (3+1)-dimensional superspace approach has been used
considering an occupational modulation for all the sites in the average nuclear structure
derived by the NPD patterns of p-NaMnO2.

The symmetry analysis led to the Pmmn(a00)000 superspace group as the best solution,
corresponding to the X, irreducible representations (IRs), with order parameter direction
(OPD) P(c,0) where o is the allowed direction of the order parameter in the distortion

vector space defined by the irreducible representations within ISODISTORT suite.

To account for the compositional modulation a step-like (Crenel) function is introduced for
every site in the structure. The Crenel function is defined as:[241]

p(xy) =1 €(x) —A/2,x3 +A/2)
p(x) =0 & (x§ —A/2,x3 +1/2)

where X4 is the internal (fourth) coordinate in the (3+1)D approach and A is the width of

(1)

the occupational domain centered at x°; (A corresponds also to the average fractional
occupancy of the site). The modulation functions on the same cation site are constrained to
be complementary, meaning that in every point of the crystal the site is occupied (this
results in the equations A[Mn;]J+A[Naj]=1 and x4[Mn;]=1-x4[Na;] for each cation site). For

the split oxygen positions we introduce a similar constraint, imposing that in any position
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in the crystal we have the superposition of the two split sites. Regarding the origin along
the fourth axis, the superspace group constrains this value to two equivalent values: 0 and
0.5, thus making the choice trivial. Moreover, an additional constraint is introduced
regarding the two Mn/Na sites. The electron diffraction measurements, reported by
Abakumov et al. suggest that the quasi-periodic stacking sequences of the NaMnO, layers
entail coherent stacking faults, a feature which points that their modeling can be reduced to
the alternation sequence of the Na and Mn cations. We followed a similar approach for the
modeling of the NPD pattern assuming that the step-like functions were constrained to
have in every NaMnO; plane the right Mn/Na ordering, that is to say, when one site
switches from Mn to Na the other changes from Na to Mn. The crystallographic model
built in this way was employed for qualitative Rietveld refinements. Broad, asymmetric
reflections throughout the NPD pattern, mainly due to defects (e.g. stacking faults) and
strain make such analysis hard to optimize, raising the agreement factors and making a

quantitative refinement difficult.

Table 9-1 Crystallographic atomic fractional coordinates of the p-NaMnO, commensurately
modulated nuclear structure (300 K), derived from a (3+1)D Rietveld refinement of neutron
powder diffraction data in the Pmmn(a00)000 superspace group, with unit cell dimensions a=
4.7852(4) A, b= 2.85701(8) A, c= 6.3288(4) A, a= 0.077(1). The displacive modulation is defined
as a step-like Crenel function (see text).

Atom X; X, X3 Uiso / A? A X4
Mnl 0 05 0617(5) 00136(12) 0.204(4) 0

Nal 0 05 0617(5) 00136(12) 0.796 05
4)
Na2 0 05 0.125@) 00136(12) 0.204(4) O
Mn2 0 05 0.125@) 00136(12) 0.796(4) 05
Ol 0 0 03268(14) 0.0136(12) 0.699(8) 0.5
O 0 0 0404@3) 0.0136(12) 0.301(8) O
02 0 0 09104(16) 0.0136(12) 0.699(8) 0.5
02 0 0 08343 00136(12) 0.301(8) O

The crystallographic parameters of the compositionally modulated B-NaMnO, at 300 K, on
the basis of a (3+1)D Rietveld analysis with the Pmmn(a00)000 superspace group (a=
4.7852(4) A, b=2.85701(8) A, c=6.3288(4) A, «=0.077 (1)) are compiled in Table 0-1.
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It may be considered as good approximation to the real chemical phase, as planar defects,
seen by electron microscopy, could violate the idealized Crenel-type function used in the
present analysis of the NPD data. In this model, the MnOg octahedra throughout the
structure display strong Jahn-Teller distortion (see Figure I, for oxygen-cation distances in
the (3+1)D approach), with four short bonds below 2 A and two long ones around 2.4 A, in
a fashion analogous to the a-NaMnO,.[41] On the other hand, while Na is also octahedrally

coordinated to oxygen, the distances involved are longer due to its larger ionic radius.
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Figure 9-1 The cation-oxygen distances against the fourth coordinate (x04) in the (3+1)D
approach (t-plot) for the room temperature crystal structure of f-NaMnO2.
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Figure 9-2 Schematic representation of the Mn sublattice topology, in top panel the monoclinic
(C2/m) a-NaMnO, and bottom panel the orthorhombic (Pmmn) g-NaMnO, polymorphs. The Mn-
Mn distances drawn, depict the possible intra-layer magnetic exchange coupling pathways (J; to
J3).
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Appendix C:
Single Crystal Holder

for Neutron diffraction experiment

A striking finding of the a-NaMnO, NPD experiments, believed to be an intriguing
complexity of competition due to geometrical frustration, was that upon cooling below 200
K, diffuse scattering emerged around the (%%, Y4, 0) Bragg position, with a typical Warren
profile indicating strong 2D magnetic ordering. The purpose of that proposal requesting
time in WISH TOF diffractometer, has been to probe the apparent inhomogeneity in the
magnetostructural channel of a-NaMnO, from the perspective of a single crystal specimen
and provide a greater insight on the origin of the unusual diffuse scattering features.

As mentioned in section 2.3.1 when a stationary single crystal is randomly oriented and
irradiated by monochromatic beam, only a few, if any points of the reciprocal lattice will
coincide with the surface of the Ewald’s sphere. This occurs because first, the sphere has a
constant radius determined by the wavelength, and second, the distribution of the
reciprocal lattice points in three dimensions is fixed by both the lattice parameters and the
orientation of the crystal. The resultant diffraction pattern may reveal just a few Bragg
peaks. Many more reciprocal lattice points are placed on the surface of the Ewald’s sphere
when the crystal is rotated around an axis.

In single crystal neutron scattering such a rotation could be achieved by a TAS (Triple
AXis Spectroscopy). In triple axis spectrometry, the instrument is set up to travel through

paths of reciprocal space and energy as defined by the experimentalist and therefore
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requires prior knowledge of the nature of the excitations under study. Since that was the
first time a single crystal has been grown we decided to proceed in a TOF experiment
where the single crystal needs to be oriented properly in order to get the meaningful
reflections and so the single crystal had to be oriented in multiple ways in order to get as
many reflections as possible

In the specific case we were expecting Bragg peak at (Y2 %2 0 ) position of the monoclinic
C2/m cell according to the alpha polymorph powder studies, together with the diffuse
scattering observed in the vicinity of (2 /2 0 ) Bragg peak position.

The single crystal flakes as cleaved from the main crystal boule have been found to have
all the same orientation as suggested by Laue (section 6.2.2). So the big flat side would be

the (-202) plane while the crystal was grown towards b-axis of the monoclinic cell (fig.I).

Figure 10-1 Left to right: As grown single crystal boule, cleaved flakes, Laue photograph.

In scope of. neutron experiment that was held on WISH diffractometer at ISIS, a sample
holder had to be designed and made from scratch in order to keep the desired orientation
during the scattering. As shown in Figure Il the arc shaped holder had such an arrangement
o0 that pin holder could be fixed in 9 positions of an arc (R=21.5 mm) having a screw
height regulator in order to have the crystal exactly in the center of the beam. A close up of
the pin holders is shown in figure I1l. The crystal was kept safe with vacuum grease on the

pin holder. Each one has been differently shaped to carry a different angle and serve the

crystal shape.
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Figure 10-2 The base of the holder carrying trhee crystals in different orientations.

Diameter =0.7 mm

Figure 10-3 pin holders shaped in 4 different ways in order to accommodate the crystal in different
angles.

However after the first discussions while being in the facility, we decided to choose only
one big flake of almost 1 cm length which would sit oriented as desired in one single pin
holder that would inevitable be larger in size than the ones prepared.
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The puzzle of the orientation has been solved in favor of the crystal flake oriented in such

way as illustrated in figure IV-right panel.

Figure 10-4 left: actual crystal flake cleaved from boule. The tiny lines on the crystal’s surface are
indicative b-axis while the flat surface is described by this orientation [-202]. Right: illustration of
the desired orientation of the specific crystal in order to have

The single crystal flake was fixed in specially designed Al-holder which was hermitically
sealed under He atmosphere in an He-circulating anaerobic glove-box. The crystal (m= 12
mg) was aligned with the c*-direction (c*-- a-b plane or c*= d},, direction) vertically (the
direction which contains the local gravity direction at that point), allowing to collect
reciprocal space intensity maps from the (hkQ) scattering plane, while the external
magnetic field was applied perpendicular to the latter (i.e. along the c*-direction). In order
to derive the one- dimensional intensity patterns, the neutron diffraction data are getting
reduced, which is the transformation of the dataset collected from the instrument into a
dataset of physical units. Data reduction together with the analysis of the neutron scattering
data has been handled out using algorithms and scripts developed within the framework of
Mandid project. [224] The observed peaks have been chosen and masked in order to get
the Intensity of the presented peaks. For the integrated intensity the mathematical area that

is defined by each reflection peak has been calculated.




