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NEPINAHWH

To evlladpépov yla toug KA Tpog To meplBariov kat Buwoua Fe-X (X = Cu, Co, Mn)
VAVOOUOOWUOTWHATA KoL €MIKAAUPEL aufdvetal onuepa Aoyw Twv Tbavwyv avwiEpwv
HOYVNTIKWVY LSLOTATWY TOUG TIOU HUIopouV va odnynoouv ot edappoyéG o moAanAda nedia
OTWG N KATAAUoN Kal n mapddoon GapUaKwy.

e auth T SLaTpLPr), MPAYUOTOMOLCOUE UTIOAOYLOUOUC OUVOPTNOLAKOU TIukvoTnTag ¢goptiou
TIPOKELEVOU VO HEAETAOOUME Ta vavoouoowpatwpata Fe-X (X = Cu, Co, Mn) pe otoxo tnv
gupeon twv BéAtotwv pubuicswv kat peyebwv cuotadwv mou eudavilouv v vPnAotepn
gayvntikn pomn (MM). EmAéyoupe umokataotaon Cu kabwg elval éva KAAGLIKO Un HayVvVNTIKO
OTOLXELD, EVW TA YyVWOTA payvnTika otowxeio Co kat Mn gpdavilouv oculevén Ferromagnetic (FM)
kat Antiferromagnetic (AFM) pe Fe avtiotowa. MNa autoug toug Adyoug, Stepeuvoupe Sladopa
HEYEDN ouotadwv AapBavovtag unopn Siddopeg cUVOETELG KOL OTOUKEG SLAUOPPWOELS TTOU
avVaAUOUV TNV NAEKTPOVIKA TIUKVOTNTA Kataotacswv (EDOS), Tig kupatoouvaptioelg (WF) kat
TOoV MANBUOUO TWV NAEKTPOVIWV.

AlamioTwoape OTL Ta vavoouoowpatwpata FeCu epdavitouv 1o uPnAdtepo tomnikd MM Fe otav
1o Fe Bploketal oe MePLOXEG eMLPAVELAG TOU CUUMAEYUATOC LE TOV HLKPOTEPO APLOUO YELTOVWY
Cu mou &gv oupBaM\ouv OTIC MOYVNTIKEG LOLOTNTEC TOU ouoTtApatog. AvtiBeta, Ta
vavoouoowuatwpata FeCo eudavitouv oulevén FM pe atopa Co kat Fe kat amodidbouv tov
uPnAdtepo péco 6po cuotadwv MM, evw to Tomikdo MM Fe eival oo pe ta neplotatikd FeCu.
Ta vavoouoowpatwpata FeMn deixvouv pla péon cvotada MM kovtd oto pundév, PLdeital tn
OUVOALKN Hé€on tdon MM tou FeCu Adyw tng ZeVéng Mn-Mn AFM. H nAeKTPOVIKA TIUKVOTNTA
KATAOTACEWV ouoTAdwV 13- Kal 55 atouwv epdavilel SLaKPLTEC KOL EVTOTILOMEVES KOTAOTACELG,
LE OTOTEAECUA HLOO PETAAALKO XOPOAKTAPA. ZUYKEKPLUEVA, oL cuotadeg FeCu gudavilouv pia
TIANPWC KataAapBavopevn NAEKTPOVLIKA TUKvOTnTa Spin-up Fe 3d kataotdoswv mou amnodidouv
KUMATOOUVOEDELG Ue opoloyevh Katavoun doptiou. AvtiBeta, to Spin-down sivat oxedoév adelo
Kol epdavilel avaoTAATIKEC KATAOTACELG OUVOEDNC KOVTA otV Kataotaon homo. Ot cuotadeg
FeCo 1 FeMn yapaktnpilovtal amd NnAeKTpovikEG kataotdoel Fe 3d mou ufpldomolovvral
€vtova pe to Co 1) to Mn 3d téoo yla tnv neplotpodr) 600 Kal yla tnv replotpodr twv EDOS.
EmutAéov, ta peyalltepa vavoouoowpatwpata (147 kat 309 atopwv) Obeixvouv pia
ouunepLPopPA TOU POLALEL PUE EKELVN TWV EMIOTPWOEWV KAl LETOAALKA XOPOAKTNPLOTIKA. € OAEC
TIG TIEPUTTWOELG, TA Vavoouoowuatwpata epdavitouv upnidétepo MM amod ta Aentd vpévia Fe

TIOU OUYKALVOUV Ttavw oo 120 dtopa. ZUUMEPACHATIKA, TO Vavoouoowpatwpata FM Fe-Co 1) ot



enotpwoelg Fe oto Co / Cu (111) mpoteivovtal w¢ o KaAUTEPOG umoPnPlog yla cuoThpaTa
Baolopéva oe Fe pe 1oodUvapo ouVOALKO Kal Tomikd Fe MM oe ocUykplon LE TO aviiotolxa
ocvotiuata Fe-Cu kat Fe-Mn.

MoTeVOUUE OTL AUTA TA ATOTEAECUATA UMOPOUV val cUPBAAOUV OTLG LEAAOVTIKEG e€eAielg oTO
oxedloopo Fe-X (X = Cu, Co, Mn) meptBalAovtikd BLwoUwVY EEUMVWV HOYVNTIKWY CUCTASWV N

ETUXPLOUATWV.



ABSTRACT

The interest in the environmentally friendly and sustainable Fe-X (X=Cu, Co, Mn) nanoclusters
and coatings is increased nowadays due to their potential superior magnetic properties that can
lead to applications in multiple fields like catalysis and drug delivery.

In this thesis, we performed density functional calculations in order to study the Fe-X (X=Cu, Co,
Mn) nanoclusters aiming in finding the optimum configurations and cluster sizes exhibiting the
highest magnetic moment (MM). We choose Cu substitution since it is a classical non-magnetic
element while the well-known Co and Mn magnetic elements exhibit Ferromagnetic (FM) and
Antiferromagnetic (AFM) coupling with Fe respectively. For these reasons, we explore various
cluster sizes considering several compositions and atomic conformations analyzing the electronic
density of states (EDOS), the wave functions (WF) and the electron population.

We found that the FeCu clusters exhibit the highest Fe local MM when Fe is at cluster’s surface
sites having the smallest number of Cu neighbours that do not contribute in the systems’
magnetic properties. On the contrary, FeCo clusters exhibit a FM coupling with Co and Fe atoms
and yield the highest average clusters MM, while the Fe local MM is equal to FeCu cases. The
FeMn clusters show an average cluster MM close to zero, mimicking the FeCu total average MM
trend due to the Mn-Mn AFM coupling. The electronic density of states of 13- and 55-atom
clusters exhibit discrete and localized states, resulting in a half metallic character. In particular,
the FeCu clusters display a fully occupied Spin-up Fe 3d electronic density of states yielding
wavefunctions with homogeneous charge distribution. On the contrary, the Spin-down is almost
unoccupied exhibiting dangling bonding states close to the homo state. The FeCo or FeMn
clusters’ are characterized by Fe 3d electronic states that hybridize strongly with the Co or Mn 3d
for both spin up and spin down EDOS's.

In addition, the bigger clusters (147 and 309 atoms) show a band-like behaviour and metallic
features. In all cases, the nano-clusters exhibit higher MM than the Fe thin films reaching a
plateau above 120 atoms. Concluding, the FM Fe-Co clusters or Fe coating on Co/Cu(111) are
suggested as the best candidate for Fe-based systems with equivalent total and local Fe MM
compared to the corresponding Fe-Cu and Fe-Mn systems.

We believe that these results can contribute to future developments in the design of Fe-X (X=Cu,

Co, Mn) environmentally sustainable smart magnetic clusters or coatings
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Abstract

The interest in the environmentally friendly and sustainable Fe-X (X=Cu, Co, Mn) nanoclusters and coatings
is increased nowadays due to their potential superior magnetic properties that can lead to applications in

multiple fields like catalysis and drug delivery.

In this thesis, we performed density functional calculations in order to study the Fe-X (X=Cu, Co, Mn)
nanoclusters aiming in finding the optimum configurations and cluster sizes exhibiting the highest magnetic
moment (MM). We choose Cu substitution since it is a classical non-magnetic element while the well-known
Co and Mn magnetic elements exhibit Ferromagnetic (FM) and Antiferromagnetic (AFM) coupling with Fe
respectively. For these reasons, we explore various cluster sizes considering several compositions and atomic
conformations analyzing the electronic density of states (EDOS), the wave functions (WF) and the electron

population.

We found that the FeCu clusters exhibit the highest Fe local MM when Fe is at cluster’s surface sites having
the smallest number of Cu neighbours that do not contribute in the systems’ magnetic properties. On the
contrary, FeCo clusters exhibit a FM coupling with Co and Fe atoms and yield the highest average clusters
MM, while the Fe local MM is equal to FeCu cases. The FeMn clusters show an average cluster MM close to
zero, mimicking the FeCu total average MM trend due to the Mn-Mn AFM coupling. The electronic density
of states of 13- and 55-atom clusters exhibit discrete and localized states, resulting in a half metallic character.
In particular, the FeCu clusters display a fully occupied Spin-up Fe 3d electronic density of states yielding
wavefunctions with homogeneous charge distribution. On the contrary, the Spin-down is almost unoccupied
exhibiting dangling bonding states close to the homo state. The FeCo or FeMn clusters’ are characterized
by Fe 3d electronic states that hybridize strongly with the Co or Mn 3d for both spin up and spin down
EDOS’s.

In addition, the bigger clusters (147 and 309 atoms) show a band-like behaviour and metallic features. In
all cases, the nano-clusters exhibit higher MM than the Fe thin films reaching a plateau above 120 atoms.
Concluding, the FM Fe-Co clusters or Fe coating on Co/Cu(111) are suggested as the best candidate for
Fe-based systems with equivalent total and local Fe MM compared to the corresponding Fe-Cu and Fe-Mn

systems.

We believe that these results can contribute to future developments in the design of Fe-X (X=Cu, Co, Mn)

environmentally sustainable smart magnetic clusters or coatings.
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Chapter 1

Introduction

1.1 State of the art

In the last few decades, an extensive study on magnetic properties of Fe-based nanoparticle (NPs) has been

done, due to the increasing interest of their potential applications [10].

In the field of catalysis, for example, magnetic bimetallic NPs, like FeCu, are used into the removal process
of heavy metals such as Cr and metalloids, combining interesting reactivity with an easy, economical and
environmental friendly method of recovery [11]-[15]. Moreover, in biomedicine, magnetic nano-materials, such
as FeCo, FeNi, CoFesO4 and MnFe;0O,4 are being investigated for their use in bio-imaging, hyperthermia
and drug delivery [16]-[18].

Furthermore, magnetic NPs are attractive in magnetic storage devices. Due to the fact that the magnetic
properties are closely related to the dimensions of the system, the increase of the storage density, is related
with the magnetic particles that have to become smaller and smaller[19].

Billas et al. [20], showed that Fe, Co, Ni clusters exhibit a larger magnetic moment (MM)/atom compared
to the bulk, converging to the bulk value as the cluster’s size increases. Theoretical results showed that
Feqs cluster displays the largest total MM (44pup) among all other unary Xj3 clusters composed of 3d, 4d
atoms[21], and Gustev et al [22] found that the Fe cluster’s MM can be enhanced by substitution of one Fe
with Mn (FejaMn) or Gd (Fej2Gd). Moreover, experiment on Co,Mn,, clusters exhibited an increase in
clusters MM depending on Mn concentrations[23], contrary to Co, V;, which the same phenomena were not
observed[24].

Aiming in understanding and improving the magnetic properties of Fe, we shall present in this thesis a
systematic study regarding the structural, electronic and magnetic properties of FeX (X=Cu,Co,Mn) coatings

and nano-clusters by means of the Density Functional Theory (DFT) calculations.

1



2 CHAPTER 1. INTRODUCTION

1.1.1 Fe Magnetic Properties

Because of their great magnetic properties, a lot of experimental and theoretical attention was paid on Fe-
based materials but some magnetic mechanisms are not still well identified.

It is known that Fe MM is found to be 4up but when Fe is assembled in the bcc bulk the MM de-
creases to 2.2up [9]-[26]. At hight temperatures (between 1183 and 1667 K), experiments display an Fe
fce phase[27]. Theoretical calculations revealed the existence of different magnetic Fe fcc phases depending
on the volume[28],[29]. For a lattice constant (a) below 3.57A were found a paramagnetic (PM) state (a:
3.448 A) was found, while a low-spin ferromagnetic (LS-FM) state appeared at small lattice constant(a:
3.463 A, MM about 0.62up). For « larger than 3.57 A, a third magnetic state appeared, known as high-spin
ferromagnetic (HS-FM) state, with a 3.6324 and a MM of 2.5445[30]. Starting from this point, Fe thin films
were deposited on different fcc substrates in order to stabilise Fe at lower temperature confirming an higher
MM compared to the Fe bee bulk (Fe on Cu(100) 2.8up and Fe on Co(100) 3ug) [7]-[36].

It is known that, ferromagnetism is caused by the spontaneous mutual alignment of magnetic moments. The
spin imbalance is simply defined by the difference in the number of spin-up and spin-down electrons per
atom (n(+) — n(—)). This effect is well understood in the bulk, but how ferromagnetic properties evolve by

increasing the dimensions from atom to the bulk is still an open question [20].

Starting with the smallest case, Fe atom has 8 valence electrons distributed in 3d and 4s levels. Because of
the Hund’s rule five electrons occupy 3d spin-up levels, two the 4s levels, and the rest in the 3d spin-down
states, giving the MM of 4. When Fe atoms are assembled in the bulk, atomic orbitals hybridize and form
energy bands. It was shown that 4s orbitals create a wide band which remains partially filled, in contrast
with the completely filled 4s orbital in the atom; while the 3d] and 3d{ orbitals create narrower bands. As a
result Fe exhibits a MM of 2.2up where the characteristic non integer MM is due to the partial delocalisation
of the 3d electrons [37][38].

Theoretical and experimental results show that the enhanced MM displayed in thin films was caused by the
lower coordination number of the atoms at the surface. For a single Fe(100) monolayer (MLs) local MM is
theoretically found to be 3.2up[39]. In addition, it is demonstrated that small clusters are more magnetic
than the bulk structure. Fe local MM was found approximately 3up up to ~ 55 atoms, around 2.5up for
few hundred atoms, and converging to the bulk value (2.2 pp) for about five hundred atoms[40]-[43]. These
properties arise because of the unusual structure. Due to the reduced coordination number of atoms the
electrons belong to molecular orbitals and exhibit an energy gap between the highest occupied molecular
orbital and the lowest unoccupied molecular orbital defining the HOMO-LUMO gap. The way in which
these orbitals are filled and the HOMO-LUMO gap determines not only the stability of the clusters but also
their properties[44].
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1.1.2 FeCu

In the last paragraphs were shown that it is possible to improve the Fe local MM by depositing Fe film on
fce substrates or, for example, growing Fe-based bimetallic clusters. Fascinating results were found in the
FeCu systems. Cu is known to be a no magnetic element, which at room temperature adopt the fcc bulk
structure. Magnetic properties of Fe thin films on Cu substrate were known to depend on the number of Fe
mono-layers (MLs)[45]-[49]. Interestingly, it is shown that when Fe thin films are deposited by using Pulsed
Laser Deposition (PLD) they exhibit different magnetic properties from the films that were grown by the
thermal deposition (TD). These results are attributed to the high deposition rate in the PLD technique,
demonstrating that magnetic properties of the samples are affected by the deposition technique[50]-[52].
Generally, it is possible to distinguish three different regimes[53]-[57]:

1) Up to four MLs of Fe: the ground-state spin configurations are FM, the film assumes a face-centred-
tetragonal (fct) structure. At a coverage of 4 ML Fe forms a complete over layer film which is ferro-

magnetic FM with perpendicular magnetic anisotropy;

2) Between 5 — 10 MLs: the Fe overlayers adopt an fcc structure, and the topmost two interlayer distances

are increased. Moreover, the magnetisation signal is reduced;

3) Above 10 MLs: the Fe film’s structure converts gradually to bulk bee, and the magnetisation switches

from perpendicular to in-plane.

Moreover, the local Fe MM decreases going from the topmost to the deeper layers[50][58].

Starting with the simple case, ab initio calculations found that for only one Fe ML the local MM was found
to be 2.85up on Cu(001)[59][53] and 2.7up on Cu (111)[4][5]. Furthermore, in both surfaces the distance
between the Fe layer and the neighbouring Cu layer was larger compared to the bulk. The enhancement
in the Fe MM is commonly explained due to the reduction in coordination number and the symmetry of
the Fe surface, which causes the d bands to narrow and hence, in general, enhances the paramagnetic state
density at the Fermi level [60]. Moreover, due to the presence of the Fe ML, a weak MM was induced on
the adjacent Cu site (0.04pp/atom). For two Fe ML, it was found a local MM of 2.83up/atom in the first
and 2.581p /atom in the second layer, resulting in a FM coupling [59][53]. For more than three layers AFM
coupling was exhibited and the Fe local MM decreased from the topmost to deepest layers. In addition, it
was found that FM coupling favourites the expansion between Fe-Fe layer distances, while a contraction was
found between Fe-Fe AFM coupling [61]-[63]. In addition, one Fe ML sandwiched between two Cu thin films
exhibited a MM of 2.60up /atom, in both Cu(100) and Cu(111) structures[62]-[5]. Moreover, D. Errandonea
[64], reported theoretical calculations about Fe and Cu thin films in the L1y structure. He found that the
Fe MM increases, from 2.49up to 2.81up, while the Cu MM decreases, from 0.112up5 to 0.038u 5, when the
ratio of the interlayer lattice constant (c) to the intralayer lattice constant (a) ¢/a increases from 0.8 to 1. B.
Lazarovits et al[65] presented a systematic study of magnetic moment of finite monoatomic Fe,, (1 <n < 9)
chains deposited on top of fcc Cu(001) and Cu(111) surfaces. They found a correlation between the number
of Cu nearest-neighbour and the Fe MM. For only one Fe atom on Cu layer, it was found a MM of 3.27up on
Cu(111) and 3.19pp5 on Cu(100). They attributed this trend to the number of nearest-neighbour Cu atoms,
N¢y, = 3 in case of Cu(111) and N¢,, = 4 in case of Cu(001). When the Fe impurity was deposited on the first
Cu surface layer, the results were reversed. A larger Fe MM was found on Cu(001)(N¢,, = 8, 3.01up) than
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on Cu(111) (Noyw = 9, 2.91 up). Interestingly, for Fe chains longer than 3 atoms, they found that, Fe MM
was systematically higher at the edges of the chains than in the middle. The MM lowering in the middle of
the chains was attributed to the larger orbital hybridisation between the orbitals of the Fe atoms. Because of
the reduced coordination number of the atoms and higher symmetry an enhanced MM was found also in the
clusters. Theoretical results report that clusters exhibit localized electronics band producing an enhancement
in magnetisation not only in ferromagnetic elements but also in non-magnetic materials[65]. For example,
a weak MM was found in Cuys icosahedral (ICO) cluster (0.38up/atom)[66]. Theoretical and experimental
studies have demonstrated that pure Cu clusters display an ICO structure up to 2500 atoms[67]-[69]. Starting
with 13 atoms, it was found that in CujoFe, Fe tends to occupy the central position, showing a MM of 2.72up,
while Fe-Cu coupling was found to be AFM [70][71]. On the contrary, calculations on Fe;2Cu reveal that Cu
energetically prefers the surface sites displaying a MM of 0.2u 5, while Fe exhibits a MM of 3.3-3.4up in the
shell and 2.1up at the center of the cluster[22]. For larger clusters, like Cus4Fe, the energetically favourite
structure has always Fe at the centre, with a MM around 2.5u5[72].

1.1.3 FeCo

For transition metals, the magnetic moments are in most cases absent because of their d-d neighbouring
atoms’ hybridisations. Exceptions are Cr, Mn, Fe, Co and Ni 3d transition metals that remain magnetic
due to the imbalance between spin up and down electronic distributions[73]. Therefore, it is interesting to
investigate the magnetic properties of Fe with a magnetic element’s substitutions like Co and compare them
with the corresponding Fe-Cu cases. Co was chosen as a good candidate known to have MM of 1.7up when
in the hep structure[37][74]. Experimentally, aiming in the studying the Fe fec thin films’ magnetic properties
on Co fcc substrate (similarly to the FeCu layers), Co was grown on Cu fcc substrate. It was found that Fe
thin films reproduced the same trends with the FeCu system. As it was shown for FeCu, three different region
can be distinguished. Up to 5 Fe MLs high-spin state was shown and the fcc structure were preserved. In the
second region, between 6 and 10 MLs the ferromagnetic order was restricted to the two topmost layers and
the two layers at the interface, while the ferromagnetic order at the interface is induced by the ferromagnetic
Co substrate. In the third region, more than 11 MLs, the structure converts from fcc to bee[75]. In contrast
to the growth of the Fe/Cu(100) system, which shows a perpendicular magnetisation in the first two regions,
Fe/Co(100) system exhibits in-plane magnetisation throughout to the whole thickness. This result indicates
the strong magnetic interaction between the ferromagnetic Co substrate and the Fe overlayers that changes
the magnetic direction of the Fe overlayers[76]. Experimentally, Schmitz et all. [7] found an Fe MM of 3.0up
up to 4 Fe ML on Co(001) and between 5 and 10 Fe ML an average Fe spin moment of 1.1x5. Turning to Co
clusters, two different structures were exhibited theoretically. For less than 50 atoms an HCP structure was
found to be the most stable configuration[77], while bigger clusters (50 — 500 atoms) shown ICO configuration
[78].

Theoretical calculations on Cops yielded a Co average MM of 1.9up/atom in hep configuration [79] and
2.5up/atom in the ICO structure[42]. These have to be compared to the experimental result of 2.30 +
0.07up/atom[80], 2.00 + 0.065[81]. In addition, both theoretically and experimentally, the Co-Co interac-
tions were always found ferromagnetic, reproducing the hcp bulk Co behaviour. Ferromagnetic coupling was

preserved also in the bigger Co clusters (n > 55), and the MM converged to the bulk value as the dimension
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of the clusters increased[37][42].

Aguilera-Granja, Vega [82] presented a systematic study of CoFe ICO clusters. Starting with Coy3 and grad-
ually by substituting one Fe at each time (e.g. CojaFe;), the Feqs configuration was finally obtained revealing
data for all stoichiometries. They found an increase in Co upon Fe decrease. Co MM of 2.36 yup and Fe MM
3.63up were found on CojsFe, while, Fe MM 3.44up5 and Co MM 1.765 were found on Fe;2Co [82][22]. Lu
et al [66], reported calculations about ICO CuCo clusters. They found that Co, like Fe, preferred the central
position in the clusters. The average MM of Cuj3Co was found to be 0.2up/atom and 1.28up for Co and
0.14up for Cu. In the reverse case, Co;2Cu, Cu coupling AFM and exhibited a MM of 0.32up while Co MM
was found to be 1.83up.

1.1.4 FeMn

Mn can be considered as the most complex of all metallic elements, due to its structural and magnetic

properties. Mn exhibits four different bulk phases depending on the pressure and temperature[83]:

a—phase, under normal conditions of temperature and pressure it adopts an exotic crystalline structure

containing 58 atoms in a cubic unit;

[—phase exists in the temperature interval from 1000 to 1368 K and is simple cubic with twenty atoms per

unit;
~vy—phase is found in the high-temperature region between 1368 and 1406 K; it is an fcc structure was exhibit;
d—phase, at higher temperatures up to the melting point (1517 K) it is a bce structure.

Theoretically, a free Mn monolayer was known to be AFM with a giant magnetic moment of 4.32 1 p5[84].
Experimental results demonstrated that when only one Mn ML was deposited on fcc Co(100), it exhibits a
ferromagnetic order and an enhanced local MM compared to the bulk[85]. In addition, when Mn films are
epitaxially grown on (001) bee Fe, Andrieu et al [86] reported that for uncapped Mn films, a structural and
magnetic transition exists between 2 and 3 Mn monolayers. Up to 2 Mn atomic planes Mn displays a bct
structure close to the Fe bce structure and a ferromagnetic behaviour was observed in these films. From 3 to
10 atomic planes, the Mn film structure changes and the ferromagnetic behaviour disappears. They observed
in uncapped Mn films that a magnetic transition from a ferromagnetic to an AFM state came up with this
structural transition. In their theoretical calculations on Mn ML on Fe(001), Wu et al.[87] found a strong
interplay between magnetism and atomic structure. They showed an antiparallel alignment between Mn in
the plane with a local magnetic moment of 3.1up and -3.26up. The large MM was found to buckle the
reconstruction in the Mn overlayer. Due to hybridisation with the magnetic Fe(001) substrate, the valence
bands of the two different Mn atoms differ substantially. Carbone et al. [73] made an experimental and
theoretical work comparing ¢(2 x 2) CuMn/Cu(100) and ¢(2 x 2) MnNi/Ni(100) finding experimentally in
both systems an enhancement on Mn local MM and theoretically a MM of 3.75up and 3.5up, respectively.
Calculations on Fe,Mn_, alloys showed that for Fe-rich (z = 75%) alloys exhibit a bce structure with
o 2.884 FM state and an average MM of 1.89up5. For z = 50% an fcc structure was found with a= 3.65
A, AFM behaviour and an average MM of 1.81up. For Mn-rich (z = 75%) alloys, the fcc structure was
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still mantained with a= 3.66 A, along with AFM behaviour and an average MM of 1.9645[88]. Finally,
M. Ekholm and I. A. Abrikosov [89], in their calculations found that magnetic properties of Feg s Mng 5 are

strictly related to the lattice constant revealing for the o experimental value an AFM coupling between atoms.

Turning to the clusters cases, it was found that Mn exhibits an ICO structure as the energetically favoured
configuration. In the smallest ICO clusters, Mn;3 shows a really low average MM 0.23 pp due to the spin-
segregated state of atomic moments, the atoms in the two pentagonal rings are ferromagnetically aligned,
while the two pentagonal rings are antiferromagnetically coupled each other[90]. M. B. Knickelbein in his
experiments confirmed the theoretical MM of 0.56p5/atom for Mny3[91]. When the central Mn was sub-
stituted with an other atom, different magnetic behaviours were displayed. For Ti, V and Cr a ferro-
magnetic state was found while Mn atoms in the surface shell exhibited a FM coupling. AFM coupling
was found between Mn and the substituted central atom but an increase in average MM was observed
(Mn2Ti=2.3up/atom, Mn;2V=2.2up/atom, Mn;5Cr=1.7up/atom). On the contrary, Fe, Co, Ni yielded a
non magnetic state and their MM were found to be close to zero. Mn-Mn coupling between the Mn in the
shell became AFM giving a cluster average MM close to zero (Mnj2Fe=0.645/atom, Mn;5Co=0.5u5/atom,
Mn;5Ni=0.6 5 /atom)[92].

Furthermore, it was found that the energetically favoured configuration of Fe;oMn clusters was that of a Mn
atom in the shell, yielding in an average cluster MM of 3.5u 5 /atom. In this configuration Mn showed a MM
of 4.6up and Fe ~ 3.37up. Moreover, when Mn was placed in the centre, it was found an AFM coupling
between Fe-Mn and an average MM of 2.7up5/atom[93][22]. Study of CoMn clusters showed that for the
Co49Mng the Mn atoms occupied the surface and their Co first neighbouring atoms showed an approximately
~ 3.9up local MM[94].



Chapter 2

Density Functional Theory

2.1 Many-Body problem

Due to the wave-particle nature of the nuclei and electrons a physical object, such as solid or clusters, needs
to be described by the quantum mechanical theory. In quantum mechanics each particle is pictured as a
wave-function that it is a solution of the Schrédinger’s equation [95]. For a multi-particles system of ions

(nucleus plus core electrons) and electrons (valence electrons) the Schradinger equation is written as:
HU{R;:1r;} = EU{R;r;} (2.1)
where:
e H is the Hamiltonian of the system;
e U{R;r;} is the many-body wave-function that describes the state of the system;
e [ is the energy;

and the Hamiltonian operator is given by [96] [97]:
h2

h2
H:—ZTMIVQRI —;Tmevi

Z]@ 1 Z[ZJ€2
+ > E § —
171‘J| |R[*I‘l| |R]7RJ|
w(sﬁj U(I#J)

(2.2)

My and R; are the masses and positions of ions I, and m. and r; are referred to the masses and positions
of the electron i. The first two terms are the kinetic energy of the particles (ions and electrons), and the
last three terms describe the electron-electron, electron-ion and ion-ion interaction given by the Coulomb
interaction. For a system of N particles,U{R;r;} depends on 3N coordinates[98]. Solving a problems with
3N variables makes our system impossible to study analytically, thus approximations are necessary [99]. The
simplest approximation that can be done is to think ions and electrons independently as it is shown in the

next paragraph.
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2.1.1 Born-Oppenheimer approximation

Due to the huge difference of mass between ions and electrons (three to five orders of magnitude), the ions can
be considered ’frozen’ during the motion of the electrons [96]. This is known as the Born — Oppenheimer
approximation, and the many-body wave function can be written as a product of the ions and electron
wave-function[95]:

\I/{R[;I'i} = \I/[(RI)\I’C(R];I‘i) (23)

where the electrons wave-function depends parametrically on the ions coordinate [100].

Considering ions at rest, we can focus only to the electrons, and the Hamiltonian is reduced to:

K2 e? 1 1 Ze?
H=-Y —V? + — — -y
Z 2m, " i 2 Z v, —r;| 2 Z R — 14 (2.4)
¢ i5(i77)
Because of the nature of the electrons-electrons interactions, solving for ¥({r;}) is an extremely difficult

task. A way to solve this problem is to consider electrons as single particles that interact through an effective

potential.

2.2 Single particle approximation

A way to simplify the many-body electrons wave function ¥({r;}) is to picture electrons as independent
quantum mechanical particles. In this approximation, each electron experiences the presence of the other

electrons through an effective potential that encapsulates the many-body nature of the true system.

2.2.1 Hartree-approximation

Assuming that electrons are non-interacting particles it is possible to write the many-body wave-function as

a product of single orbitals where each orbital is referred to one single electron:

H({r:}) = 61(r1) @ (r2)P3(r)....e.. On(rn) (255)

The wave-functions ¢;(r;) are normalized states to unity, in which the individual electrons would be if this
was a realistic approximation. This is known as the Hartree approximation (hence the superscript H), and
the total energy can be written as:
2
H H H 2 €
EY = (VHH[ET) = Z <¢1‘ V , Vion(r)|¢i) + 9 Z <¢z¢]‘ |¢1¢j> (2.6)
i (i#7)
Minimizing the energy using the variational principle, the single-particle Hartree equations can be written

as:

e Vi 300 () = o) (.1
J#i

where the constants ¢; are Lagrange multipliers introduced to take into account the normalization of the

single-particle states {¢;|¢;) = 1.
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In order to take a realistic solution, single-particle states ¢; are taken orthogonal, and each electron experi-
ences the ionic potential V;,,(r) as well as a potential due to the presence of all other electrons Vi (r), given
by:

= +¢? Z ¢J |¢J> (2.8)

Jj#i

This is known as Hartree potential and includes only the Coulombic repulsion between electrons [101]. The
potential is different for each particle. It is a mean-field approximation of the electron-electron interaction,
takes into account the electronic charge only, which is a severe simplification.
Due to the fact that, each orbital ¢;(r;) can be determined by solving the corresponding single-particle
Schrodinger equation, if all the other orbitals ¢;(r;), j # ¢ were known, these equations have to be solved
iteratively in the self-consistent way. Starting with a trial ¢i", to determinate the charge density of the system
P (r) =3, |qz§§i")(r)|2 and then writing the potential to set the Hamiltonian, the new ¢?“* are taken by
solving the Schrédinger’s equations. A new charge density can be written as p(°*)(r) = Y, |q§§out)(r)|2 and
the cycle is continued until p(©“* (r) — p(™ (r) < 6;0

2.2.2 Hartree-Fock approximation

In the Hartree approximation the ¥ was written as a product of the single-electron orbitals making the
wave-function symmetric. Due to the Fermionic nature of electrons the multi-particle wave-function has to
be antisymmetric, which means that the wave-function must to change sign if two electrons of the same
spin interchange the positions: this is known as the exchange property, and is a manifestation of the Pauli
exclusion principle [96]. Combining Hartree-type wave-functions to form a properly antisymmetrised wave-

function for the system, we obtain the Slater determinant:

¢1(r1)  di(ra) . di(rw)
¢a(r1)  ¢a(ra) . ¢a(rn)

O 29)

¢n(rN) ¢n(rN) . ¢n(rN)

where N is the total number of electrons. This has the desired property, since interchanging the position of
two electrons is equivalent to interchanging the corresponding columns in the determinant, which changes its
sign. This is known as the Hartree — Fock (HF) approximation. In the HF approximation, the total energy

for the system is written as:

9 e? e? (2.10)
Z (6l v A Vien(M)i) + 5 Y (0idsl——10i0s) — 5 D (idsl—10500)
ij(i#7) 17 (i#7)
and the single-particle HF equations, obtained by a variational calculation, are:
h2
oV Vi) V)| € S| 1606,0) = o) 2.11)

J#i
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Due to the antisymmetric wave-function nature, the equations exhibit one extra term compared with the
Hartree equation, the last one, which is called the exchange term. The exchange term describes the effects of
exchange between electrons. This term cannot be written simply as VX (r;)¢;(r;) (the superscript X denotes
exchange).

First, the Hartree potential can be written in term of single-particle and the total densities by defining theme

as:

pi(r) = |¢y(r)|? (2.12)
p(r) = Zpi(r) (2.13)

and the Hartree potential:

Vi =y [ 28 g [ A0 (2.14)

— | |r —1/| [r — /|
J#i

Moreover, the single-particle exchange density can be written [97]:

¢i(r') ¢} (r)d; (r) ¢ (x')
X / ) J 7
pX(r,r') = d (2.15)
D NG
Then the single-particle HF equations take the form:
h2

sV + Vi 1) + V() + VE @)+ ) = 60 (2.16)

Now, it is possible to rewrite the exchange potential in analogy with the Hartree potential:
X !
VX (r) = —¢? / %dr’ (2.17)

Finally, the Hartree and the exchange potential give the HF potential to describe the interaction between

electrons:

/ ! X (o
ViHF(r):62/ p(r') dr,_ez/wdr (2.18)
r— /| r—r/|

which can be written, with the help of the HF density:

¢i(r") ¢} () (r) 8 (')
HF / i j j
; () = - 2.19
P = ) T e (219
as the following expression for the total electron-electron interaction potential:
VHF _ 62 / p(r/) B piHF(r7r/) dr/ (2 20)
, r—v |

The first term is the total Coulomb repulsion potential of electrons common for all states ¢;(r), while the

second term is the effect of Fermionic exchange, and it is different for each state ¢;(r).
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2.3 Density Functional Theory

In the last two paragraphs we have shown a method to handle the many-body problems picturing electrons
like non interacting particles. The interaction between particles is given by the Hartree (2.8) and the HF
potential (2.20), and the problem is solved self-consistently due to the fact that the potentials depended on
the single state wave-function.

A new way to solve the many-body problem was introduced by Hohenberg, Kohn and Sham. The basic idea
was that, instead of dealing with the many-body Schridinger equation (2.1) which involves the many-body
wave-function, one deals with a formulation of the problem that involves the total density of electrons n(r),
named Density Functional Theory (DFT).

2.3.1 Hoenberg-Kohn theorems

The DFT is based on the Hohenberg-Kohn theorems, that state [102][103]:

e The electron density determines the external potential, and consequently the total energy of the system

is a functional of the density E[n(r)];

e The global minimum of E[n(r)], defined by the E[ng(r)] ground state energy, attains its minimum only

for the correct ground state density ng(r).

First we want to demonstrate that the density n(r) is uniquely defined by an external potential V(r) (this is
identified with the ionic potential). To prove this, we will proceed with the unreasonable request that, taking
two different potentials, V(r) and V'(r), we will give rise to the same density n(r).

Given V(r) and V'(r) different in a non-trivial way, so that they do not differ merely by a constant:
V'(r) — V(r) # const

and let £ and ¥ be the total energy and wave-function for the system with Hamiltonians H and potential V',
and E’ and ¥’ be the total energy and wave-function for the system with Hamiltonians H’ and the potential

V'(r), we have:

E = (V|H|T) (2.21)
E = (V'|H|¥") (2.22)
By using the variational principle:
E < (V' |H|¥V') =

(V|H+V' —V'|¥) = (U|H +V — V'|T)
= (V[H'|V) + (W'|(V — V)| ¥')
= E + (W |(V = V)T

(2.23)

the strict inequality is a consequence of the fact that the two potentials are different in a non-trivial way.
Similarly it can be proved:
E <E—(Y|(V-V")|v) (2.24)
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Adding the equations (2.23) and (2.24), we find that:
(E+E) < (E+E)+ (V|(V =V - (I|(V -V D) (2.25)
The last two terms in the (2.25) give:
(W(V = V)[') = UV = V)|¥) =

2.26
/ W (0)[V () = V' (x)]dr — / n()[V(r) — V' (x)]dr = 0 (2:26)

we have assumed that n(r) = n/(r) as a result the two potentials are the same. Obviously it cannot be
E + E' < E + E’ concluding that the densities cannot be the same [96]. This proves that there is a one-to-
one correspondence between an external potential V(r) and the density n(r). Considering that the external
potential determines the wave-function, the wave-function must be a unique functional of the density.

Representing the kinetic energy as 1" and the electron-electron interaction as W, that are the same for all

solid, it is possible to define a universal functional that depend only to the electron density:
Fln(r)] = (¥|(T + W)|¥) (2.27)
Finally, the total energy is a functional of the density given by:
En(r)] = (Y|H|T) = /V (2.28)

In addition, the functional’s minimum is achieved for the correct density n(r) corresponding to V (r). Taking

a different charge density n/(r) # no(r) we have:

En/(r)] = (V|H|¥') = /V r)dr > (V|H|U) = E[ny(r)] (2.29)

2.3.2 Thomas-Fermi approximation

The first attempt to use the charge density as a basic variable in the energy functional was made by Thomas-
Fermi (TF) [101]. The basic idea was to take a non interacting electron gas where the main contribution
in the energy was taken only from the kinetic energy. In addition, they consider a spin-unpolarised system
i.e., one with equal numbers of up and down spin electrons, in a spin-independent external potential. In the
TF theory, the universal functional F[n(r)] was approximated by the local approximation for non-interacting

kinetic energy of a uniform gas, plus the Hartree energy:

FTF[n(r] = A, / 3 (r)dr + / / ddr (2.30)

where the coefficient is chosen to agree with that of a uniform gas, given by:

3 2
A, = 0 — (372) (2.31)

By adding the external potential, the energy functional was:

ETF A/ dI‘ // |I‘ ,| dd +V;xt (232)
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under the constriction:
N = Nin(r)] = /n(r)dr (2.33)

where N is the total number of electrons. By using the Lagrange multiplier the ground state charge density

has to satisfy the variational principle:

0| Erp(n(r)] — eTF</n(r)dr - N)] =0 (2.34)
that yields the Thomas-Fermi equations:

_ 0E7rp[n(r)]
= T sn(r)

/
_ gAsn%(r)—i—/ M) v, (2.35)

v —r'|

2.3.3 Kohn-Sham equations

The Hoenberg-Kohn theorems ensure us that it is possible find the ground state of our system if we know the
ground state charge density, but they do not give any information about how we can find the charge density.
After Thomas-Fermi, another way to calculate ng(r) and then E[ng(r)] was proposed by Kohn and Sham in
the 1965 [104].

The basic concept is to think the electrons like fictitious Fermionic particles with the only requirement that
their density is identical to the real electronic density. These particles can be considered to be non-interacting:
this is a very important aspect of the nature of the fictitious particles, which will allow us to simplify the
problem considerably. Tacking in account the many-body wave-function in the form of a Slater determinant

(2.9), and defining the charge density as:
n(r) = 6i(r)]” (2.36)
then the functional of energy is given by:

2 2 /

E[n(r)] = ;(dﬂ — ;WEVEMZ) + % / / Wdrdr' + /V(r)n(r)dr + E*°[n(r)] (2.37)
where the first term is the kinetic energy of non-interacting fictitious particle, the second is the coulomb
interactions, third the external potential and the last is the exchange — correlation energy, that includes all
the effects of the many-body character of the true electron system. We have mentioned previously that the
exchange contribution is due to the Pauli exclusion principle, moreover each electron is also affected by the
motion of every other electron in the system, this is known as the correlation property. E,. is simply the
sum of the error made in using a non-interacting kinetic energy and the error made in treating the electron-
electron interaction classically.

Writing the variation of the density as:
on(r) = 367 (1) i (x) (2.38)
with the restriction that:

/5n(r)dr = /5¢f(r)¢>i(r) =0 (2.39)
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so that the total number of particles does not change. By applying the variational principle:

5[E[n(r)] _ e(/n(r)dr _ N)] —0 (2.40)

under the restriction (2.39), the following single-particle equations, through a variational argument can be

written: .
{vaf +Veli(x, n(r))} ¢i(r) = €;¢i(r) (2.41)
where the effective potential is given by:
SE*[n(r)]
eff r + 2.42
V() = Vi) + 2 [ e (2.42)

with V(r) the external potential due to the ions; the last term is the unspecified functional E*¢[n(r)]. The
single-particle equations (2.41) are referred to as Kohn-Sham equations and the single-particle orbitals ¢;(r)
are called Kohn-Sham orbitals. The Khon-Sham equations, as the Hartree and HF, have to be solved self-
consistently. Interestingly, if the E*¢ were known exactly, and consequently the potential, the energy obtained

by solving the Khon-Sham equations would be exact.

2.3.4 Spin Density Functional Theory

In spin polarized calculation the single particle wave-function is defined as [105]:
(2.43)

This formalism is known as unrestricted formalism, where the up and down spins are free to have different
spatial orbitals ¢'(r) and ¢*(r). The total charge density is found as a sum of the density calculated by
the Khon-Sham equations (2.41) referred to the spin up and down respectively. In particular, given by the

previous paragraphs, the Kohn-Sham Hamiltonians referred to the two (up and down) cases are:

REST = %Vz +V(r) + Vi [n(r)] + Vie[n"(r)]
A S (2.44)
RESY = RV% + V(r) + Vi [n(r)] + Vee[n*(r)]

Splitting the problem in spin up and down parts, it was found that:

e Spatial orbitals are free to have different energy

e The Hamiltonians also depend on the total density (up plus down spins) through the Hartree operator

so they are coupled and have to be solved simultaneously.

In collinear magnetic system, we can define the total density as:

Ner Nery

n(r) = nq(r) +ny(r ZW |2+Z|¢i (2.45)
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and the spin density:
Neitr Nery

R () = na(r) = ny(r) = D 612 = D [0t (o) (2.46)

The difference in the density of spin up and down states define the magnetic moment of the system.

2.3.5 LDA and LSDA approximations

For the special case of a uniform electronic system, the E*¢ can be written as [106]:

E*In(r)] = /n(r)eu[n(r)]dr (2.47)

where €,.[n(r)] is the correlation-exchange energy of each particle of a homogeneous electron gas having a

density n(r). It can be separated into exchange and correlation contributions:
€ze(n(r)) = ex[n(r)] + ec[n(r)] (2.48)

the exchange energy €,[n(r)] has been proven by Bloch and Dirac to be equal to:

e fofr)) = -2 (3”(‘“))é (2.49)

™

Correlation is far more sophisticated, as it depends explicitly on the physical ground-state wave-function of

the uniform gas. A useful measure of the density is the Wigner-Seitz radius defined by:

0= () o

which is the radius of a sphere around electron such that the volume of all spheres matches the total density

of electrons. Having defined the Wigner-Seitz radius, it is possible to write the correlation energy as:

A Ts 2b 1 VAde —b?
E.(rs)=—=|ln + tan™ —
20 rs+byrs+c  Vic—b? 2\rs +b

2

S R [ I VP ) (2.51)
x5+ bxo +c rs +by/Ts+c
2(b+ 2x9) ran-! Ve — b2”
Ve — b2 2\/rs+0b

where A, zg, b and ¢ being suitable fitting constants. The LDA has be proven to be a remarkably fruitful ap-

proximation. For example, properties such as structure, vibrational frequencies, elastic moduli are described
reliably for many systems. Because the LDA approximation is derived from the hypothesis that we have an
homogeneous electron gas, one would expect that it is not a very accurate approach for all real systems. It
is known that there are very significant errors in the exchange and correlation energies but, due to the fact
that, as the exchange energy is generally underestimated and the correlation energy overestimated, these
errors tend to cancel. The success of the LDA appears to be in part due to this cancellation of errors. In the
spin density functional theory the up and down spin densities are treated separately. In this case the E*¢

was written as:

E*[n(r)] = /n(r)em[nT(r),nJ’(r)]dr (2.52)
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where e,.[nT(r),n*(r)] is the known exchange-correlation energy per particle for an electron gas of uniform
spin densities n'(r), n*(r). This approximation is known as the Local Spin Density Approximation (LSDA)
[107].

2.3.6 GGA approximations

The LSDA exchange-correlation energies are insufficiently negative (by about 10%) for almost all atoms,
molecules, and solids [108]. In some cases this approximation is a reliable, moderate-accuracy approxima-
tion, in the meaning of the errors are regular and chemical trends are reproduced. For many solid-state
purposes, the LSDA level of accuracy is sufficient. For example, LSDA is not accurate enough for most
chemical applications, that require the determination of energy differences with a considerable precision. An
improvement in the LSDA is made by introducing the dependency of the density gradient in the exchange
correlation energy. This approximation is named Generalised Gradient Approximation (GGA). The typical
form for a GGA functional is [107]:

E™[n(r)] = / n(r)eze[n(r), V(r))dr (2.53)

Several GGA functionals have been developed.

2.4 Pseudopotential

It is known that only valence electrons are mainly responsible in the interactions between atoms. In order
to simplify our calculations it is possible to separate the core and valence electrons description by using
the pseudopotetial method. This approach was presented for the first time by Phillips and Kleinman[109].
The pseudopotential method provides the possibility of neglecting the core electrons and write a smoother
potential for the valence electrons. Separating valence(v) and core(c) electrons and defining |1/(™)) the single-

particle states as the solutions of the single-particle equations, we can write:
HP ) = ) (2.54)
H?|p(9) = e[y() (2.55)

H*P is the single-particle Hamiltonian for each atom. Now we consider a new set of single-particle valence
states [¢(*)) defined by:

) = 16) = > (w1 [p() (2.56)

c

Applying the single-particle Hamiltonian to this equation, we obtain:

[Hsp n Z ( )W Y (4h(®) ‘] 16)) = )] (2.57)

The modified potential for these states is called the pseudopotential VP® and the corresponding |q~5(”)) pseudo-

wavefunction. VP? is written as:

vmz( () ) [9) (') (2:58)
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now we have obtained a pseudo-wavefunctions that experiences a weaker potential near the atomic nucleus,
and the proper ionic potential away from the core region. The huge advantage of the pseudopotentials is
that in the solid we have to deal with the valence electrons only, while we can consider the core electrons
essentially frozen in their atomic wave-functions. Moreover, the pseudopotentials are smooth so that standard
numerical methods can be applied to solve the single-particle equations[96].

According to Kleinman-Bylander[110], the pseudopotentials can take the form of:

. |6VP535€) (161 P
=V e v (259

where VEPB is the Kleinman-Bylander pseudopotentials and V*? is the potential of one particle.

2.5 Projector augmented-wave method

In the previous paragraph we have shown that it is possible to separate the core and valence problem aiming
in simplifying the computational effort. Another way to achieve this purpose was suggested by Bloch[111]
first, and Kresse and Joubert[112] after, introducing the Projector Augmented-Wave method (PAW). In PAW

the all-electron wave function ¢ is written as[113]:

)+ Z |63) — 6:) (Bilbs) (2.60)

where:
1. |@L> is a pseudo wave function expanded in plane waves;
2. ¢y, (;31 and p; are the atom centred localised functions.

The all electron partial waves ¢; are obtained for a reference atom, the él partial nodeless pseudo waves are

equivalent to the ¢; outside a core radius r. and match continuously onto <l~52 inside the core radius.

2.6 Basis set

In order to solve Kohn-Sham equations, we need to define a basis set to write the unknown wave-function
in terms of a set of known functions. For example, an unknown molecular orbital (MO) can be thought as
a function of infinite coordinates system spanned by a complete basis set. When a finite basis set is used,
only the components of the MO along those coordinate axes can be represented. There are two guidelines

for choosing the basis functions[100]:

1. They should have a behaviour that agrees with the physics of the problem, to guarantee reasonably

rapid convergence;
2. the chosen functions should make it easy to calculate all required integrals.

The basis set can be composed of atomic orbitals or plane waves.
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2.6.1 LCAO

Defining x as a basis set of molecular orbital ¢ we can write:

n
¢i = Y _ CaiXa = C1ix1 + CaiX2.oreren + ChiXn (2.61)
a=1
where ¢; is a molecular orbital represented as the sum of n atomic orbitals x,. This method was introduced
by Roothaan in 1951[114], called Linear Combination of Atomic Orbitals (LCAO)[100]. If the basis set x is
complete, where complete means that was been used an infinite number of functions @ — oo, any function
¢; could be fully described by equation 2.61. If o was infinite, our problem is impossible to be solved. The
reason why the LCAO is a very powerful method is because it simplifies the optimisation problem from a
nonlinear problem to a linear one with unique variable Cy;. Several types of atomic orbitals can be used:
Gaussian-type orbitals (GTO), Slater-type orbitals (STO), or numerical atomic orbitals (NAO).

2.6.2 NAO

NAO basis set is numerical solution of the Kohn-Sham Hamiltonian for the isolated pseudo-atom with the
same approximations (xc, pseudos) as for the condensed system. Depending on the required accuracy and
available computational power we can choose single { basis set or multiple ¢ basis set. If it is used only
one single radial function per angular momentum channel we referred to it as single ¢ basis set. Radial
flexibilisation is obtained by adding a second function per channel, in this case we referred to it with double
(. In literature several scheme are proposed to generate this second function. The scheme applied in
SIESTA code consists of supplementing each basis orbital with a new basis function. This new basis function
reproduces exactly the tail of the original orbital from a given matching radius r,, outwards. The inner part
goes smoothly towards the origin as r!(a —br?), where a and b are chosen to ensure continuity of the function

and its derivative at r,,[115].

2.6.3 Plane Waves

For infinite systems, molecular orbitals assemble energy bands, since the energy spacing between distinct
levels vanishes, behaving like free electrons. The solutions of the Schrodinger’s equation for a free electron
is known to be a plain wave function, for this reason the electrons in a band can be described by orbitals

expanded in a basis set of plane waves, written as:
xk(r) = kT (2.62)
The wave vector k is related to the energy of the system through the expression:
L.
E= Qk (2.63)

The allowable k values are given by the unit cell translational vector t, i.e. k-t = 2mm, with m being a

positive integer. This leads to a typical spacing between k vectors of ~ 0.01eV, and the size of the basis set
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is thus uniquely characterized by the highest energy k vector included. For example, a typical energy cutoff
of 200 eV thus corresponds to a basis set with ~20000 functions[100].

Due to the free character of electrons, plane waves are perfect to describe valence electrons in metals. On the
contrary, a description of core electrons, because of their strongly localization around the nuclei, required a
lot of rapidly oscillating functions making k,,,,, very large. In addition, plane wave basis cannot describe the
singularity of the nucleus-electron potential, for this reason this type of basis set is used in connection with
pseudo-potentials. Finally, while plane wave basis sets have primarily been used for periodic systems, they
can also be used for molecular species by employing a supercell approach, where the molecule is placed in a

sufficiently large unit cell such that it does not interact with its own image in the neighbouring cells.

2.7 Hellman-Feynman Theorem

The Schrodinger equation allow us to know the spatial distribution of the electron, but not the all forces
acting on the our system. In order to calculate all forces that act on our system, we use the Hellmann-
Feynman theorem. The Hellmann-Feynman theorem states that: the exact electronic energies and wave

functions of an atom or molecule obey the relation[116][117]:

OF
8)\_<\I’

A being any parameter that affects the Hamiltonian of the system. Classically, the force acting on a given

oE
A

\1:> (2.64)

particle is equal to the negative of the derivative of the total energy with respect to the position. The force
on a nucleus in an atomic system is shown to be just the classical electrostatic force that would be exerted on

this nucleus by other nuclei and by the electrons’ charge distribution[118]. Employing the Hellmann-Feynman
theorem we can write the forces acting on the nuclei equal to:

Fx = 7’% = <\p \I/> (2.65)

Once the spatial distribution of the electrons has been determined by solving the Schridinger equation, all

or
0X

forces in the system can be calculated using classical electrostatics.
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Chapter 3

Computational Detalils

In this thesis we performed DFT computational calculations by using SIESTA and VASP packages. We
focused in the structural and electronic properties of FeCu, FeCo, FeMn icosahedral clusters and thin film
structures aiming in understanding their magnetic behaviour. The first step was to obtain the systems’
energetically favoured configurations and then we evaluated the electronic properties by plotting the electronic

density of states (EDOS) and the corresponding wave functions.

3.1 SIESTA

Siesta (Spanish Initiative for Electronic Simulations with Thousands of Atoms) is both a way to perform
electronic structure calculations and ab initio molecular dynamics simulations of molecules and solids[119].

Methods and approximations used in SIESTA are:
1. Kohn-Sham density functional method was used to solve the equations in self-consistent way;
2. LDA or GGA approximations;
3. Linear combination of numerical atomic orbitals (NAO) was used as bases set[120]-[122];
4. Norm-conserving pseudopotentials in their fully nonlocal (Kleinman-Bylander) form[109].

In figure 3.1 we present the self-consistent cycle in the STIESTA package. The self-consistent cycle starts with
a trial charge density n(r) that it is used to set the Hamiltonian. The n(r) depends on the number and
the type of atoms as well as on the bases set and the pseudo-potential chosen. From the solution of the
Kohn-Sham equations we calculate a new charge density n'(r), which is compared to the original value. If
the difference of the original charge density with the new is greater than the predetermined value then n(r)
is replaced by n’/(r) and the same cycle is repeated. If the difference between the original charge density n(r)
and the new n/(r) is less than a predetermined value then the forces between the atoms in the system are

calculated. If these forces are less than a preset value then geometric optimization is assumed to be achieved

21
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Figure 3.1: SIESTA code: self-consistent cycle

and all properties are calculated. Unless these forces are greater than the default value, ions are moved from

their positions and a new configuration of the system is selected.

3.2 VASP

VASP (Vienna Ab-initio Simulation Package) is a complex package for performing ab-initio quantum-mechanical
molecular dynamics (MD) simulations using pseudopotentials or the projector-augmented wave method and a
plane wave basis set. The approach implemented in VASP is based on the (finite-temperature) local-density

approximation with the free energy as variational quantity and an exact evaluation of the instantaneous
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electronic ground state at each MD time step. VASP uses efficient matrix diagonalization schemes based on
the conjugate gradient scheme, block Davidson scheme, or a residual minimization scheme-direct inversion
in the iterative subspace, and an efficient Pulay/Broyden charge density mixing. Some highlights of the
VASP[123]:

1. VASP uses the PAW method or ultra-soft pseudopotentials;
2. VASP uses plane wave basis set;

3. VASP uses a rather ’traditional’ and ’old-fashioned’ self-consistency cycle to calculate the electronic

ground-state.

r 1
Trial charge pin
Trial vector ¢,
7
r 1
Set up Hamiltonian
. v
4 N
Diagonalization
. W
r l B
New Free Energy
. 7
a4 )
New po.:

mixing of charge density
Pout Pin==) NEW P;,

. J
- N No
VE < Ebreak

yes

!

System properties
(configuration, energy....)

Figure 3.2: VASP code: self-consistent cycle
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In figure 3.2 we present the self-consistent cycle in the VASP package. Starting with a trial charge density and
trial wavefunctions in each selfconsistency loop the charge density is used to set up the Hamiltonian. Then the
wavefunctions are optimized iteratively so that they get closer to the exact wavefunctions of this Hamiltonian.
From the optimized wavefunctions a new charge density is calculated, which is then mixed with the old
input-charge density. Within each selfconsistency loop the charge density is used to set up the Hamiltonian,
then the wavefunctions are optimized iteratively so that they get closer to the exact wavefunctions of this
Hamiltonian. From the optimized wavefunctions a new charge density is calculated, which is then mixed
with the old input-charge density. The cycle stops when the difference in energy between two consecutive

cycles is less than a predetermined value set in the input file named Epeqp-

3.3 SIESTA vs VASP

The next table 3.1 the mainly differences between SIESTA and VASP codes used in our input file are reported:

Table 3.1: SIESTA vs VASP code

SIESTA VASP

Basis set NAO PW
Norm Conserving
Pseudop. .
in PAW
Kleinman-Bylander form

J D GGA (PBE)
Tonic relaxation Coniugate Gradient

In our calculations we used GGA as the exchange correlation approximation but both packages can perform
calculations by using also LDA. Furthermore, VASP allows different ionic relaxations methods depending on

the system understudy.

3.4 Electronic Density of State

After solving single-particle equations for electrons, the resulting energy eigenvalues (band structure) and
corresponding eigenfunctions provide information about how electrons are arranged in the solid. It is known
that magnetic properties depend on the different electronic distribution in the two channels spin up and down
then the electronic density of state give us the possibility to describe the magnetic properties of the materials
under study. The Density Of States (DOS) of a system can be defined as the number of states per interval
of energy at each energy level that are available to be occupied by electrons. For a 3D structure the number
of available states between € + de energy is given by:

g(e)de ! <2i;1> €7 de (3.1)

T o2
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In a metal, the energy of the highest occupied single particle state defines the Fermi energy (Er). In
VASP[123] the density of states (DOS) 7, is actually determined as the difference of the integrated DOS
between two pins:

(e = el = Ve — 1 (3:2)

where Ae is the distance between two pins (energy difference between two grid points in the DOSCAR file),
and N (;) is the integrated DOS:
N(e) = / n(e)de (3.3)
— o0
conserving the total number of electron exactly. In STESTA[119] the DOS 7 is given by d-functions centered

in €; eigenvalue. In order to make easier the plot the functions they were expanded to Gaussian functions.

For each energy state ¢; the n is given by the relation:

_ al _(e=ep)?
n(el) = Z e 20 (34)

where N is the number of occupied states and o is the Gaussian smearing. For a system a high DOS at a
specific energy level means that there are many states available for occupation and zero DOS means that
no state can be occupied at that energy level. In a metal, states below (Er) correspond to the occupied
states of the system, while those in energies higher than (Er) are unoccupied states. The gap between the
highest occupied and the lowest not occupied states defines the difference among conductor, semi-conductor
and insulating. In conductor materials no gap is shown in the DOS, while depending of the size of the gap

it is possible to recognize semi-conductor or insulating.

3.5 Surface

Most of the metals in the bulk assume: (a) Body Centered Cubic (BCC), (e.g Fe); (b) Face Center Cubic
(FCCQ), (e.g. Cu); (c) Hexagonal Close Packed structure (HCP), (e.g.Co), as presented in figure 3.3.

Considering that magnetic properties are strictly connected to the structure of the system, the main features
of the BCC, FCC, and HCP are reported in the next paragraphs.

3.5.1 Body Centered Cubic Structure

In the BCC structure, the atoms exist at each cube corner and one atom is at the center of the cube. The

main characteristics of a BCC lattices are shown in the table 3.2.

The vectors that connect the particle placed in the origin of the cube to the particle at the body center define
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BCC FCC HCP

(a) (b) (c)

Figure 3.3: Structures: (a) BCC, (b) FCC and (c) HCP

Table 3.2: BCC lattice properties [1]. « is the lattice constant of the system.

Lattice point per cell 2

Primitive cell volume /2
Lattice points per unit volume 2/a3
Number of nearest neighbours 8

Nearest-neighbour distance @V/3/2 = 0.866c

the primitive translation vectors. In terms of «, the primitive lattice vectors are:

Lo
al—éa(:v—i—y—z)
1
ap = §a(—§: +9+32) (3.5)
1

ag = Ea(a”c—ﬁ+2)
Since the position of a particle in a cell in terms of the atomic coordinate is specified by:
rj =zja; +yjaz + z;a3 (3.6)

each coordinate is a fraction of the axial length a;, as, az in the direction of the coordinate axis, with the

origin taken at one corner of the cell. Thus the coordinate of the body center of a cell are (%, %, %)

3.5.2 Face Center Cubic Structure

The FCC Structure consists of an atom at each cube corner and an atom in the center of each cube face.
The main properties of a FCC lattices are shown in the table 3.3.
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Table 3.3: FCC lattice properties [1]. « is the lattice constant of the system.

Lattice point per cell 4

Primitive cell volume a?/4
Lattice points per unit volume 4/a®
Number of nearest neighbours 12

Nearest-neighbour distance a/V2=0.707a

In the FCC structure the primitive translation vectors aj, as, ag connect the lattice point at the origin with

the particles at the faces centers. They are defined by:

1

a; = 50[(2% + :Q)
1

a; = a(j+2) (3.7)
1

ag = 504(A+;f:)

and the angle between the axes are 7/3. When the origin is taken at one corner of the cell, the coordinate

of the particle at the face centers are <%%, 0), (0%%), <%0%>
3.5.3 Hexagonal Closed Packed structure
The primitive cell of the HCP structure is presented in figure 3.4. It shows a; = as with an included angle

of 120°, and the a3 axis is normal to the plane formed by a; and as.
The ideal HCP structure has ¢ = 1.633¢.

Figure 3.4: HCP structure[l]: primitive translation vectors

When one atom of the basis occupies the origin, the other atom is at (%%%) which means at the posi-

tion: ) ) )
_Z : - 3.8
r 3a1 + 3a2 + 2a3 (3.8)
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3.5.4 Miller Indices for a crystal

The orientation of a crystal plane is determined by three points in the plane. If each point lay on a different
crystal axis, the plane could be specified by giving the coordinate of the points in terms of the a;, as, az. In

order to determinate the indices of the plane we have to find:
1) the intercepts of the axes in terms of a;, as, as;

2) Take the reciprocal of this numbers and then reduce theme at the smallest integer by multiplying them

for their common denominator.
3) The result (hlm) are index of Miller

For an intercepts at infinity, the corresponding index is zero. For example, the cube faces of a cube crystal
are (100), (010), (001).

3.5.5 Close packed layer

Close-packed layer are layer where each sphere in the plane of the crystal is in contact with six other in the
plane. This configuration is the basal plane of the HCP structure or (111) FCC plane. We take this plane
and we name it (A). We build a similar layer (B) by placing spheres in contact with three spheres in the
bottom plane (A). A third layer (C) may be added in two different ways:

e FCC is the obtained structure if the spheres of the third layer are added over the holes in the first layer
that are not occupied by (B). As a result we have ABCABC;

e HCP structure is obtained when the spheres in the third layer are placed directly over the centers of
the spheres in first layer (A). As a result we have ABAB.

Finally, BCC structures have no close packed planes.

3.6 Icosahedral clusters

As reported in the introduction, clusters have gained a lot of attention because of their particular properties.
For instance, gold particles with macroscopic size are not active for catalytic applications, while, gold particles
with about 1.5 nm (~ 55 atoms) exhibit unexpected catalytic behaviour for several reactions[124]. Moreover,
experiments probe that transition-metal elements that are nonmagnetic on their bulk phase can exhibit
surprising great MM for particles with few atoms, (e.g Rh,, n=12-32)[125], whereas magnetic bulk materials
exhibit an increase of their MM at nanoscale[126]. Interestingly, clusters with 13 atoms have a high rate of
occurrence for Fe, Ti, Zr, Nb, Ta, and Al [127] which have been supported by theoretical calculations[128].
In addition, structural model analysis based on close-packed icosahedral ICO configurations revealed the
preference for clusters with 13, 55, and 147 atoms. In icosahedral shell packing (i.s.c.), the atoms can occupy

three different positions in the shell:
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Figure 3.5: Icosahedral Shell Packing

1. (a) on vertices
2. (b) on edges
3. (c) in the faces

In the nyy, shell there are 12 spheres of the first kind (a), 30(n — 1) of the second kind (b) and 10(n? — 3n +2)
of the third (c).

An ICO cluster of n shells contains (3% + 5n? + 31)—711 + 1) atoms. Moreover, It was found that the i.s.c.
density was higher (0.68818) compared to the body-centred cubic packing (0.68017) and lower than cubic
close-packed (0.74048) or body-centered tetragonal packing (0.69813)[129]. Finally, the triangular faces on
the shell are the (111) planes of the face centered cubic (FCC) closely packed sequence ABCA[130].
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Chapter 4

Surface

The aim of this chapter is to investigate the structural, electronic and magnetic properties of Fe-X (Cu,Co,Mn)

atomic layer’s coating on Cu and Fe surfaces.

For all calculations we use VASP package while SIESTA results are reported for comparison. In particular,
we utilise GGA approximations as proposed by Perdew et al [131], also the Brillouin zone integration is
performed using an (9 x 9 x 1) Monkhorst-Pack grid (12 k-points in the irreducible wedge) and the smearing
methods based on a Methfessel-Paxton [123].

The whole system of Fe-X (Cu,Co) atomic layer’s coating on Cu surfaces consist of six layers. Three Cu
layers are fixed in order to stabilise the surface, while the others Cu, Fe and Co coatings are free to move
in the z direction. Moreover, in the FeMn atomic layer’s coating on Fe surfaces we fix the first three Fe
layers in order to stabilise the surface, whereas the other Fe and Mn coatings are able to move only in the z

direction.

4.1 Cu and Fe bulk

4.1.1 Cu bulk: structural, electronic and magnetic properties

It is well known that the Cu bulk does not show any magnetic property and it exhibits a FCC geometry.

The electronic structure of Cu is given by [Ar]3d'%4s!, therefore Cu-3d orbitals are fully occupied leaving 4s!
electron empty. When Cu atoms aggregate in a structure, the hybridisations among orbitals appear. Conse-
quently, we find that Cu PEDOS shows a symmetric behaviour between spin up and spin down distribution,

giving a bulk average MM of zero.

Table 4.1 displays the lattice constant a (A) and the bulk modulus B (GPa) of the FCC Cu. Moreover, in

the last two columns we report the available theoretical and experimental results for comparison reasons.

31



32 CHAPTER 4. SURFACE

Table 4.1: Cu bulk: lattice constant a (A), bulk modulus B (GPa) of the FCC Cu. In the last two columns

theoretical and experimental references are reported for comparison.

VASP SIESTA Theo. ref Exp. ref
a  3.63 3.56 3.64 3.61
B 142 195 136 137

We observe that our VASP calculations show a good agreement with literature, while SIESTA underestimates

the lattice constant and overestimates the bulk modulus.

Cu Bulk S 3 .
2 Cu Bulk PEDOS i Spin Up
3.63A 142 GPa @ | TotEDOS - - - :
< |
5 1.5+ :
s :
bt |
1] 1
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3 !
a -1.5 :
= 1
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(a) (b)

Figure 4.1: Cu Bulk: (a) structural and magnetic properties. (b) Total cluster EDOS (dashed black line);
PEDOS (the s, p and d PEDOS is presented with red, blue and green lines, respectively)

In figure 4.1.(a) we present the Cu bulk structural and magnetic properties, while in figure 4.1.(b) we report
the Cu bulk the total and partial EDOS. In agreement with literature, we observe the symmetric behaviour
between majority and minority population, resulting in a no magnetic structure. In particular, we observe
broad s- and p-band, while the 3d electrons are located between -5eV and -1eV.

4.1.2 Fe bulk: structural, electronic and magnetic properties

It is well known that the Fe bulk is a magnetic structure and it exhibits a BCC geometry. Fe atom exhibits an
electronic structure given by [Ar]3d%4s2. Specifically, Fe-3d-up orbitals are fully occupied while Fe-3d-down
display four unoccupied energy levels giving a MM of 4up. In the Fe bulk, s orbitals hybridize, overlapping
each others and giving rise to energy bands. Levels corresponding to the 4s-electrons are strongly delocalized,
resulting in a very broad s-band. On the contrary, the d-electrons remain rather localized on the atomic sites

and the band is relatively narrow[40].

In the table 4.2 we provide the lattice constant a(A), bulk modulus B (GPa) and magnetic moment MM ()
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of the Fe bulk. Furthermore, in the last two columns we display the available theoretical and experimental

results for comparison. We note that our VASP results show a good agreement with literature especially

Table 4.2: Fe bulk: lattice constant a (A), bulk modulus B (GPa) and magnetic moment MM (up), of the
BCC Fe. In the last two columns theoretical and experimental references are reported for comparison.

VASP SIESTA Theo. ref Exp. ref

o} 2.84 2.90 2.88 2.87
B 172 163 190 168
MM 221 2.39 2.35 2.22

those concerning the lattice constant as expected. Furthermore, SIESTA overestimates the Fe bulk MM and

the lattice constant, it while underestimates the bulk modulus.

In figure 4.2.(b) we display the Fe bulk PEDOS.
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Figure 4.2: Fe Bulk: (a) structural and magnetic properties. (b) Total cluster EDOS (dashed black line);
PEDOS (the s, p and d PEDOS is presented with red, blue and green lines, respectively)

The Fe-3d electrons are more localized than Fe-4s orbitals, in agreement with literature. Moreover, 3d-down
electrons are shifted far from the Fermi energy leaving the minority channel partially unoccupied, originating

the Fe bulk magnetic moment.
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4.2 Fe on Cu substrate

4.2.1 Fe on Cu(100): structural, electronic and magnetic properties

We begin the surfaces’ study investigating the structural and magnetic properties of Fe monolayers (MLy)

on Cu(100). For simplicity reasons, we display Fe atoms in red and Cu in green.

Concerning the structural properties, we calculate the contraction and expansion between layers using the

formula:
(d; — dj) —dcw

dCu

di;% = % 100 (4.1)

where d¢,, is the theoretical Cu-Cu interlayer distance d¢,, = 1.82A.

In figure 4.3 we present structural and magnetic properties of (a) one, (b) two and (c) three Fe monolayers
(MLg) on Cu(100). In particular, in the figures we present only the first four layers of the whole system.
Moreover, we exhibit VASP results are in green, SIESTA in black, while blue [2] and violet [3] values are

reported as references for comparison.

Fe on Cu(001) 2Fe on Cu(001) 3Fe on Cu(001)
Mg 284 287 284 279 o Mg 286286 279 o Hg 282 285 282 gy
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Figure 4.3: Fe on Cu(100): (a) one, (b) two and (c) three Fe monolayers (ML;) on Cu(100). MM (up) (VASP,
SIESTA, ref [2] and [3] are reported in green, black, blu and violet, respectively). d% layer relaxation.

We observe that configuration (a) exhibits a small contraction between Fe-Cu ML, in agreement with Spisak
and Hafner [55]. Furthermore, configurations (b) and (c) report Fe-Fe and Fe-Cu expansion, in line with LEED
experimental results and other theoretical calculations [52][50][63][54]. Concerning the magnetic properties,
we note that, due to the reduced coordination number, the outermost Fe layer exhibits the highest MM,

while the Fe surface MM decreases in the inner layer.

In the table 4.3 we present the local Fe magnetic contribution for (a), (b) and (c) cases. Moreover, we refer
to the Fe(I), Fe(II), Fe(III) as the first (the outermost), second and third (the inner) layers.

In the Fe(I) layer, s and d orbitals exhibit a larger occupation in the majority population than in the

minority ones, showing the highest Fe local MM. Moreover, p orbitals displays zero or a really small amount
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Table 4.3: Fe on Cu(100): Fe atoms’ local magnetic contribution of (a), (b) and (c) structures. Fe(I), Fe(II),
Fe(III) are referred to the first (the outermost), second and third (the inner) layers.

Fe(I) Fe(II) Fe(III)
S p d tot S P d tot S p d tot
(a) 0.02 -0.01 2.83 284
(b) 0.01 -0.01 2.87 287 |-0.01 -0.02 269 2.66
(¢) 0.00 -0.01 2.83 282]-0.02 -0.05 263 256 |-0.01 -0.02 265 2.62

of the minority charge. Looking at Fe(II) and Fe(III) layers, the charge distribution shows that s and p
minority orbitals are more filled than the majority ones, lowering the local Fe MM. In addition, we find that

configuration (a) shows the highest Fe local MM.
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Figure 4.4: Fe on Cu(100): (a) magnetic and structural properties (VASP, SIESTA, ref [2] and [3] are reported
in green, black, blu and violet, respectively). (b) Left panel: Total EDOS (dashed black line); Cu substrate

PEDOS (the s, p and d PEDOS is presented with red, blue and green lines, respectively). Right panel: Fe
monolayer PEDOS.

In figure 4.4.(a) we present the structural and magnetic properties of the (a) one Fe ML on Cu(001) system.
We observe an Fe surface layer MM of 2.84pu 5. Moreover, the Cu layer (I) displays a weak Cu local MM of
0.04pp. Additionally, we note a contraction between Fe-Cu MLg of 0.1%, while the next two Cu ML; result
relaxed of 0.5%.

In figure 4.4.(b), panel left displays the total Fe on Cu(001) EDOS and the Cu substrate PEDOS. The Cu
substrate PEDOS exhibits a symmetric distribution between spin up and down populations, reflecting the
no-magnetic tendency of the Cu element. Furthermore, Fe PEDOS in 4.4.(b) panel right shows a considerable
difference between up and down charge distribution. Fe-3d up are enclosed by -5eV and -1eV, resulting almost
fully occupied (4.49(1)). Fe-3d down orbitals are shifted towards the hight energies around -1eV and EF,
leaving the down states less filled (1.65(])) than the majority ones.
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4.2.2 Fe on Cu(111): structural, electronic and magnetic properties

In this paragraph we present Fe ML; on Cu(111) substrate. Figure 4.4 exhibits structural and magnetic
properties of (a) one and (b) two Fe monolayers (ML;) on Cu(111). Moreover, for simplicity reasons in the
picture we exhibit only the first four layers of the whole system. Furthermore, we display VASP results in

green, SIESTA in black, while in blu [4] and violet [5] are reported as references for comparison.

Fe on Cu(111) 2Fe on Cu(111)
Mg 2.74 2.73 2.70 2.70 2.71
0060 - | 0000
0.03 : -
Ve 0800
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Figure 4.5: Fe on Cu(111): (a) one and (b) two Fe monolayers (ML;) on Cu(111). MM (up) (VASP, SIESTA,

ref [4] and [5] are reported in green, black, blu and violet, respectively). d% layer relaxation.

First we observe that both (a) and (b) structures display an expansion between Fe-Cu and Fe-Fe layers.
Concerning the magnetic properties, Fe layers exhibit a lower MM compared to the Fe layers MM on Cu(001).
This trend could be attributed to the larger coordination number of Fe atoms on Cu(111) than on Cu(001).
In addition, experimental results reported an Fe MM of 2.98u 5 when Fe is deposited using vapor deposition
[132], while an Fe local MM of 2.50up is reported by using spattering and annealing techniques [133]. The
discrepancy between the theoretical prediction and experimentally measures seems to be caused by the

variation of the Fe coverage and island formations on the Cu(111) surface [5].

Table 4.4 displays the local Fe magnetic contribution for (a) and (b) cases. Moreover, we refer to Fe(I) and
Fe(II) as the first (the outermost) and the second (the inner) layers. We observe that Fe ML, exhibit a larger

Table 4.4: Fe on Cu(111): Fe atoms’ local magnetic contribution of (a) and (b) structures. Fe(I) and Fe(II)

are referred to the first (the outermost) and the second (the inner) layers.

Fe(T) Fe(II)
S ) d tot S p d tot
(a) 0.00 -0.02 276 2.74
(b) -0.01 -0.02 274 271 |-0.01 -0.04 262 257

occupation in the minority population respect to the Fe on Cu(100) counterpart, resulting in a lower Fe local
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MM. Moreover, the Fe local MM is larger in the (a) configuration than in the configuration (b). Also in this

case, the Fe local MM decreases from the outermost layer to the inner ones.
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Figure 4.6: Fe on Cu(111): (a) magnetic and structural properties (ref. [4] and [5] are reported in blu and
violet, respectively). (b) Left panel: Total EDOS (dashed black line); Cu substrate PEDOS (the s, p and d
PEDOS is presented with red, blue and green lines, respectively). Right panel: Fe monolayer PEDOS.

Figure 4.6.(a) presents the structural and magnetic properties of the (a) one Fe ML on Cu(111) structure.
We observe an expansion of 0.80% between the Fe and Cu layers, that is larger than the Fe-Cu expansion
on Cu(001). Concerning to the Fe local MM, we find a value of 2.74up that is lower compared with the
previous Fe on Cu(001) case. In addition, the Cu layer MM is 0.03pp that is smaller than the Fe on Cu(001)
counterpart.

Figure 4.6.(b) panel left displays the total Fe on Cu(111) EDOS and the Cu substrate PEDOS. Cu PEDOS
present a symmetric distribution between majority and minority orbitals, resulting in a no-magnetic character.
Furthermore, the Fe PEDOS in figure 4.6.(b) panel right exhibits a substantially different Fe-3d occupation
between spin up and down. Fe-3d spin up occupy the energy between -5eV and -1eV, resulting almost fully
occupied (4.44(1)). Additionally, Fe-3d spin down orbitals are shifted towards higher energies enclosed by
-1eV and the EF, leaving the minority states less filled than the majority ones (1.69(])).

4.2.3 FeCu mix on Cu(001) and Cu(111): structural, electronic and magnetic
properties

In this paragraph we present a new structure of FeCu coatings on Cu surfaces. We substituted 50% of Cu
atoms with Fe atoms in the first two layers of our system. The Fe atoms are placed in order to repeat the

FeCu sequence, aiming in having an FeCu with mixed atoms.

Figure 4.7 reports the Fe and the Cu local MM and the Fe-Cu rippling effect of the (a) FeCu on Cu(001)
and (b) FeCu on Cu(111). For simplicity reasons, we display only the first four layers of the whole system.
Concerning to the configuration (a), figure 4.7.(a) shows an Fe(I) local MM of 2.89up and 2.41up in Fe(2).
Moreover, in figure 4.7.(b) the configuration (b) exhibits an Fe(I) local MM of 2.76up and 2.54up in Fe(2).
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FeCu/Cu(001) FeCu/Cu(111)
2.89; (Fel) 0.00p, (Cul) 2.76p; (Fel) 0.00p; (Cul)
-0.05p; (Cu2) 2.41p, (Fe2) -0.03p; (Cu2)  2.54p, (Fe2)

Figure 4.7: Fe local MM and the Fe and Cu rippling effect of: a) FeCu on Cu(001) and b) FeCu on Cu(111)

Lazarovits et al found that a single Fe impurity deposited on a Cu(001) surface shows larger magnetic
moment (3.194p5) than the corresponding Fe MM surface value (2.73u5). In addition, one Fe atom embedded
on a Cu(111) substrate displayed a lower local MM compared to the corresponding Fe on Cu(100). They
attributed this behaviour to the larger coordination number of Cu(111) substrate compared to Cu(001)[65].

Furthermore, we observe a larger rippling effect in configuration (b) than the configuration (a).

Table 4.5 displays majority(1) and minority(]) occupation and the local MM (1-]) (up) of the Fe atoms in

the outermost layer in both (a) and (b) systems.

Table 4.5: Majority(1) and minority(]) occupation and the local MM (up) of the Fe atoms in the outermost
layer in both (a) and (b) systems

Majority(1) Minority (1) (1)-(4)
(a) 5.357 2.492 2.86

(b) 5.278 2.528 2.76

Our results show that the Cu(001) substrate favours an increaset in the Fe local MM. In particular, we
observed that the majority/minority imbalance is larger in (a) than in (b), resulting in a higher Fe local
MM.

4.3 CoFe and FeCo on Cu(111) substrate

In this section we analyse the structural, electronic and magnetic properties of CoFe and FeCo coatings on
Cu(111) substrate.
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Figure 4.8: (a) CoFe and (b) FeCo on Cu(111): surface atom MM () of Co,Fe and Cu layers (VASP results,

references [6] and [7] are reported in green, blu and violet, respectively). Layer relaxation (d%)

In figure 4.8 we report on magnetic and structural properties of: (a) CoFe on Cu(111) and (b) FeCo on
Cu(111) structures. For clearness, we report only the first four layers of the whole system. We observe that
(a) and (b) configurations show a contraction between the Co-Fe and Fe-Co layers, respectively. Concerning
the magnetic properties, we note that configuration (b) exhibits the highest Fe surface’s atom MM, while it
decreases in configuration (a). On the contrary, configuration (a) shows the highest Co surface layer MM
and configuration (b) the lowest, as expected. Looking at the Cu substrate, we find that configuration (a)

exhibits a weak Cu local MM, while no magnetic moment is displayed in configuration (b).

4.3.1 CoFe on Cu(111): structural, electronic and magnetic properties
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Figure 4.9: CoFe on Cu(111): (a) magnetic and structural properties. (b) Left panel: Total EDOS (dashed
black line); Cu substrate PEDOS (the s, p and d PEDOS is presented with red, blue and green lines,
respectively). Central panel: Fe monolayer PEDOS. Right panel: Co monolayer PEDOS.

Figure 4.9.(a) presents magnetic and structural properties of the CoFe coatings on Cu(111). We observe a
Co surface’s atom MM of 1.69up, while the Fe surface’s atom MM is 2.52up that is higher than the Co

surface. Moreover, the Cu(I) layer displays a weak surface’s atom MM of 0.03up. Finally, we find a Co-Fe
contraction of 8%.

In the figure 4.9.(b) left panel we present the total CoFe coatings on Cu(111) EDOS and the Cu substrate
PEDOS. The Cu substrate shows a symmetric behaviour between spin up and down electron occupation,

confirming the no-magnetic character of the Cu substrate. Figure 4.9.(b) central panel reports the Fe surface
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layer PEDOS. We observe 3d up orbitals between -5eV and -0.2eV, resulting in an almost fully occupied. On
the contrary, 3d down electrons are shifted between -3eV and over the EF, leaving the 3d minority charge
less filled than the majority ones. Figure 4.9.(b) right panel displays the Co surface layer PEDOS. We can
see that 3d up states are among -5eV and -0.2eV, while the 3d down are moved towards higher energy from
the -3eV and above the EF.

Table 4.6 displays majority(1) and minority({) occupation and the surface’s atom MM (1-]) (up) of the Co,

Fe and Cu coatings.

Table 4.6: Spin up (1), Spin Down ({) electron population and surface’s atom MM (ug) of Co, Fe and Cu
layers in CoFe on Cu(111).

S p d total
Spin Up (1) 0.23 0.17 4.49 4.89
Co | Spin Down (}) 0.24 020 276 3.20
us (1)-() -0.01 -0.03 1.73 1.69

Spin Up (1)  0.23 0.23 4.38 4.84
Fe | Spin Down (}) 024 026 183 2.33
pp (1-(1)  -0.01 -0.03 255 251
Spin Up (1) 022 0.8 4.61 5.02
Cu | Spin Down (1) 0.23 020 455 4.99
pp (1-(1)  -0.01 -0.02 0.06 0.03

Concerning the Co and the Fe surface’s atom electronic distribution, we observe s and p minority orbitals
more filled than the majority ones. In line with the Co and Fe PEDOS, we find that the Co and Fe 3d
majority states are almost fully occupied. Moreover, the Co 3d up-down imbalance is smaller compared to
the Fe surface’s atom electron distribution, resulting in a lower Co surface’s atom MM. The Cu surface’s
atom electron distribution exhibit a small imbalance between 3d up and down occupation, giving a weak Cu

surface’s atom MM.

4.3.2 FeCo on Cu(111): structural, electronic and magnetic properties

In figure 4.10.(a) we present the structural and magnetic properties of the FeCo on Cu(111). We found an
Fe-Co contraction of 5% that is smaller than the Co-Fe contraction in the CoFe on Cu(111). Concerning the
magnetic properties, we found an Fe surface’s atom MM of 2.69up, that is higher than the corresponding
value in CoFe on Cu(111) structure. On the contrary, the Co surface’s atom MM is 1.61pup lower than the
Co surface’s atom MM in the CoFe on Cu(111) system. Differently from the previous case, the Cu substrate

shows a surface’s atom MM of zero.

Figure 4.10.(b), the left panel exhibits the total FeCo coatings on Cu(111) EDOS and the Cu substrate
PEDOS. We found a symmetric spin up-down Cu substrate PEDOS, in line with the trend shown in CoFe on
Cu(111). In figure 4.10.(b), the central panel shows the Co surface layer PEDOS. We observe 3d up electrons
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Figure 4.10: FeCo on Cu(111): (a) magnetic and structural properties. (b) Left panel: Total EDOS (dashed
black line); Cu substrate PEDOS (the s, p and d PEDOS is presented with red, blue and green lines,
respectively). Central panel: Co monolayer PEDOS. Right panel: Fe monolayer PEDOS.

between -5eV and -0.2eV, that are almost fully occupied. The 3d down states are moved over the EF, the 3d
down electrons are between -3.5eV and the EF, leaving less filled the minority occupation than the majority
ones. Figure 4.10.(b), in the right panel, displays the Fe surface layer PEDOS. We can note that 3d up
orbitals are between -5eV and -0.2eV, while the 3d down are shifted above the EF. In particular, we found
that the 3d down electrons are located between -2eV and the EF, leaving the spin down states less occupied

than the spin up ones.

Table 4.7 displays majority(1) and minority(]) occupation and the surface’s atom MM (1-1) (up) of the Fe,
Co and Cu coatings on the Cu(111).

Table 4.7: Spin up (1), Spin Down () electron population and surface’s atom MM (up) of Fe, Co and Cu
layers in FeCo on Cu(111).

S p d total
Spin Up (1) 0.23 0.19 4.44 4.86
Fe | Spin Down (J) 0.23 021 1.73 2.17
us (M-) 0.00 -0.02 2.71 2.69

Spin Up (1) 0.22 021 4.45 4.88
Co | Spin Down (}) 0.24 024 279 3.27
ps (D-(1) 002 -0.03 1690 161
Spin Up (1) 0.22 0.9 458 4.9
Cu | Spin Down ({) 0.22 0.19 4.58 4.99
ps (D-(1) 000 0.00 0.00 0.00

Focusing on the Co and Fe surface layer, we observe s and p minority orbitals more filled than the majority
ones. This behaviour is in line with the reverse CoFe coatings on Cu(111) case. In agreement with the Co and
Fe surface layer PEDOS, we found the 3d spin up states more occupied than the spin down. Furthermore,
the Cu substrate does not show any imbalance between majority and minority occupation, resulting in a
no-magnetic substrate.
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4.4 Mn and FeMn coatings on Fe(110) substrate

In this paragraph we present the structural and magnetic properties of: Fe(110), Mn and FeMn coatings on
Fe(110) substrate.

Fe(110) Mn on Fe(110) FeMn on Fe(110)
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Figure 4.11: Surface atom MM (up) of: (a) Fe(110), (b) Mn on Fe(110) and (c) FeMn on Fe(110). In green

is reported the VASP results while in violet and blue are reported [8] and [9] as references.

Figure 4.9.(a) presents the structural and magnetic properties of the Fe(110) structure. For clarity, we
exhibit only the first four layers. We find a contraction between the first two Fe layers, while we observe a
relaxation among the second ones. Concerning the magnetic properties, we can see that the surface’s atom
MM decreases from the outermost layer to the inner ones. Finally, we spot a good agreement with Qian and

Hiibner results reported in violet [8].

In figure 4.9.(b) we display the structural and magnetic properties of the Mn mono layer on Fe(110). First
of all, we found that the Mn surface’s atom MM depends on the position of the Mn surface’s atom in the
layer. We observe an antiferromagnetic coupling among the Mn atoms in the same layer and between Mn
atoms in first layer and Fe surface’s atom in the second ones. Moreover, we note the rippling effect caused
by the spin orientation of the Mn surface’s atoms. In particular, Mn atoms oriented spin up relaxes outward
the surface, while Mn atoms oriented spin down relaxes inward the bulk. As a consequence, a different Fe
surface’s atom MM appears in the second Fe surface layer. This behaviour is in line with Yu et all. results

presented in the blue for comparison [9].

Figure 4.9.(c) exhibits the structural and magnetic properties of the FeMn coatings on Fe(110). This structure
exhibits a contraction among the Fe-Mn layers and between the Mn-Fe layers. Contrary to the previous
structure, the Mn layer shows a surface’s atom MM close to zero. Furthermore, the Fe atoms display a lower
surface’s atom MM compared with the Fe(110), while it is larger than the corresponding value in the Mn

mono layer on Fe(110).
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Figure 4.12: Fe(110): (a) magnetic and structural properties. (b) Left panel: Fell0 Total EDOS (dashed
black line). Right panel Fel10 PEDOS (the s, p and d PEDOS is presented with red, blue and green lines,
respectively).

4.4.1 Fe(110): structural, electronic and magnetic properties

In figure 4.12.(a) we exhibit the structural and magnetic properties of the Fe(110). For simplicity reasons, we
name Fe(I), Fe(II) and Fe(III) the first the second and the third Fe surface layers. Concerning the structural
properties, we observe a contraction of 1.25% between Fe(I)-Fe(II), while Fe(II)-Fe(III) are relaxed of 0.35%,
in agreement with Yu et al. [9]. Focusing on the magnetic properties, we can see that the Fe surface’s atom
magnetic moment decreases from the Fe(I) to the Fe(III). In particular we find an Fe(I) surface’s atom MM

of 2.56 up, the Fe(II) surface’s atom MM is 2.30 while Fe(IIT) shows a surface’s atom MM of 2.19u 5.

Figure 4.12.(b) left panel displays the Fe(110) total EDOS. We can see that the majority orbitals are between
-5eV and the EF, while the minority states are shifted over the EF, remaining less filled than the majority
ones. In figure 4.12.(b) right panel, we present the Fe(110) PEDOS. We discovered that the Fe surface’s
layer MM is mainly due to the different distribution of the Fe 3d spin up and down electrons. Moreover, we

observed that s and p orbitals are delocalized, resulting in the broader bands.

The table 4.8 displays majority(1) and minority(|) occupation and the surface’s atom MM (1-]) (1) of the
Fe(I), Fe(II) and Fe(III) layers.

In line with the total and partial EDOS, we can see that the 3d majority orbitals are almost fully occupied,
while the minority states are less filled. On the contrary, s and p minority orbitals result more loaded than
the majority ones. Interestingly, the spin up-down imbalance increases from the inner layer Fe(IlI), to the
outermost Fe(I), resulting in the highest surface’s atom MM.

4.4.2 Mn on Fe(110): structural, electronic and magnetic properties

Figure 4.13.(a) exhibits the structural and magnetic properties of the Mn monolayer on Fe(110). Interestingly,

we have found that Mn surface’s atoms are coupled antiferromagnetically. We name Mn(u) the Mn atom
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Table 4.8: Spin up (1), Spin Down (J) electron population and surface’s atom MM (up) of Fe(I), Fe(II) and
Fe(III) layers in the Fe(110).

S p d total
Spin Up (1) 024 0.19 440 4.83
Fe(I) | Spin Down (}) 0.24 020 1.83 2.27
up (1)-() 0.00 -0.01 2.57 2.56
Spin Up (1) 0.24 024 431 4.79
Fe(IT) | Spin Down (}) 0.25 0.30 1.94 2.49
us (M-{) -0.01 -0.06 2.37 2.30
Spin Up (1) 0.24 024 425 4.73
Fe(IIT) | Spin Down (}) 0.25 0.30 1.99 2.54
us (M-{) -0.01 -0.06 2.26 2.19
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Figure 4.13: Mn on Fe(110): (a) magnetic and structural properties. (b) Left panel: Mn on Fell0 Total
EDOS (dashed black line) and Fe substrate PEDOS (the s, p and d PEDOS is presented with red, blue and
green lines, respectively). Right panel: Mn monolayer PEDOS.

oriented spin up, Mn(d) the Mn atom oriented spin down, while Fe(u) and Fe(d) the Fe surface’s atom close
to the Mn(u) and Mn(d), respectively. Concerning the magnetic properties, we observe that the Mn(u)s
show a surface’s atom MM of 2.74up, whereas the Mn(d)s exhibit a surface’s atom MM of -2.55up. As a
consequence, we find a rippling effect in agreement with Wu and Freeman [93]. Mn(u)s relaxes outwards the
surface by 3.3%, while Mn(d)s relaxes inwards the bulk by 1.1%. Focusing on the Fe layer, we can see that
the Fe surface’s atoms display a different MM depending on the Mn first neighbouring atoms. When the Fe
atom is close to the Mn(u) exhibits an Fe surface’s atom MM of 2.25u 5, while when it is next to the Mn(d)

it assumes an Fe surface’s atom MM of 2.16u 3.

In figure 4.13.(b) left panel, we present the Mn on Fe(110) total EDOS and the PEDOS of the Fe(110)
substrate. About the Fe(110) substrate, we found that the 3d majority electrons are between -5e¢V and the
EF, while the 3d minority orbitals are shifted over the EF. Concerning to the Mn PEDOS, figure 4.13.(b)
right panel shows a symmetric distribution among spin up and spin down. This behaviour is due to the spin

up and down electron contributions of the Mn spin atom in the surface.
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Table 4.9 displays majority(1) and minority({) occupation and the surface’s atom MM (1-]) (up) of the Mn

and Fe monolayer. We discover that Mn(u) shows majority orbitals more occupied than the minority ones.

Table 4.9: Spin up (1), Spin Down ({) electron population and surface’s atom MM (u5) of Mn and Fe layers
in MnFe on Fe(110). Mn(u) is the Mn atom oriented spin up, Mn(d) is the Mn atom oriented spin down,
while Fe(u) and Fe(d) the Fe atoms close to the Mn(u) and Mn(d), respectively

S p d total
Spin Up (1) 0.20 0.16 3.88 4.25
Mn(u) | Spin Down () 0.19 0.15 116 1.51
ps (D-(L) 001 001 272 274

Spin Up (1) 018 0.6 1.28 1.62
Mn(d) | Spin Down () 0.20 0.18 3.78 4.17
ps (HD-(1) <002 -0.02 -2.50 -2.55
Spin Up (1) 024 025 429 4.76
Fe(u) | Spin Down ({) 0.25 0.29 198 2.51
ps (HD-(1) <001 -0.04 231 225
Spin Up (1) 0.25 0.26 421 4.73
Fe(d) | Spin Down ({) 0.25 0.28 2.03 2.57
ps (D-(1) 000 -0.02 218 2.16

On the contrary, Mn(d) exhibits the spin down states more filled than the spin up. As a consequence, in
line with the Mn PEDOS, we found almost the same spin up and down electron contributions, resulting in
a symmetric majority and minority occupation. Moreover Fe surface’s atoms show a larger spin up-down
imbalance when the Fe is close to the Mn(u), while a smaller spin up-down imbalance is exhibited when the
Fe is by the Mn(d).

4.4.3 FeMn on Fe(110): structural, electronic and magnetic properties

T
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Figure 4.14: FeCo on Cu(111): (a) magnetic and structural properties. (b) Left panel: Total EDOS (dashed
black line); FellO substrate PEDOS (the s, p and d PEDOS is presented with red, blue and green lines,
respectively). Central panel: Mn monolayer PEDOS. Right panel: Fe monolayer PEDOS.
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In figure 4.14.(a) we display the structural and magnetic properties of the FeMn coatings on Fe(110) substrate.
We observe a contraction of 2.3% between Fe(I) and Mn while a contraction of 1.5% is exhibited among Mn
and Fe(II) layers. Concerning the magnetic properties, the Mn layer’s atoms exhibit a MM of 0.85u 5, that
it is lower than the corresponding value in the Mn on Fe(110) system. Moreover, the Fe(I) surface’s atom
MM is 2.43up, whereas the Fe(IT) show a lower surface’s atom MM of 2.08u5.

Figure 4.14.(b) left panel presents the FeMn on Fe(110) total EDOS and the Fe(110) substrate PEDOS. We
observe 3d spin up electrons between -5eV and the EF, while the minority orbitals are shifted over the EF,
in line with the previous results. The Mn PEDOS, in figure 4.14.(b) central panel, displays 3d up orbitals
move over the EF, while the 3d down are between -4eV and the EF. Figure 4.14.(b), right panel, displays
the FePEDOS. We observe that the 3d majority orbitals are enclosed by -5e¢V and the EF. On the contrary,
3d minority states are shifted above the EF, leaving the 3d spin down orbitals less filled.

Table 4.10 displays majority(1) and minority({) occupation and the surface’s atom MM (1-]) (up) of the Fe

and Mn coatings.

Table 4.10: Spin up (1), Spin Down () electron population and surface’s atom MM (up) of Fe and Mn layers
in FeMn on Fe(110).

S p d total
Spin Up (1) 0.24 021 4.33 4.78
Fe(I) | Spin Down (}) 0.24 022 1.89 2.35
ps (D-(1) 000 -0.01 244 243

Spin Up (1) 0.19 020 3.00 3.39
Mn Spin Down () 0.20 0.23 210 254
us (1)-() -0.01 -0.03 0.90 0.85
Spin Up (1) 0.24 026 420 4.69
Fe(IT) | Spin Down (}) 0.25 0.30 2.06 2.61
s (D-(1) 001 -0.04 214 2.08

We can notice that the Mn surface position affects substantially the surface’s atom MM. In particular, we
observe a value close to zero when it is located at the second layer, while when it is at the outermost surface we
have found a Mn surface’s atom MM of 2.74up and -2.55u5. Additionally, we can see that the Mn surface’s
atom MM is the same in the whole surface, and the Mn atoms couple ferromagnetically. Concerning the Fe
surface, it shows a larger surface’s atom MM than the Mn layer and than the corresponding value in the
MnFe coatings on Fe(110).

4.5 Conclusion

In this section we investigated the Fe-X (X=Cu, Co) on Cu surfaces and FeMn on Fe layers. Regarding

the Fe mono layer on Cu surfaces, we presented two configurations: (a) Fe layer on Cu(001) and (b) Fe
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layer on Cu(111). We found that the configuration (a) exhibits an higher Fe surface’s atom MM (2.84u5)
compared to the corresponding value in (b) (2.73up). Moreover, for more than one Fe layer, we can see that
the Fe surface’s atom MM decreases from the outermost layer to the inner ones. This trend is attributed
to the larger coordination number of the Fe surface’s atoms in the second and third layer than in the first
ones. In particular, it is well known in the literature that for a large coordination number, the electrons
are forced to occupy more the minority orbitals than the majority ones, reducing the imbalance between the
majority and minority occupation [40]. Interestingly, an increase in the Fe surface’s atom MM is observed
in a new structure that we name FeCu mixed. Also in this case, we have studied two systems: (a) FeCu
mix on Cu(001) and (b) FeCu mix on Cu(111). Structure (a) shows an Fe local atom MM of 2.89up while
a smaller value is exhibited in (b) (2.76up). We can conclude that the (001) structure favours the majority-
minority orbital imbalance, making the Fe surface’s atom MM higher in the (001) geometry than in the (111)
structure. In addition, the Fe surface’s atom MM is enhanced when the Fe atoms have Cu atoms like first

neighbours.

Concerning the FeCo coatings on Cu(111) we studied two structures: (a) CoFe on Cu(111) and (b) FeCo
on Cu(111). We found a higher Fe surface’s atom MM (2.69up) in configuration (b), while a smaller value
is shown in the (a) (2.52up). In particular, we noticed that the Fe electronic charge distribution changes
depending on the Fe coating position. In configuration (b), we found that the minority orbitals are less
occupied than the corresponding minority orbitals in (a), where the Fe coating is sandwiched between Co
and Cu surfaces. In addition, we found a Co surface’s atom MM of 1.69up in configuration (a), whereas the

structure (b) exhibits a value of 1.61up, revealing the importance of the position of the layer.

Focusing on MnFe on Fe(110) surfaces, we analyzed two configurations: (a) MnFe on Fe(110) and (b) FeMn
on Fe(110). First of all, we note that the Fe layer displays the lowest Fe surface’s atom MM compared to
the previous systems. In configuration (a), Mn surface layer shows an in plain AFM coupling between Mn
atoms, making the average surface magnetic moment close to zero. A similar behaviour is found in another
theoretical study referring to the Mn bulk [83]. Interestingly, the Fe surface’s atoms acquire a different
surface’s atom MM depending on the Mn surface’s atom first neighbour. In configuration (b), we found
that the Mn layer’s atoms exhibit a FM coupling among their surface’s atoms neighbour and between the Fe
surface’s atoms in the first and in the third layers. As a consequence, the Fe layer’s atoms assume all the

same surface’s atom MM.

In conclusion, we found that the highest Fe surface’s atom MM is shown when the Fe layers are deposited
on the Cu surfaces. In addition, the Fe local atom MM can be increased when the Fe atoms have Cu atoms

like first neighbours.
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Chapter 5

Pure metal clusters

It is well known that the magnetic properties are affected by the systems’ dimensions. Nevertheless, the
evolution of the magnetic moment as the system’s dimensions increases (from atom to bulk) is still an open
issue. Although, a lot of work is performed for pure small clusters, (e.g. 13 and 55 atoms), studies concerning
bigger clusters (e.g. with 147 and 309 atoms) are rather limited due to their great computational effort
that is required. The magnetic moment evolution for different cluster’s sizes, for pure Fe, Co, Cu, Mn and
Fe-mixed clusters will be presented in the next two chapters. All calculations are done by using STESTA[122]
and VASP[134][135] computational packages.

SIESTA, employs linear combination of pseudo-atomic orbitals as basic sets. The atomic core is replaced
by a nonlocal norm-conserving Troullier-Martins pseudo-potential [136] that is factorised in the Kleinman-
Bilander form[110]. In addition, it may include nonlinear core correction terms to account for the significant
overlap of the core charges with the valence d orbitals. The code allows performing, together with the
electronic calculation, structural optimization using a variety of algorithms. In the present study, we used
the GGA exchange and correlation potential as parametrized by Perdew et al [131]. In SIESTA, the ionic
pseudopotentials is generated using the following atomic configurations: 3d™, 4s!, and 4p° with n=7 for Fe,
n=38 for Co and n=10 for Cu. The s, p, and d cutoff radii were 2.00, 2.00, and 2.00 a.u. for Fe and Co. The

valence states are described using double-zeta polarised DZP basis sets.

In VASP, the standard projector augmented wave PAW pseudopotentials is employed [111][112]. The elec-
tronic configuration considered is 3d” 4s! for Fe, 3d® 4s! for Co, 3d® 4s' for Mn and 3d'0 4s! for Cu. For the
analysis of local magnetic structure of the clusters, the default values of Wigner-Seitz radii of atoms are used
as provided in VASP. Consequently, the sum of local atomic magnetic moments computed around each atom
is not exactly equal to the overall total magnetic moment of a cluster but this does not affect the energy of the
cluster and its electronic and magnetic properties. Moreover, a cubic simulation box is used for the relaxation
of isolated freestanding clusters. The simulation boxes have lattice parameters of 15 A for 13-atom, 25 A for

55-atom, and 40 A for 147-atom clusters. These simulation boxes neglect the interactions between a cluster
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and its images. All cluster calculations are made using the I point only. The ionic relaxations are made by
using the conjugate gradient optimization method. The structural optimization is stopped when each force
component at each atom in the cluster is smaller than 0.005¢V /A for small clusters (13 and 55 atoms) and
0.05 eV/A for the larger.

In addition, for all under study structures, the binding energy Epg is calculated with the formula:

where A and B are the atoms in the system, E4,p,, is the total energy of the system, ! and m the num-
ber of atoms for each element, and E4 and Ep refer to the energy of only one A or B atom. The local
charge attributed to each atom is calculated by the sum of the density of spin up and down populations:

n(r) = n4(r) + ny(r) while the local magnetic moment is given by: n*?**(r) = nq4(r) — n,(r).

Additionally, since the distinction between spin up and spin down populations is purely conventional it will be
assumed that spin up is represented by the majority of electronic population, that is, the total magnetic mo-
ment is always positive. This convention, applied universally, does not affect the generality of analysis[137].
Moreover, in order to analyze the charge distribution the total and partial density of states (EDOS and
PEDOS) are presented.

Finally, the structure’s stability is described in terms of the energy gap between the highest molecular orbital
occupied (HOMO) and the lowest unoccupied molecular orbital (LUMO). The HOMO-LUMO energy gap
(H-L gap) is usually considered as an important quantity that reflects chemical activity of cluster. A big
energy gap (>1eV) corresponds to a high chemical stability[138][139][140].

5.1 Iron

5.1.1 Fe13
Fei3: Ground-state structure

The first step towards the theoretical modelling of clusters is to determine their ground-state structure. The
transition-metal clusters prefer compact geometries in order to maximise the interaction between the rather
localized d orbitals [141]. There are three most compact and highly coordinated structures for 13 atom
clusters: icosahedron, cuboctahedron, and hexagonal closed packed geometries [142][124], that are exhibited

in figure 5.1.

Table 5.1 displays the binding energy (Ep) and the average magnetic moment (MM) of the Fejs clusters
calculated by both SIESTA and VASP packages. Moreover, in the last two columns we report theoretical
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(1 () ()

Figure 5.1: Fejs cluster: (I) Icosahedral (ICO), (II) Cuboctahedral (CUBO), (IIT) Hexagonal Closed Packed
(HCP)

Table 5.1: Binding energy Eg (eV), average cluster’s MM (up) of the Feys structures. In the last two columns

theoretical and experimental references are reported for comparison.

SIESTA VASP Ref
Structure FEp MM | Egp MM MM Theo. MM Exp
ICO  -3.07 3.38|-3.36 3.39 | 3.38[43][82][42][124] 3.00 [40]
CUBO  -3.01 3.3 | | 3.08[42][124]
HCP  -2.96 3.08 | | 3.08[43][124]

and experimental references for comparison. In agreement with the literature, we found the ICO structure
as the most stable configuration. In particular, we observe a Ep of -3.07eV with SIESTA, while we obtain
-3.36eV by VASP. Conversely, CUBO shows a Eg of -3.01eV, whereas HCP exhibits a value of -2.96eV. In
addition, the Fej3 ICO clusters displays the largest average cluster’s MM.

Fei3: Structural, electronic and magnetic properties

In figure 5.2.(a) we present the structural and magnetic properties of Feys Icosahedral cluster. First of all,
we observe that the Fe atom’s MM depends on the position of the Fe in the cluster. For simplicity, we refer
with Fe(C) to the Fe atom in the cluster’s center. Interestingly, we discovered that the Fe atoms in the shell
assume a various local MMs depending on the distance from the center. We name Fe(N), the nearest Fe atom
from the Fe(C) and Fe(D) the farther. We found a Fe(N)-Fe(C) interatomic distance of 2.32A with VASP,
while a distance of 2.484 was found with SIESTA. The MM of Fe(N) atom is 3.06 by VASP and 3.41 with
SIESTA. Moreover, the Fe(D)-Fe(C) distance is 2.424 by VASP and 2.57A with SIESTA that it is larger
than Fe(N)-Fe(C). Focusing on Fe(D), we observe an Fe(D) atom MM of 3.09up with VASP and 3.44up by
SIESTA that it is bigger than Fe(N). In addition, Fe(C) shows a local MM of 2.63u 5 with VASP and 3.00u 3
smaller than both Fe(N) and Fe(D), in line with the shell models displays by the Billas et all [37][40].

Figure 5.2.(b) exhibits the spin up and down Wave Function (WF) at the homo state. Focusing on the spin
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Figure 5.2: Fejz: (a) magnetic and structural properties. (b) Spin up and Spin down Wave Functions (WF)
at the homo level. Red and blue area stand for the negative and positive charge of the WF.(c) Panel up:
Total cluster EDOS (dashed black line); Fe;3 PEDOS (the s, p and d PEDOS is presented with red, blue
and green lines, respectively). Panel down: Fe(C) PEDOS

up WF, we find the charge localized on both Fe(C) and Fe(N), Fe(D) atoms in the shell. For simplicity
reason, we name the Fe atoms with numbers (from 1 to 8). Concerning to the Fe in the shell, we observe 3d
orbital bonding hybridizations between Fe(1)-Fe(8), Fe(3)-Fe(4) and between Fe(5)-Fe(7) atoms. Concerning
to the Fe(C), we found 3d electrons located on the Fe, while no bonding hybridizations are shown among the
Fe(C) and the others Fe atoms in the shell. Moving to the spin down WF, we observe Fe-3d hybridization
orbitals between Fe(1)-Fe(2) and Fe(1)-Fe(8), and betwixt Fe(5)-Fe(6). In addition, we found only a small
amount of charge located on the Fe(C), no orbital hybridisation between the Fe(C) and the others Fe atoms

in the shell are shown.



5.1. IRON 53

In figure 5.2.(c) panel up we display the total EDOS and Fe PEDOS. Referring to the Fe PEDOS, we observe
Fe-3d up orbitals between -5e¢V and the homo state, while 4s-up states are a lower energy around -7eV.
Furthermore, Fe-3d down orbitals are in an higher energy interval than the Fe-3d up, between -3eV and the
homo state. In addition, we found 4s down electrons around -6eV and -4eV. Moving on Fe(C), figure5.2.(c)
panel down, we observe the Fe-3d up orbitals enclosed by the -5eV and the homo state, while the Fe-3d
down are between -3eV and -1.5eV. Moreover, 4s-up and -down electrons are at low energy between -7eV and
-6eV. Finally, we find 4p-up electrons close to -5eV, while the 4p-down states are close to -4eV and -1.5eV.
Concluding, the total majority EDOS shows a H-L gap of -0.4eV whereas the minority counterpart exhibits
a H-L gap of -0.3eV, in line with Refs.[143][144].

In the table 5.2, we present the majority (1) and the minority (}) Fe electron populations and local atom MM
(up) of Fe atoms. Furthermore, the positive/negative sign of up denotes its resulting up/down direction,

respectively.
Table 5.2: Spin up (1), Spin Down (J) electron population and local atom MM (up) of Fe atoms in Feys.

atom VASP SIESTA REF

S P d total total
Spin Up (1) 0.25 0.28 4.61 5.14
Fe(C) | Spin Down () 0.29 039 182 2.1
us (M-) -0.04 -0.10 2.79 2.63 3.00 2.20[22]

Spin Up (1) 025 0.16 4.58 5.00
Fe(N) | Spin Down (}) 023 0.3 159 1.94
pp (D-(1) 002 003 299 306 | 341 | 3.40[22]
Spin Up (1) 027 0.17 458 5.02
Fe(D) | Spin Down (}) 022 0.4 157 193
pp (D-(1) 005 003 301 3.09 | 344 | 3.50[22]

Starting with Fe(C), it is worth noticing that the Fe(C) assumes the lowest Fe atom MM. We observe that
Fe(C) bonds with all other Fe atoms in the cluster, assuming the highest coordination number in the structure.
For this reason, the 4s and 4p minority orbitals are more filled than the majority, lowering the Fe(C) local
MM. Referring to the Fe in the shell, we find that Fe(D) presents 4s and 3d majority orbitals more occupied
than Fe(N) majority orbitals counterpart, resulting in a higher Fe atom MM. On the contrary, we found the
same spin up and down imbalance in the 4p states. In addition, we observed a parallel coupling between the
spin of the Fe atoms in the shell and the spin of Fe(C), resulting in a larger average cluster’s MM compared
to the Fe bulk.

5.1.2 Fe55

In this paragraph we continue our study presenting the Fe icosahedral cluster with 55 atoms. It is worth to
be noticed that 55 atoms icosahedral clusters show two shells. For simplicity, we refer to the Fe atom in the

center with Fe(C), when Fe atoms occupy the first shell we use Fe(I), while for the Fe atoms in the second
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shell we write Fe(II).
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Figure 5.3: Fess: (a) magnetic and structural properties. (b) Spin up and Spin down Wave Functions (WF)
at the homo level. Red and blue area stand for the negative and positive charge of the WF. (¢) Panel up:
Total cluster EDOS (dashed black line); Fess PEDOS (the s, p and d PEDOS is presented with red, blue
and green lines, respectively). Panel down: Fe(C) PEDOS

In figure 5.3.(a) we report on the structural and magnetic properties of Fess. First, we focus on two possible
magnetic configurations. We refer to FerroMagnetic (FM) to the cluster’s configuration where all spins of
the atoms are aligned parallel, while we name AntiFerroMagnetic (AFM) the configuration where the spins
of the atoms are aligned anti-parallel. In line with literature [42][68], we found a binding energy of -4.09¢V
for the Fess (FM), while we observe a binding energy of -4.12eV for (AFM), resulting in the most stable
configuration. Furthermore, we found an average cluster’s MM of 2.73u 5. On the contrary, SIESTA shows
a FM structure with a binding energy of -3.63eV and an average cluster’s MM of 2.19up. Concerning the
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interatomic distances, we found an Fe(C)-Fe(I) distance of 2.43A4 and Fe(I)-Fe(II) 2.36A with VASP, while
we found 2.514 between Fe(C) and Fe(I) and 2.48 4 beteen Fe(I) and Fe(II) with SIESTA. Focusing on the
VASP calculation, we observe an Fe(C) atom MM of -1.59up, that is anti-parallel aligned to the Fe(I) 2.16 5.
In addition, the Fe(II) atoms exhibit a local MM of 2.84p 5. In contrast to VASP, SIESTA calculates a Fe(C)
MM of 2.66up that is parallel to the Fe(I) atoms showing a local MM of 2.62u . Furthermore, we found a
local MM of 3.12up when Fe atoms occupy the second shell.

Figure 5.3.(b) exhibits the spin up and down Wave Function (WF) at the homo state. Focusing on the spin
up WF, we observe Fe-3d hybridization bonding between the Fe(II) atoms, while a small amount of 3d charge
is located on the Fe atoms in the inner shell. Concerning to the spin down WF, we found Fe-3d hybridization

bonding between the Fe(II) atoms, whereas no charge is visible in the inner shells.

In figure 5.3.(c) panel up we present the total EDOS and Fe PEDOS. We can see that the Fe-3d up orbitals
are between -5eV and -0.5eV, while Fe-4s up states are a lower energy between -8eV and -5eV. Furthermore,
Fe-3d down are enclosed by -3.5eV and the homo state, whereas the Fe-4s down are -7.5eV and -5.5eV. Figure
5.3.(c) panel down exhibits the Fe(C) partial EDOS. We observe that the 3d electrons are around -4eV and
-0.5eV in the spin up orbitals, while the 3d down electrons are around -3.5eV and the homo state. Moreover,
4s states are at low energies between -8eV and -4.5eV. Finally, we observe a H-Li gap of -0.4eV in the majority

EDOS, while no gap is shown in the minority counterpart, resulting in a half-metallic cluster.

In the table 5.3, we present the majority (1) and the minority (J) Fe electron population and local atom MMs
(up) of Fe atoms. Furthermore, the positive/negative sign of up denotes its resulting up/down directions,
respectively. Focusing on Fe(C), the VASP calculations yielded an AFM coupling between Fe(C) and Fe(I),

Table 5.3: Spin up (1), Spin Down ({) electron population and local atom MM (up) of Fe atoms in Fess.

atom VASP SIESTA REF

S p d total total
Spin Up (1) 0.26 0.61 241 2098
Fe(C) | Spin Down (}) 0.31 0.69 3.87 4.57
us (1)-() -0.05 -0.08 -1.46 -1.59 2.66

Spin Up (1) 0.24 026 428 4.79
Fe(I) | Spin Down (}) 0.26 032 204 2.62
ps (HD-(1) <002 -0.06 224 217 | 262
Spin Up (1)  0.24 0.5 449 4.93
Fe(IT) | Spin Down (}) 0.24 0.15 1.66 2.10
up (D-(1) 000 000 2.8 283 | 312 | 280042

caused by the more filled minority orbitals in the Fe(C). This result reflected the partial Fe(C) EDOS reported
in figure 5.3.(c) panel down. On the contrary, SIESTA results exhibit a FM coupling between Fe(C) and
Fe(I), and Fe(C) assumes a larger local MM than Fe(I). It is worth to be noticed that, in both VASP and
SIESTA, the Fe local MMs decrease going from the outermost shell to the inner. In particular, we find that
Fe(I) atoms display s and p minority orbitals more occupied than the majority, lowering the Fe atom MMs.

Concerning to the Fe(II) atoms, they exhibit the highest local MM, in agreement with available experimental
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and theoretical results[42][37].

5.1.3 Fe147
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Figure 5.4: Fey47: (a) magnetic and structural properties. (b) Spin up and Spin down Wave Functions (WF)
at the homo level. Red and blue area stand for the negative and positive charge of the WF. (c¢) Panel up:
Total cluster EDOS (dashed black line); Fejs7 PEDOS (the s, p and d PEDOS is presented with red, blue
and green lines, respectively). Panel down: Fe(C) PEDOS

In figure 5.4 we present the structural, electronic and magnetic properties of the Feq47 icosahedral cluster. In
line with the last paragraph, we refer to the Fe atom in the center with Fe(C), and with Fe(T), Fe(II), Fe(III)
to the Fe atoms in the first, second and third shell respectively. Starting with 5.4.(a), we found a binding
energy of -4.35¢V and an average cluster’s MM of 2.33pp with VASP. Furthermore, we found an Fe(C)-Fe(I)
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interatomic distance of 2.394, 2.43A4 Fe(I)-Fe(IT) and 2.44A Fe(II)-Fe(III). Focusing on the local Fe MM,
we found a value of 1.59up for Fe(C), -1.12up for Fe(I), 2.10up for the Fe(II) and finally 2.75up Fe(III).
Concerning to the STESTA results, we calculated a binding energy of -3.86eV and an average cluster’s MM
of 2.41pp, while the interatomic distances are 2.43A4 between Fe(C) and Fe(I), 2.60A between Fe(I)-Fe(II)
and 2.45A between Fe(II)-Fe(III), respectively. Interestingly, we observed that, both VASP and SIESTA
calculations showed the AFM coupling between Fe(C) and Fe(I) atoms, and Fe(I) and Fe(II) atoms. In
particular, the spins of the Fe atoms in the first shells are coupled anti-parallel with Fe(C) and the Fe atoms

in the second shell.

Figure 5.4.(b) shows the spin up and down Wave Function (WF) at the homo state. In both spin up and
down WF, we observed Fe-3d hybridization bonding between the Fe(III) atoms, while a small amount of 3d

charge is located on the Fe atoms in the inner shell.

In figure 5.4.(c) panel up we display the total EDOS and the total Fe PEDOS. Focusing on Fe total PEDOS,
we found Fe-3d spin up electrons between -5eV and the homo state, while the Fe-4s electrons are in the low
energy levels around -8eV and -6eV. The Fe-3d spin down are shifted to the higher energy compared to the
spin up counterpart and they are enclosed by -3eV and the homo state. In the panel down, we present the
Fe(I) PEDOS. We observe that spin down orbitals are more occupied than the spin up counterpart, resulting
in aligned anti-parallel with the spins of the Fe(C) and Fe(II) atoms. In addition, the total EDOS exhibits
a band like behaviour, while we cannot see any H-L gap, thus yielding a metallic character of the Fejyr

icosahedral cluster.

Table 5.4 presents the majority (1) and the minority (]) Fe electron population and local atom MM (p5) of Fe

atoms. Furthermore, the positive/negative sign of up denotes its resulting up/down direction, respectively.

Table 5.4: Spin up (1), Spin Down ({) electron population and local atom MM (up) of Fe atoms in Fejy7.

atom VASP SIESTA
S p d total total
Spin Up (1) 032 0.39 397 4.67
Fe(C) | Spin Down (J) 0.30 0.36 2.42  3.08
us (M-{) 0.02 0.03 155 1.59 1.20

Spin Up (1) 0.26 029 261 3.16
Fe(I) | Spin Down (}) 0.28 0.32 3.59 4.28
pp (D-1) <002 -0.03 -1.08 -1.12| -2.03

Spin Up (1) 024 025 421 4.69
Fe(Il) | Spin Down (J) 0.25 0.29 2.05 2.59
ps (D-(1) 001 -0.04 216 210 | 246
Spin Up (1)  0.26 0.16 448 4.91
Fe(IlT) | Spin Down (}) 0.25 0.3 178 2.16
s (D-(1) 001 003 270 275 | 3.12
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Focusing on Fe(I), we observe that minority orbitals are more occupied than the majority, reflecting the
behaviour showsn in the Fe(I) PEDOS presented in fig.5.4.(c) panel down. The AFM behaviour is in agree-
ment with the shell model described by the Billas et all. in their experimental works[20][37]. Referring to
the Fe(II), we found that only s and p orbitals exhibit minority orbitals more occupied than the majority,
resulting coupled FM with the Fe(III). Moreover, Fe(C) display all s, p and d majority states more occupied
than the minority. Despite the AFM coupling, the Fe atom MM decreases from the outermost shell to the

inner shell in agreement with other theoretical and experimental works [40][42].

5.1.4 Feg()g

In this section we focus on the structural, electronic and magnetic properties of the Icosahedral Fespg cluster.

In figure 5.5.(a) we present structural and magnetic properties of the Fesgg. We found a binding energy of
-3.98¢V and an average cluster MM of 2.79u . Contrary to the Fej47, we observed a FM coupling among Fe
atoms in various shells. For simplicity, we name the Fe atoms with Fe(C) when the Fe is at the cluster center,
while we refer to the Fe atoms with Fe(I), Fe(II), Fe(III) and Fe(IV) for the Fe in the first second, third and
forth shell, respectively. We found that the Fe atom MM decreases from the outermost to the inner shell.
Interestingly, in agreement with the shell model [20][37], we found that Fe(II) and Fe(III) exhibit a local MM
smaller than the Fe(C) and Fe(I), while the Fe(IV) shows the highest Fe local MM. In addition, focusing on
the interatomic distance, we found 2.614 between Fe(C) and Fe(I), while Fe(I)-Fe(IT) atoms display 2.53A.
Moreover, we found a distance between Fe(IT)-Fe(IIT) of 2.45A and Fe(ITI)-Fe(IV) exhibits 2.36A.

Figure 5.5.(b) presents the spin up and down Wave Function (WF) at the homo state. Concerning to the
spin up WF, we found Fe-3d hybridization bonding between the Fe atom first neighbours in the outermost
shell. Moreover, a small amount of charge is visible located on the Fe atoms in the inner shell. Moving to
the spin down WF, figure 5.5.(b) reports that the charge is more localized on the own Fe atoms compared
to the majority counterpart. Moreover, no hybridisation bonding or weak hybridization bonds are shown in

the minority homo state.

In figure 5.5.(c) panel up we display the total EDOS. First of all we observed a band-like behaviour, and no
H-L gap is found in the majority and minority Fezgpg EDOS, resulting in a metallic cluster. Figure 5.5.(c)
panel down presents the Fezgg PEDOS. We found that Fe-3d up electrons occupy the energies between -5eV
and -1eV. In addition, Fe 3d down orbitals are shifted towards higher energies enclosed by -3eV and the homo

state, leaving the minority orbitals less occupied than the majority.

In the table 5.5 we display the majority (1) and the minority (|) Fe electron population and local atom
MM (pp) of Fe atoms. Moreover, the positive/negative sign of up denotes its resulting up/down direction,
respectively. Focusing on the electron population, we found that majority orbitals are more occupied than
the minority counterpart, resulting in large Fe atom MM. This behaviour reflects the trend reported in figure
5.5.(c) and it is the origine of the FM coupling among all Fe atoms in the cluster. Interestingly, Fe(II)
and Fe(III) atoms exhibit smaller spin up-down imbalance compared to the Fe(I) atoms, causing a lower
Fe(II)-Fe(III) atom MM than Fe(I).
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Figure 5.5: Fespg: (a) magnetic and structural properties. (b) Spin up and Spin down Wave Functions (WF)
at the homo level. Red and blue area stand for the negative and positive charge of the WF. (c) Panel up:
Total cluster EDOS (dashed black line). Panel down: Fezog PEDOS (the s, p and d PEDOS is presented
with red, blue and green lines, respectively).

5.2 Copper

5.2.1 CU13

Cui3: Ground-state structure

In line with the Fej3 cluster, we wanted to find the favoured Cuys configuration. We studied three differ-
ent Cuyg cluster structures: Buckled-Biplanar (BBP), Icosahedral (ICO), Cuboctahedral (CUBO), that are
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Table 5.5: Spin up (1), Spin Down ({) Fe electron population and local atom MM (upg) of Feggg icosahedral

cluster.
SIESTA

atom | Spin Up (1) | Spin Down ({) | us(1)-(4)
Fe(C) 7.87 5.55 2.32
Fe(I) | 819 | 5.56 | 2.63
Fe(ll) | 794 | 5.38 | 255
Fe(Ill) | 815 | 5.60 | 255
Fe(IV) | 859 | 5.54 | 305

reported in figure 5.6.

BUCKLED-BIPLANAR ICOSHAEDRAL CUBOCTAHEDRAEDRAL

(1) ({D)] ()

Figure 5.6: Fejs cluster: (I) Buckled-Biplanar (BBP), (II) Icosahedral (ICO), (III) Cuboctahedral (CUBO)

In the table 5.6, we display the binding energy and the average MM of the Cuys clusters calculated with both
SIESTA and VASP packages. Moreover, in the last column we report other theoretical results for comparison.

In agreement with other theoretical calculations [124][145], we observe that the BBP structure as the most

Table 5.6: Binding energy Ep (eV), average cluster’s MM (upg) of the Cuys structures. In the last column

theoretical references are reported for comparison.

SIESTA VASP Ref
Structure Eg MM | Eg MM | MM Theo.
BBP -2.86 0.01

ICO 282 0.39 | 224 0.39 | 0.385(66]
CUBO 274 0.23 | |

stable geometry. Interestingly, experimental and theoretical works exhibit the ICO arrangement as the most
stable configuration for larger Cu clusters (e.g. 55, 147 and 309 atoms)[68][69]. For this reason in the next

paragraph we proceed our analysis focusing on the Cuyz ICO structure.
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Cu;3: Structural, electronic and magnetic properties
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Figure 5.7: Cujs: (a) magnetic and structural properties. (b) Spin up and Spin down Wave Functions (WF)
at the homo level. Red and blue area stand for the negative and positive charge of the WF. (c) Panel up:
Total cluster EDOS (dashed black line); Cu;s PEDOS (the s, p and d PEDOS is presented with red, blue
and green lines, respectively). Panel down: Cu(C) PEDOS

In figure 5.7.(a) we present the structural and magnetic properties of Cuys icosahedral cluster. We refer to
the Cu atom in the cluster’s center as Cu(C), while with Cu(S) we name the Cu atoms in the shell. We found
a binding energy of -2.82eV with VASP and -2.24eV with SIESTA. Although Cu bulk system is known to
be non magnetic, we observe a small average cluster’s MM. In agreement with literature [66][72], we found a
value of 0.39up fby both VASP and SIESTA calculations. Focusing on the Cu atom MM, we can see that
Cu(C) shows a local MM of 0.27up by VASP and 0.25u5 with SIESTA. Moreover, Cu atoms in the shell
display a local MM of 0.15u5 with VASP and 0.39u 5 with SIESTA. Concerning to the interatomic distances,
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we find a Cu(C)-Cu(S) distance of 2.414 by VASP and 2.43A with SIESTA, while we find a Cu(S)-Cu(S)
distance of 2.54A4 with VASP and 2.584 by SIESTA.

Figure 5.7.(b) exhibits the spin up and down Wave Function (WF) at the homo state. Focusing on spin up
WF, we name the Cu atoms with numbers (from 1 to 8) for simplicity reasons. We discovered Cu-3d bonding
hybridisation among Cu(1)-Cu(5)-Cu(6), Cu(2)-Cu(4) and Cu(2)-Cu(3). On the contrary, we observed 3d
electrons located on Cu(7), Cu(8) and Cu(C). Concerning to the spin down WF, we observe that the 3d
electrons are localized on the Cu atoms in the shell, while the Cu in the center were found completely

clean.

In figure 5.7.(c) panel up we report the total EDOS and Cu PEDOS. We observe Cu-3d up orbitals between
-4.5eV and the homo state, while the Cu 3d spin down are between -4eV and -1eV. In addition, 4s orbitals
are at low energies enclosed in the region -8¢V and -4.5eV. Moving to Cu(C) in figure 5.7.(c) panel down,
we found Cu-3d up electrons between -5eV and the homo state, whereas the 3d-down are between -4eV and
-1eV. The 4s and 4p electrons are at low energies between -7.5eV and -4.5eV. Finally, we observe a H-L gap
of -0.7eV in the majority total EDOS, while a H-L gap of -1.5eV was found in the minority counterpart,

giving an half-metallic character to the Cu;s ICO cluster.

Table 5.7 presents the majority (1) and the minority ({) Cu electron population and local atom MM (up) of Cu
atoms. Furthermore, the positive/negative sign of up denotes its resulting up/down direction, respectively.
Focusing on VASP calculations we can see that Cu(C) exhibits a higher local MM than the Cu(S). In

Table 5.7: Spin up (1), Spin Down (J.) electron population and local atom MM (up) of Cu atoms.

atom VASP SIESTA REF

S P d total total
Spin Up (1) 0.23 0.24 4.74 5.22
Cu(C) | Spin Down () 0.23 0.25 4.46 4.95
us (1-) 0.00 -0.01 0.28 0.27 0.25 0.21[66]
Spin Up (1) 0.26 0.13 4.64 5.02
Cu(S) | Spin Down ({) 0.18 0.08 4.61 4.87
us (1)-() 0.08 0.05 0.03 0.16 0.39 0.40[66]

particular, 3d Cu(C) orbitals display a larger spin up-down imbalance compared to the 3d Cu(S) orbitals. On
the contrary, STESTA yielded a Cu(S) local MM higher than Cu(C), in agreement with the literature.

5.2.2 CU55

In this section we present results referring to the Cuss icosahedral cluster. In figure 5.8.(a) we provide
structural and magnetic properties of Cuss. We name Cu(C) the copper atom in the center of the cluster,
and with Cu(I) and Cu(II) the copper atoms in the first and second shells, respectively. We found a binding
energy of -2.85eV with VASP and -3.63eV with SIESTA, while we observe an average cluster MM of Oup with
both SIESTA and VASP calculations. Concerning to the interatomic distance, VASP and SIESTA tielded a
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Figure 5.8: Cuss: (a) magnetic and structural properties. (b) Spin up and Spin down Wave Functions (WF)
at the homo level. Red and blue area stand for the negative and positive charge of the WF. (¢) Panel up:
Total cluster EDOS (dashed black line). Panel down: Cus; Cu PEDOS (the s, p and d PEDOS is presented

with red, blue and green lines, respectively).

Cu(C)-Cu(I) distance of 2.44A, while we found a Cu(I)-Cu(II) distance of 2.37A with VASP and 2.42A4 with
SIESTA. Focusing on the Cu atom MM, we discovered that the Cu local MM drops to zero when the cluster

size increases. In fact, we observed a weak Cu atom MM in the Cu;3, whereas the Cu atom MM in Cuss was

found to be zero.

Figure 5.8.(b) displays the spin up and down Wave Function (WF) at the homo state. It is interesting to

note that the distribution of charge in both spin up and down WF appears similar. In particular, both spin

up and down WF show Cu-3d hybridization bonding among Cu atoms in the outermost shell. Moreover,
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we note a small amount of charge located on the Cu atoms in the inner shell. In figure 5.8.(c) panel up,
we present the total Cuss EDOS. First of all, the EDOS exhibit a symmetric behaviour in the spin up and
down energy states, giving a non magnetic character to the Cuss cluster. Moreover, due to the size of the
system, we found that the states are localized and discrete. In addition, we found a H-L gap of -0.6eV in both
majority and minority total EDOS. Focusing on the Cuss PEDOS in figure 5.8.(c) panel down, we observed

Cu-3d electrons between -5eV and -1eV, while 4s states are at low energies around -7eV and -6eV.

In the table 5.8, we present the majority (1) and the minority (]) Cu electron population and local atom
MM (up) of Cu atoms. Additionally, the positive/negative sign of pp denotes its resulting up/down direc-

tions, respectively. Concerning the electron population, we did not observe any majority-minority orbitals

Table 5.8: Spin up (1), Spin Down () electron population and local atom MM (up5) of Cu atoms.

atom VASP SIESTA
S p d total total
Spin Up (1) 0.24 0.26 4.59 5.09
Cu(C) | Spin Down ({) 0.24 0.26 4.59 5.09
us (M-{) 0.00 0.00 0.00 0.00 0.00

Spin Up (1) 0.24 021 4.60 5.03
Cu(I) | Spin Down (}) 0.24 0.21 4.60 5.03
us (M-() 0.00 0.00 0.00 0.00 0.00
Spin Up (1)  0.24 021 4.60 5.03
Cu(II) | Spin Down ({) 0.24 0.21 4.60 5.03
us (M-{) 0.00 0.00 0.00 0.00 0.00

imbalance. In other words, spin up and down states are occupied with the same amount of charge, avoiding
an abundance of the majority or minority electron population. These results reflect the behaviour exhibited
in the WF and the total EDOS displayed in figures 5.8.(b), 5.8.(c).

5.2.3 Cu147

Figure 5.9.(a) reports on the structural and magnetic properties of Cuy4y cluster. We found a binding energy
of -3.03eV with VASP, while STESTA yielded a binding energy of -3.88eV. In line with Cuss, we observe a Cu
atom MM of Oup and consequently an average cluster MM of Oup. Concerning the interatomic distances, we
found a Cu(C)-Cu(I) distance of 2.394, while Cu(T)-Cu(IT) is 2.43A and finally we found a distance of 2.44A
between Cu(II) and Cu(IIl) atoms, with VASP. Moreover, SIESTA resulted in a Cu(C)-Cu(I) interatomic
distance of 2.43A, Cu(I)-Cu(I) is 2.454 and Cu(IT)-Cu(IIT) is 2.42A.

In figure 5.9.(b) we present the spin up and down Wave Function (WF) at the homo state. In agreement
with the Cuss results, we observed the same charge distribution in the spin up and down WF. In particular,
focusing on the third shell, we found Cu-3d electrons localized on some Cu atoms, whereas we observed
some weak Cu-3d orbitals hybridization among the other ones. Referring to the second shell, we observed 3d

hybridization bonding among the Cu(II) atoms.
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Figure 5.9: Cuyy47: (a) magnetic and structural properties. (b) Spin up and Spin down Wave Functions (WF)
at the homo level. Red and blue area stand for the negative and positive charge of the WF. (c¢) Panel up:
Total cluster EDOS (dashed black line). Panel down: Cujq7 Cu PEDOS (the s, p and d PEDOS is presented
with red, blue and green lines, respectively).

Figure 5.9.(c) panel up shows the Cujs7 total EDOS. Conform to the Cuss total EDOS, we observed a
symmetric distribution between spin up and spin down population, resulting in a non-magnetic cluster. In
addition, due to the dimension of the cluster, the Cuy47 total EDOS shows a band-like behaviour. Finally, no

H-L gap is displayed in both majority and minority charge distributions, resulting in a metallic cluster.

Table 5.9 exhibits the majority (1) and the minority ({) Cu electron population and local atom MM (ug)
of Cu atoms. Furthermore, the positive/negative sign of pp underlines its resulting up/down direction,

respectively. Similarly to the Cuss cluster, we note that all Cu atoms exhibit the same majority and minority
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Table 5.9: Spin up (1), Spin Down () electron population and local atom MM (up) of Cu atoms.

atom VASP SIESTA
S p d total total
Spin Up (1) 0.25 0.25 4.60 5.1
Cu(C) | Spin Down ({) 0.25 0.25 4.60 5.11
ws (D-(1) 000 0.00 000 000 | 0.00

Spin Up (1) 023 022 459 5.04
Cu(l) | Spin Down () 0.23 0.22 459 5.04
s (1-(1)  0.00 0.00 0.0 000 | 0.00

Spin Up (1) 0.23 020 4.60 5.3
Cu(Il) | Spin Down ({) 0.23 0.20 4.60 5.03
up (1)-() 0.00 0.00 0.00 0.00 0.00
Spin Up (1) 0.24 0.09 4.62 4.95
Cu(I1I) | Spin Down ({) 0.24 0.09 4.62 4.95
ps (HD-(1) 000 0.00 000 000 | 0.00

orbitals occupation. We did not find any spin up-down imbalance, confirming the behaviour displayed in the
total EDOS (fig.5.9.(c) panel up) and the no-magnetic character of the Cuy47 ICO cluster.

5.2.4 CU309

In this paragraph we focus on the Cuggg icosahedral cluster. In figure 5.10.(a) we present the structural
and magnetic properties of the Cuggg system. We calculate a binding energy of -4.01 eV, while we found
an average cluster’s MM of zero, in line with the smaller Cu structures. We refer as Cu(C), Cu(I), Cu(II),
Cu(IIT) and Cu(IV) for the Cu atom in the cluster’s center and in the first, second, third and forth shell,
respectively. The interatomic distances are 2.43A4 between Cu(C) and Cu(I), while Cu(I)-Cu(II) is 2.47A,
Cu(ID)-Cu(TIT) is 2.46A and Cu(IIT)-Cu(IV) is 2.41A.

Figure 5.10.(b) displays the spin up and down Wave Function (WF) at the homo state. In agreement with the
Cuyg7, we found similar spin up and down WF. In particular, we observed Cu-3d weak orbital hybridizations
among the Cu(IV) atoms. In addition, some amount of 3d charge is localized on the Cu atoms in the inner
shell.

In figure 5.10.(c) panel up we display the Cugpg total EDOS. We observed a band-like behaviour and a
symmetric distribution between spin up and down states, in agreement with the smaller Cu systems. No H-L
gap is shown in the majority /minority total EDOS, exhibiting the metallic character of the cluster. Figure
5.10.(c) panel down shows the Cusgg total PEDOS. We can see that both Cu-3d up and down orbitals are
enclosed by -5eV and -1eV.

In table 5.10 we report on the majority (1) and the minority (J) Cu electron population and local atom MM

(up) of Cu atoms. Additionally, the positive/negative sign of pp denotes its resulting up/down direction,
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Figure 5.10: Cusgo: (a) magnetic and structural properties. (b) Spin up and Spin down Wave Functions
(WF) at the homo level. Red and blue area stand for the negative and positive charge of the WF. (c) Panel
up: Total cluster EDOS (dashed black line). Panel down: Cusgg Cu PEDOS (the s, p and d PEDOS is

presented with red, blue and green lines, respectively).

respectively. We observed that all Cu atoms exhibit the same spin up and down electron population, reflecting

the total EDOS behaviour and the no magnetic character of the Cuggg cluster.
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Table 5.10: Spin up (1), Spin Down ({) Fe electron population and local atom MM (up) of Cusgg icosahedral

cluster.
SIESTA

atom | Spin Up (1) | Spin Down () | ps(1)-({)
Cu(C) 5.51 5.51 0.00
Cu) | 550 | 5.50 | 0.00
Cu(l) [ 551 | 5.51 | 0.00
Cu(lll) | 551 | 5.51 | 0.00
Culv) | 550 | 5.50 | 0.00

5.3 Cobalt

5.3.1 0013

Coi3: Ground-state structure

In this section we present structural, electronic and magnetic properties of Co clusters. We studied three
diverse geometries in order to discover the Coqs favoured structure. Specifically, in figure 5.11 we present (I)
Hexagonal Closed Packed (HCP), (II) Icosahedral (ICO), (IITI) Cuboctahedral (CUBO) of the Co;3 clusters’

geometries.

HEXAGONAL CLOSED PACKED ICOSHAEDRAL CUBOCTAHEDRAEDRAL

(D) ()

Figure 5.11: Coy3 cluster: (I) Hexagonal Closed Packed (HCP), (IT) Icosahedral (ICO), (IIT) Cuboctahedral
(CUBO)

In table 5.11 we report the binding energy (Eg) and the average magnetic moment (MM) of the Coq3 clusters
calculated by both SIESTA and VASP packages. Additionally, in the last two columns we report theoretical
and experimental references for comparison reasons.

In line with available data [124][145][77], we found that the HCP as the most stable Co cluster configuration,
mimicking the Co bulk structure. In addition, the Co atom MM (2.01up) is higher than the corresponding
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Table 5.11: Binding energy Ep (eV), average cluster’s MM (up) of the Cojs structures. In the last two

columns theoretical and experimental references are reported for comparison.

SIESTA VASP Ref
Structure FEp MM | Egp MM MM Theo. MM Exp
HCP  -3.18 2.01 2.08[82][124]
ICO  -3.3 221 |-333 233 | 2.30[43][82][42][124]  2.30[40]
CUBO  -3.12 2.05 | | 2.08[42][124]

value in the Co bulk (1.7up). However, experimental and theoretical works exhibit the ICO structure as the
most stable configuration for larger Co clusters (e.g. 55, 147 and 309 atoms)[42][78]. For this reason in the

next paragraph we will focus on Co;3 ICO structure.

Coi3: Structural, electronic and magnetic properties

In figure 5.12.(a) we present structural and magnetic properties of the Co;3 ICO cluster. For simplicity reason,
we refer to Co atoms in the center with Co(C), whereas we name Co(S) the Co atoms in the shell. Concerning
to the structural properties, we found a binding energy of -3.33eV with VASP and -3.13eV with STESTA. The
Co(C)-Co(8) interatomic distance is 2.33A with VASP, while 2.47A with SIESTA. Furthermore, Co(S)-Co(S)
distance is 2.45A with VASP and around 2.67A4 by SIESTA. Referring to the magnetic properties, the average
cluster MM is 2.33up by VASP, whereas 2.21up was found by SIESTA. Additionally, Co(C) shows a lower
local MM than Co(S). We found a Co(C) local MM of 1.94up with VASP and it is 1.89up with STESTA.
Moreover, Co(S) exhibits a local value of 2.16pp using VASP and 2.25up with SIESTA.

Figure 5.12.(b) shows the spin up and down Wave Function (WF) at the homo state. Focusing on the spin
up WF, we can note the Co-3d hybridization bonding among Co atoms in the shell. Moreover, we observed
3d orbitals localized on the Co(C), while no bonds are shown between Co(C) and the other Co(S) atoms.
Concerning the spin down WF, we observe Co-3d orbitals located on Co(S) atoms, while no charge is localized
on Co(C).

In figure 5.12.(c¢) panel up we present the total EDOS and Co PEDOS. Focusing on the spin up electrons, we
found Co-3d orbitals between -5.5eV and close to the homo states, while 4s states are at low energy around
-7.5eV. Moreover, Co-3d spin down electrons are shifted toward higher energy compared to the 3d spin up
orbitals. Specifically, they are between -4eV and the homo state. In addition, we found 4s down states at
-7eV. Moving to the figure 5.12.(c) panel down, Co(C) EDOS shows Co-3d majority orbitals between -5.5eV
and close to the homo state. Furthermore, we observed Co-3d minority charge between -4eV and -0.5eV.
Additionally, 4s up and down states are mainly at low energies between -8¢V and -7eV. Finally, total majority
EDOS shows a H-L gap of -0.5eV, while no H-L gap is exhibited in the minority counterpart, making the
Coi13 ICO a half-metallic cluster.

In the table 5.12 we depict the majority (1) and the minority ({) Co electron population and local atom MM

(up) of Co atoms. In addition, the positive/negative sign of up denotes its resulting up/down direction,
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Figure 5.12: Co;3: (a) magnetic and structural properties. (b) Spin up and Spin down Wave Functions (WF)
at the homo level. Red and blue area stand for the negative and positive charge of the WF.(c) Panel up:
Total cluster EDOS (dashed black line); Coi3 PEDOS (the s, p and d PEDOS is presented with red, blue
and green lines, respectively). Panel down: Co(C) PEDOS

respectively. Focusing on the Co(S) atoms, we found the largest local atom MM. We observed that all s, p
and d majority orbitals are more occupied than the minority, enhancing the Co atom MM. On the contrary,
due to the higher coordination number, the Co(C) orbitals display s and p minority states, which are more

occupied than the majority, lowering therefore the Co(C) atom MM.
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Table 5.12: Spin up (1), Spin Down ({) electron population and local atom MM (up5) of Co atoms.

atom VASP SIESTA REF

S p d total total
Spin Up (1)  0.26 0.31 4.72 5.29
Co(C) | Spin Down (J) 0.29 0.38 2.67 3.35
e (D-(1)  -0.03 -0.07 205 1.94 | 1.89 | 1.88[66]

Spin Up (1)  0.28 0.17 4.61 5.06
Co(S) | Spin Down (}) 022 0.12 256 2.90
s (D-(1) 006 005 205 216 | 225 | 243[66]

5.3.2 CO55

In this paragraph we present the Cos; ICO structure. For simplicity, we refer to the Co atom in the
cluster’s center with Co(C), while we name Co(I) and Co(II) the Co atoms in the first and second shells,

respectively.

Figure 5.13.(a) exhibits the structural and magnetic properties of the Cos; ICO cluster. We calculated a
binding energy of -4.29e¢V with VASP and -3.85eV with SIESTA. Referring to the VASP results, the Co(C)-
Co(I) interatomic distance is 2.37A, while Co(I)-Co(II) is 2.33A. Moreover, with SIESTA we obtained a
Co(C)-Co(I) distance of 2.51A4 and Co(I)-Co(II) is 2.48A4. The average cluster MM is 1.87up with VASP
and 1.91up with SIESTA. Focusing on the Co atom MM, we note that it decreases from the outermost to
the inner shell, in line with theoretical and experimental works [42][37]. Interestingly, we discovered that the
Co(IT) atom MM is smaller than the corresponding Co atom MM in the Co;3 ICO cluster.

In figure 5.13.(b), we display the spin up and down Wave Function (WF) at the homo state. Examining the
spin up WF, we observe Co-3d bonding hybridization between Co atoms in the second shell. Moreover, we can
see a small amount of 3d charge localized in the Co atoms in the inner shells. Moving to the spin down WF, we

found that Co-3d electrons are located on the Co atoms, while we did not observe any hybridizations.

Figure 5.13.(c) panel up exhibits the Coss total EDOS. Referring to the total EDOS we observed that the
energy states are localized and discrete, this behaviour is principally due to the dimensions of the cluster.
Moreover, we observed a H-L gap of -0.6eV in the majority EDOS, while we did not find any H-L gap in
the minority counterpart, giving an half-metallic character to this cluster. Moving to the Coss PEDOS in
figure 5.13.(c) panel down, we observed 4s states at low energy between -7.5¢V and -6.5¢V. Furthermore, 3d
spin up orbitals are between -5.5eV and -1eV, whereas 3d spin down are between -4eV and the homo state,

leaving the minority population less occupied than the majority counterpart.

In the table 5.13 we display the majority (1) and the minority ({) Co electron population and local atom
MM (up) of Co atoms. In addition, the positive/negative sign of up denotes its resulting up/down direction,
respectively. In agreement with the shell model, we observed that the Co local MM increases from the inner
to the outermost shells. Co(C) and Co(I) electronic populations show s and p minority orbitals which are

more occupied than the majority ones, lowering the Co local atom MM. Moreover, Co(II) atoms display the
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Figure 5.13: Coss: (a) magnetic and structural properties. (b) Spin up and Spin down Wave Functions (WF)

at the homo level. Red and blue area stand for the negative and positive charge of the WF. (¢) Panel up:
Total cluster EDOS (dashed black line). Panel down: Coz; Co PEDOS (the s, p and d PEDOS is presented

with red, blue and green lines, respectively).

3d majority orbitals more filled than the minority ones, giving the largest imbalance between majority and

minority occupation and resulting in the highest Co local MM. Contrary to the Fess, we found a FM coupling

between Co(C), Co(I) and Co(II) atoms.
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Table 5.13: Spin up (1), Spin Down (] ) electron population and local atom MM (up5) of Co atoms.

atom VASP SIESTA
S p d total total
Spin Up (1) 0.25 0.58 4.56 5.10
Co(C) | Spin Down (}) 0.28 0.61 2.76 3.35
pp (1)-(1)  -0.03 -0.03 1.80 175 | 1.80

Spin Up (1) 0.26 028 4.56 5.10
Co(I) | Spin Down (}) 0.27 033 2.76 3.36
s (D-(1) 001 -005 1.80 174 | 181
Spin Up (1) 024 0.18 4.58 5.00
Co(II) | Spin Down (}) 0.24 0.21 2.67 3.11
s (D-(1) 000 -003 1.91 189 | 2.10

5.3.3 C0147

In line with the previous paragraph, we name Co in the cluster’s center Co(C), while we refer with Co(I),
Co(II) and Co(III) to the Co atoms in the first, second and third shell respectively.

In figure 5.14.(a) we present the structural and magnetic properties of the Coj47. Focusing on the VASP
results, we calculated a binding energy of -4.40eV and an average cluster’s MM of 2.18up that is smaller
compared to the corresponding Cogs cluster value. The interatomic distances are 2.40A4 Co(C)-Co(T), 2.434
Co(I)-Co(IT) and Co(II)-Co(III) 2.44A. Moreover, in agreement with the last section and with other theo-
retical calculations and experimental results, we observed that the Co local MM increases from the center to
the outermost shell. Moving to the SIESTA results, we found a binding energy of -4.10eV, while we observed
an average cluster MM of 1.78up lower than the VASP value. The interatomic distances are: Co(C)-Co(I)
2.45A, Co(I)-Co(IT) 2.56A and Co(IT)-Co(IIT) 2.48A. In addition, the Co atom MM rises from the center to
the outermost shell, in line with VASP results.

Figure 5.14.(b) exhibits the spin up and down Wave Function (WF) at the homo state. The spin up WF
displays Co-3d hybridization bonding between Co(III) atoms. Moreover, we observed a small amount of
charge localized on the Co atoms in the inner shell. Focusing on the spin down WF, we found that Co 3d

electrons are located on the Co atoms, while no hybridizations bonding are shown among Co atoms.

Finally, in figure 5.14.(c) panel up we present the Coj47 total EDOS. First of all, we note that the EDOS
shows a band-like behaviour, mainly due to the dimensions of the cluster. Furthermore, both majority and
minority EDOS did not exhibit any H-L gap, confirming the metallic character of the cluster. Concerning to
the Co147 PEDOS reported in figure 5.14.(c) panel down, we observe that the Co 3d up orbitals are enclosed
by -5eV and -1eV. However, the Co 3d spin down are shifted toward higher energy, leaving less filled the

minority population. Specifically, we found the Co 3d down between -4eV and the homo state.

Table 5.14 shows the majority (1) and the minority ({) Co electron population and local atom MM (up) of Co

atoms. Furthermore, the positive/negative sign of up denotes its resulting up/down direction, respectively.
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Figure 5.14: Co147: (a) magnetic and structural properties. (b) Spin up and Spin down Wave Functions
(WF) at the homo level. Red and blue area stand for the negative and positive charge of the WF. (c) Panel
up: Total cluster EDOS (dashed black line). Panel down: Cojs; Co PEDOS (the s, p and d PEDOS is

presented with red, blue and green lines, respectively).

We observed that the Co atoms in the inner shells have the s and p minority orbitals more occupied than

the majority ones, resulting in a low Co local MM. On the contrary, Co(III) atoms exhibited all spin up

orbitals more filled than the spin down. As a result, Co(III) display a large 3d up and down imbalance,

giving an enhanced Co local MM. Moreover, we note that the Co local MM in Coy47 cluster is smaller than

the corresponding value Co in the Coss, lowering the Coy47 average cluster’s MM. Finally, the Co147 show

the FM coupling among all Co atoms in the cluster.
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Table 5.14: Spin up (1), Spin Down ({) electron population and local atom MM (up5) of Co atoms.

atom VASP SIESTA Ref

s p d total total
Spin Up (1) 0.27 0.60 3.89 4.33
Co(C) | Spin Down (}) 0.28 0.65 2.49 2.99
ps (1-(1)  -001 -0.05 140 134 | 145 | 1.70 [37]

Spin Up (1) 024 024 4.49 4.98
Co(I) | Spin Down (}) 0.25 0.29 282 3.37
ps (1)-() -0.01 -0.05 1.67 1.61 1.66 2.10 [37]

Spin Up (1) 023 022 454 498
Co(Il) | Spin Down (}) 024 027 271 321
pus (D-(1)  -001 -0.05 1.83 1.77 | 1.72 | 0.70 [37]
Spin Up (1) 024 0.11 457 4.93
Co(Ill) | Spin Down (}) 0.23 0.11 2.62 2.96
pus (ND-(1) 001 000 195 1.97 | 202 | 25037

5.3.4 00309

In this paragraph we present the structural, electronic and magnetic properties of the Coggg ICO cluster.
In agreement with the last two paragraph we refer as Co(C), Co(I), Co(II), Co(III) and Co(IV) the cobalt

atoms in the cluster’s center, in the first, second, third and fourth shell, respectively.

In figure 5.15.(a), we report the Coggg structural and magnetic properties. We calculate a binding energy
of -4.25eV and an average cluster’s MM of 1.72up that it is lower compared to the cluster’s average MM
of Cop47. The interatomic distance are: 2.454 between Co(C) and Co(I), 2.52A4 between Co(I) and Co(II),
while Co(IT)Co(III) distance is 2.57A and finally Co(IIT)-Co(IV) 2.50A. Additionally, we found that the Co

atom MM increases from the center to the outermost shell, in line with the previous sections.

Figure 5.15.(b) displays the spin up and down Wave Function (WF) at the homo state. We observed a
small amount of 3d charge localized on Co atoms in both spin up and down WF, whereas weak 3d orbitals

hybridization are shown among some Co atoms in the fourth shell.

In figure 5.15.(c) panel up we present the Coggg total EDOS. Also in this case, we observed a band-like
behaviour and a metallic character of the Cozgg cluster. Concerning to the Cosgg PEDOS in figure 5.15.(c)
panel down, we found that 3d down orbitals are shifted toward higher energy compared to the 3d up coun-
terpart. Specifically, the Co 3d up are between -5eV and -1eV, whereas Co 3d down are enclosed by -3eV

and the homo state, leaving the minority orbitals less filled that the majority.

In the table 5.15 we report the majority (1) and the minority (]) Co electron population and local atom MM
(1p) of Co atoms. Additionally, the positive/negative sign of pp denotes its resulting up/down direction,

respectively.
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Figure 5.15: Cogpg: (a) magnetic and structural properties. (b) Spin up and Spin down Wave Functions
(WF) at the homo level. Red and blue area stand for the negative and positive charge of the WF. (c) Panel
up: Total cluster EDOS (dashed black line). Panel down: Cozpg Co PEDOS (the s, p and d PEDOS is

presented with red, blue and green lines, respectively).

Interestingly, we observed that the Co local MM decreases with the dimension of the cluster. In particular,
we found a Co atom MM lower than the corresponding Co atom MM in the Coy47. In addition, we observed

a FM coupling between all Co atoms in the cluster as reported in the smaller Co ICO systems.
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Table 5.15: Spin up (1), Spin Down () Fe electron population and local atom MM () of Coszgg icosahedral

cluster. In the last column the reference is reported for comparison.

SIESTA
atom | Spin Up (1) | Spin Down ({) | us(1)-({) Ref.
Co(C) 7.85 6.35 1.50 1.7[37]
Co) | 809 | 6.52 | 157 | 21[37]
Col) | 802 | 6.35 | 167 | 2.5337)
Co(ll) | 831 | 6.60 |17 | 0.7 [37)
Colv) | 848 | 6.55 | 193 | 2537

5.4 Manganese

5.4.1 Mn13
Mn;3 clusters: Magnetic configuration and ground-state structure

It is known that manganese atom exhibits the highest MM (5u5) while the Mn bulk system displays an exotic
crystal structure that it is found to be non magnetic. Theoretical calculations show that the non magnetic
feature of Mn bulk is mainly due to the AFM coupling among Mn atoms. In order to discover the favoured

Mn;y3 cluster geometry, we have to investigated diverse structural and magnetic configurations.

First, we relaxed our system with spin collinear calculation, assuming only parallel spin direction (up and
down). In figure 5.16.(a) we present the binding energy (Ep) and the average cluster’s MM of the Mnjs
icosahedral (ICO) clusters, considering in the INPUT file: (I) FM and (II) AFM spin coupling. Additionally,
figure 5.16.(b) displays the binding energy (Ep) and the average cluster’s MM of the Mn;3 cuboctahedral
(CUBO) clusters, taking in the INPUT file: (I) FM and (II) AFM spin alignment.

It is worth to be noted that, although in the cluster 5.16.(a).(I) we started our calculation with a FM
configuration, the relaxed structure shows AFM coupling between the Mn atom at the cluster’s center and
the others Mn atoms in the shell. On the contrary, the 5.16.(a).(II) did not change the magnetic arrangement.
We observed the same behaviour in the cuboctahedral systems. Furthermore, we found the ICO structure as

the most stable configuration, while the CUBO geometry shows a larger average cluster’s MM.

We continue our investigation by relaxing the Mnj3 ICO clusters using the spin non collinear calculation.
We assume that the spin of di electrons are free to orient in every direction during the relaxation. In figure
5.17 we present three different spin arrangements in the INPUT: (a) all spins are oriented parallel (0°); (b)

the spin are 45° oriented; (c) the spin are 90° oriented.

Interestingly, although in the (b) and (c) structures we set non parallel spin orientation in the input, we found

that the relaxed structures exhibit almost a spin collinear arrangement, in agreement with other theoretical
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Figure 5.16: Mnj3 clusters: (a) ICO, input: (I) FM spin coupling, (II) AFM spin coupling. (b) CUBO, input:
(I) FM spin coupling, (II) AFM spin coupling.

works[90][146].
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Figure 5.17: Mnj3 clusters: (a) spin oriented parallel, 0°. (b) spin oriented 45°. (c) spin oriented 90°.

Additionally, the (b) and (c) output structures, exhibited in figure 5.17, showed the energetically favoured
magnetic configurations. We found that in these schemes, atoms might be considered to belong at two dif-
ferent rings. Atoms in the same ring are FM coupled, while the two rings are AFM aligned with each other,
mimicking the 5.16.(a).(II) magnetic structure. For this reason in the next section we will focus on the Mnj3

ICO cluster using collinear calculation.



80 CHAPTER 5. PURE METAL CLUSTERS

Mn;3 clusters: Structural, electronic and magnetic properties

In the last paragraph we found two possible ICO magnetic configuration that are reported in 5.16.(a).
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Figure 5.18: Mnj3: (a) (I) and (II) AFM arrangement, binding energy and average cluster’s MM. (b)
Structural and magnetic properties of (II) Mny3 ICO cluster. (c) Panel left: Total cluster EDOS (dashed
black line); Mn PEDOS (the s, p and d PEDOS is presented with red, blue and green lines, respectively).
Panel right: Mn(C) PEDOS.

In figure 5.18.(a) we present the binding energy and the cluster’s average MM of the (I) Mny3 and (IT) Mn;3
ICO cluster. The spin up in blue (1) and the spin down in green (/) are shown for simplicity reason. The
(I) Mn;3 ICO structure shows an AFM coupling among the Mn atoms in the shell (1) and the Mn in the
center (|). This configuration displays a binding energy of -2.10eV and an average cluster MM of 2.98u 5.
Moreover, the (IT) Mny3 ICO cluster also exhibits an AFM behaviour. We observed the cluster’s ring green in
the up part of the system that couples AFM with the cluster’s ring blue in the down. For this configuration
we found a binding energy of -2.20eV that is lower than the corresponding value of (I) Mnj3, resulting in the
most stable configuration. Additionally, we observed an average cluster’s MM of 0.23up that it is smaller
than the average cluster’s MM exhibited in the (I) Mnys.

In figure 5.18.(b) we report the structural and magnetic properties of the (II) Mn;3 system. We refer to the
Mn at the cluster center with Mn(C), while with Mn(1) and Mun(]) to the Mn atoms aligned spin up (1) and
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spin down (), respectively. The interatomic distances are ~ 2.36 A between Mn(C)- , whereas ~ 2.59A
Mn(C)-Mn(1). Furthermore, we found a Mn(C) atom MM of 1.50u5, the Mn(1) atom MM is 3.63A4, while
the atom MM is -3.42A.

Figure 5.18.(c) panel left displays the (II) Mnj3 ICO total and partial EDOS. We observed discrete and
localized energy states and a symmetric distribution in the majority and minority populations. Contrary to
the Cu, we found that each Mn atom contributes with its own positive or negative local MM. Due to the
different spin alignments, (1) or (|), the 3d electrons of each atom occupies either only the spin up or only
the spin down orbitals, resulting in a symmetric majority and minority occupation. Moreover, we found that
Mn-3d up electrons are between -4.0eV and -0.5up5, whereas the Mn-3d down orbitals are enclosed by -4.0eV
and the homo state. Mn-4p are at low energies around -6eV. Furthermore, majority total EDOS exhibits a
H-L gap of -0.6eV while no gap is shown in the minority counterpart, giving an half metallic character to
the (IT) Mn;3 ICO cluster. In figure 5.18.(c) panel right, we present the Mn(C) PEDOS. We observe, 3d up
orbitals are enclosed by -4eV and -0.5eV, while the 3d-down are between -4eV and the homo states. The 4s

orbitals are at low energies around -6eV.

In table 5.16 we report the majority (1) and the minority ({) Mn electron population and local atom MM
(1p) of Mn atoms. We found that the Mn atom MM contribution is mainly due to the 3d orbital occupation.

Table 5.16: Spin up (1), Spin Down (J) electron population and local atom MM (up) of Mn atoms.

atom S P d total Ref.
Spin Up (1) 0.23 023 330 3.79
Mn(C) | Spin Down ({) 0.21 023 1.82 2.29
us (M-) 0.02 0.00 1.48 1.50 ~ 0 [92] [90]

Spin Up (1) 021 010 428 4.59
Mn(T) | Spin Down (}) 0.16 0.09 0.71  0.96
ps (D-(1) 006 001 357 3.63 | 3.84.0[92] [90]
Spin Up (1) 017 0.10 0.82 1.10
Spin Down (}) 0.19 0.08 4.24 4.52
pp (H-(1) <002 0.02 -342 -3.42 | 3.84.0 [92] [90]

For all atoms, we observed that the s- and p-up and -down imbalance is almost zero, resulting in the same
amount of charge in the spin up and spin down states. On the contrary, a really large imbalance is exhibited
between majority and minority orbitals in the 3d states. Specifically, only the majority or minority orbitals
are filled in the Mn(1) or . As a result the spins of Mn atoms are aligned spin up (1) or spin down (),
reflecting the behaviour shown in the total EDOS (fig.5.18.(c)).

5.4.2 Mn55

In this passage we focus on Mngjs icosahedral cluster. In figure 5.19.(a) we report the structural and magnetic

properties of the Mnss. We calculate a binding energy of -2.75eV and an average cluster’s MM of 0.00 up.



82 CHAPTER 5. PURE METAL CLUSTERS

Mng,
-2.75 eV
Mn(ll) -3.71p,
Mn(ll)
-1.565

300

Total EDOS Mn PEDOS

Mn(C)-Mn(1)
2.50A @

150 -

-150

nin Down

1.62p,

-300 T T T

e

Mn(l1) 3.73p : -8 -6 -4 0 2 8
0.00p; ¢ Energy (eV)

(a) (b)

Figure 5.19: Mnss:

We refer as Mn(C) to the Mn atom in cluster center, while Mn(I) and Mn(II) the Mn atoms in the first
and second shell, respectively. Interestingly, we discover that the Mn(C) atom MM is 0.05u 5, while the Mn
atoms in the first and the second shell coupled AFM, making the average cluster’s MM zero. In particular, we
observe that a part of the atoms in first shell are aligned spin up, while the remaining atoms are aligned spin
down, as reported in the Mni3 cluster. Additionally, the second shell mimics the first ones. For this reason,
we write Mn for the Mn atom aligned spin up and Mn for the Mn atom aligned spin down. We observed that
the spin of the Mn(II) atoms, which have Mn(I) as the first neighbour, are aligned spin down, coupling AFM
each other. Mn(I) atoms show an atomic MM between 0.50-1.90u5 and Mn(I) atoms exhibit an atomic MM
between 0.46-1.66up5. Moreover, the Mn(II) atoms display a local MM enclosed by 1.62-3.72up, whereas
the Mu(11) are betwixt 1.56-3.71pp. Furthermore, the interatomic distances are 2.504 between Mn(C) and
Mn(T), while Mn(I)-Mn(II) are around 2.42A.

Figure 5.19.(b) panel left displays the Mnss total EDOS. In line with Mnj3 cluster, we observed a symmetric
spin up and down distribution. Additionally, we did not find any H-L gap in the majority/minority total
EDOS, giving a metallic character to the cluster. Figure 5.19.(b) panel right exhibit the Mns; PEDOS. We
can see both spin up and down orbitals are enclosed by -4eV and the homo state, while the 4s states are at
low energies between -8eV and 4.5eV.

In table 5.17 we report the majority (1) and the minority () Mn electron population and the local atom
MM (ug) of Mn atoms.

We observed that the s, p and d Mn(C) occupations are symmetric resulting in a almost zero local atom
MM of the Mn(C). Interestingly, we found that Mn(I) and Mn(I) contribute in the average cluster’s MM with
almost the same local MM but aligned anti-parallel. In addition, Mn(IT) and Mn(IT) mimic the Mn(T)/Mn(T)
atoms’ behaviour, reflecting the Mnss total EDOS.

5.5 Conclusion

In this chapter we investigated the structural, electronic and magnetic properties of Fe, Cu, Co and Mn pure
clusters.
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Table 5.17: Spin up (1), Spin Down (]) electron population and local atom MM (up) of Mn atoms.

atom S p d total
Spin Up (1) 0.23 0.27 261 | 3.11
Mn(C) | Spin Down () 0.23 0.27 2.56 | 3.06
us (1-{) 0.00 0.00 0.05 | 0.05

Spin Up (1) 0.23 026 345 | 3.94
Mn(I) | Spin Down (J) 0.19 0.20 1.64 | 2.04
ps (D-(1) 004 006 1.81 | 1.90

Spin Up (1) 019 020 1.76 | 2.15
Spin Down ({) 0.23 0.25 3.33 | 3.81
us (1-) -0.04 -0.05 -1.57 | -1.66
Spin Up (1) 0.21 0.11 433 | 4.65
Mn(II) | Spin Down (J) 0.18 0.07 0.68 | 0.92
us (1)-) 0.03 0.04 3.65 | 3.73
Spin Up (1) 0.18 0.07 068 | 0.93
Spin Down (}) 0.21 0.11 4.33 | 4.64
us (1-) -0.03 -0.04 -3.65 | -3.71

Focusing on the Fe systems, we found the ICO geometry as the most stable configuration for all cluster’s
dimensions. About the magnetic properties, we observed an Fe atoms FM coupling only in the smallest
structure. For more than 13 atoms, we note an AFM coupling among the Fe atoms. In particular, in the
55 atoms ICO cluster the spin of the central cluster’s atom is aligned no-parallel with the Fe atoms in the
first shell. Moreover, the 147 atoms ICO structure exhibits a AFM coupling among the Fe atoms in the first
and in the second shell. In agreement with the shell model, reported by Billas et al. [20][40], the charge
distribution of the atoms in the inner shells exhibits a larger occupation in the minority orbitals than in the
majority ones. Furthermore, we note that the Fe local MM decreases with the dimension of the clusters, and

from the outermost to the inner shells.

Focusing on the Cu clusters, it is well known that the Cu bulk is non magnetic. Our results, in agreement with
literature, display that Cu;s shows a weak average cluster’s and Cu local MM. Furthermore, for a number
of Cu atoms greater than 13 the average cluster’s MM drops to zero. The non magnetic character of the Cu
structures is revealed in total and partial EDOS. The total EDOS exhibits a symmetric distribution of the

majority-minority states, resulting in a zero average cluster’s MM.

Moving to the Co clusters, we found that the 13 atoms ICO cluster adopts the HCP geometry as the most
stable configuration, mimicking the Co bulk structure. In line with the literature, by increasing the number
of atoms, we found that the ICO cluster is the most stable geometry. Contrary to the Fe systems, we
observed a FM coupling among the Co atoms for all 13, 55, 147 and 309 Co clusters. In agreement with other

theoretical calculations [37], we discovered that the clusters’ inner shells exhibit a larger s and p minority
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orbitals occupation than the majority states. On the contrary, Co-3d majority orbitals are always more filled

than the minority ones, resulting in a FM coupling among all Co atoms.

Regarding the Mn clusters, we found the ICO structure as the most stable configuration for both 13 and
55 ICO Mn systems. Interestingly, these clusters show an AFM coupling among the Mn atoms in the same
shell. In particular, our calculations show that Mn atoms assume a magnetic arrangement that minimise the
average cluster MM. First, observing the smallest case 13 atoms, we found that atoms might be considered
as belonging at two different rings with AFM coupling. Second, considering the 55 atoms cluster, we can
separate the shells in two parts: a part where the spin of the Mn atoms are oriented up, and the another
one where the spin of the Mn atoms are oriented down. As a result, the atoms in the first shell couple AFM

with the Mn atoms in the second ones, making the average cluster’s MM zero.

In conclusion, we found an enhanced Co and Fe average cluster’s MM compared to their bulk counterpart.
Interestingly, we found that the average cluster’s MM increases from the largest to the smallest cluster
dimension. This behaviour can be attributed to the fact that, when the number of atoms is low enough
the orbitals are more localized, as a consequence the majority-minority imbalance increases resulting in a
larger local atom MM. On the contrary, Cu and Mn clusters display a non-magnetic character in line with
their bulk structure. Both elements in their total EDOS exhibit a symmetric spin up and down distribution,
resulting in a average cluster’s MM close to zero. In all cases, small clusters display a half-metallic character,
while they become metallic by increasing the size of the system. Finally, the local atom magnetic moment

decreases, converging toward the bulk value when the size of the system increases.



Chapter 6

Fe-X clusters

In chapter 5 we presented the structural, electronic and magnetic properties of the pure Fe, Co, Cu and
Mn clusters. In this chapter, we will investigate the corresponding properties of the mixed of Fe-X (X =
Cu, Co and Mn) icosahedral clusters. It is well known that the icosahedral cluster’s geometry exhibits high
symmetry and interesting element arrangement in the surface shell. It is important to mention that the

icosahedral clusters’ faces are triangular following the fcc (111) surface structure. The nomenclature used in

Figure 6.1: Icosahedral cluster

the whole chapter, to describe the different types of atoms in the cluster’s shell is reported in the figure 6.1.
In particular, we refer the cluster’s vertex atoms with V. We name the atoms of the triangular face as:

1. Er atoms in the edge of the triangular face;
2. Vp atoms in the face’s vertex;
3. C'p atoms inside the triangular face

For the Fe-X clusters, we will study several atomic rearrangements in order to reveal the energetically
favoured configuration. Moreover, (I)S, (II)S and (III)S denote the atoms in the first, second and third shell,

85
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respectively. For characteristic cases, we will present a detailed spin up and down electronic density of state

analysis aiming in finding the origin of the magnetic moment.

6.1 FeCu

Initially, we will analyze the FeCu clusters. It is worth mentioning that Fe is a magnetic element while Cu is
known not to be magnetic in the bulk structure. The purpose of this first part is to investigate the evolution

of Fe cluster’s magnetic properties upon Cu substitutions.

6.1.1 Fe,Cuys_, (X=0-13)

In this paragraph we present the electronic structure of the smallest 13 atoms icosahedral cluster.
In figure 6.2 we report the binding energy, average cluster’s MM and the local MM of the Cujz_,Fe, (X =
0-13) clusters.

Cuy3 shows the smallest average and atomic MM of 0.4y p in agreement with other theoretical studies [66][72].
In figure 6.2.(b), we present the two configurations of FeCujo which we obtain when we substitute one Cu
atom by an Fe atom in the Cuys cluster: (I) Fe atom occupy the center, (II) Fe is a shell atom. We found
that configuration (I) is more stable than the (II) one. In addition, both configurations show approximately

the same average MM, while Fe local MM is larger in configuration (II) than in (I) conformation.

In FeoCuyy, our calculations display that the system is more stable when one Fe atom occupies the shell and
the second Fe is in the cluster’s center, fig.6.2.(c), than the case of two Fe shell atoms. In particular, we
calculated a binding energy of -2.61eV for the case reported in fig.6.2.(c), while we found a binding energy
of -2.36eV when both Fe atoms are in the shell. For this reason, we continued our clusters analysis with
configurations where Fe atom occupies the cluster’s center. Increasing the amount of Fe, from FesCuyg (d) to
Feq1Cus (n) in fig.6.2, we observed a decrease in the binding energy, suggesting that the structure becomes
more stable upon substitution by Fe atoms in the system. In addition, the average MM increases due to the

Fe local MM contributions, as we expect since we enhance the number of Fe atoms.

In figure 6.2.(0) we display the two possibilities of Fe;5Cu;: (I) Cu atom occupy the central site, (IT) Cu is
a shell atom. The most stable configuration is when Fe is the central atom. Specifically, for both structures

we found approximately the same average MM and the same Fe local MM.

Finally, in Figure 6.2 we observe that the Fe local atomic MM is highest for the FeCuy2(II) cluster. Therefore,
we will further investigate the FeCu(I) and FeCu(II) clusters aiming in understanding the reason for this local
Fe MM difference.
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Figure 6.2: Binding energy E; (eV), clusters’ average MM (up) and Fe and Cu local atomic MM (up) of

Fe,Cuiz_, (X = 0-13)

(I) FeCujs: Fe atom at the cluster’s center

In figure 6.4.(a) we report the structural and the magnetic properties of FeCu5(I) when Fe atom occupies the
central site. We found a binding energy of -2.60eV while the average Fe-Cu interatomic distances are 2.414
with VASP and approximately 2.45A with SIESTA. Interestingly, we can see that in Cuys the interatomic
distance between Cu in the central site and Cu in the shell is 2.40A, revealing that substitution of Cu with

Fe do not significant enlarge the cluster’s radius compared to Cuys cluster. In addition, the average Cu-Cu
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Figure 6.3: FeCuj2(I) cluster: (a) magnetic and structural properties. (b) Spin up and Spin down Wave

Functions (WF) at the homo level. Red and blue area stand for the negative and positive charge of the
WF.(c) Panel up: Total cluster EDOS (dashed black line); Cu PEDOS (the s, p and d PEDOS is presented
with red, blue and green lines, respectively). Panel down: Fe PEDOS.

average cluster MM of 0.15up by both SIESTA and VASP calculations.

distances are 2.52A4 with VASP and 2.67A with SIESTA. Moreover, Fe exhibits a local MM of 2.2u5, and an

In figure 6.4.(b) we present the spin up and down Wave Function (WF) at the homo state. Focusing on the
spin up WF, we name the Cu atoms with numbers (from 1 to 6) for simplicity reason. We observe orbital
bonding hybridizations between Cu(2)-3d and Cu(3)-4s electrons and Cu-3d and Cu-3d orbital bonding
hybridizations among Cu(6)-Cu(4), and Cu(5)-Cu(4). Furthermore, in the spin down WF we found that the
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charge is localized on Cu atoms. Interestingly, Fe-3d;24 and Fe-3d.4 orbitals are occupied in the spin up and

spin down homo WF, resulting in antibonding or weak hybridizations with the Cu shell atoms.

In figure 6.4.(c) panel up we display the total EDOS and Cu PEDOS. Focusing on Cu PEDOS, we observe
a symmetric distribution in the spin up and spin down occupations, resulting in an almost non magnetic
behaviour for the Cu atoms. Cu 3d-up electrons occupy an interval of energies between -4eV and -2.5eV,
while Cu 3d-down are between -5eV and -0.5eV. Moreover, the Cu-4s are well localized near -7eV. Turning on
Fe PEDOS, fig.6.4.(b) panel down, we also observe the Fe-4s electrons around -7eV and Fe-4p close to -5eV
in both majority and minority occupations. Interestingly, Fe-3d orbitals exhibit a difference between spin up
and down populations. In particular, Fe-3d up are -4.8eV and -1.8eV while Fe-3d down states are around -4eV
and -1eV, revealing the origin of Fe’s local MM. In addition, we calculated a Homo-Lumo gap (H-L gap) close
to zero, -0.04eV, in the majority total EDOS while we found a gap of -1.3eV in the minority. The presence

of H-L gap in the spin down and the absence in the spin up suggests an half-metallic character for this cluster.

In the table 6.1, we present the majority (1) and the minority (|) Fe and Cu electron population and local
atom MM (pp) of Fe and Cu atoms. Furthermore, the positive/negative sign of up denotes its resulting

up/down direction, respectively. We observe that the Fe orbitals are more occupied in the majority orbitals

Table 6.1: Spin up (1), Spin Down () electron population and local atom MM (up) of Fe and Cu in FeCu;o(T)

with Fe in the center.

atom VASP SIESTA REF

S p d total total
Spin Up (1) 0.23 0.28 4.25 4.76
Fe Spin Down ({) 0.22 0.27 206 255
us (1)-() 0.01 0.01 219 221 2.20 2.72[70] 2.28[72]

Spin Up (1) 021 015 4.6 495
Cu | Spin Down (}) 0.23 0.15 4.6 497
us (HD-1) <002 0.00 0.00 -0.02| -0.02 0.025 [72]

than in the minority, on the contrary Cu atoms display an equivalent percentage especially for the p and d
orbitals resulting the lowest -0.02u 5. Although the Cu pp is really small, its negative value compare to the

positive Fe up could indicate an AFM coupling between these atoms.

(IT) FeCuy2: Fe atom in the cluster’s shell

In figure 6.4.(a) we report the structural and magnetic properties of FeCuj2(II) configurations having an Fe
shell atom. We found a binding energy of -2.44eV. The interatomic distances between Fe and Cu in the center
are 2.50A4 with VASP and 2.57A with SIESTA, revealing that the presence of Cu in the central site enlarge
the cluster’s radius compared to FeCuyo(I) cluster. In addition, the average Cu-Cu distances, for both Cu
in the shell, are 2.514 with VASP and SIESTA and the average Fe-Cu distance are 2.514 with VASP and
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Figure 6.4: FeCujo(II) cluster: (a) magnetic and structural properties. (b) Spin up and Spin down Wave
Functions (WF) at the homo level. Red and blue area stand for the negative and positive charge of the
WEF.(c) Panel up: Total cluster EDOS (dashed black line); Cu PEDOS (the s, p and d PEDOS is presented
with red, blue and green lines, respectively). Panel down: Fe PEDOS.

2.58 A with SIESTA for the Fe and Cu shell atoms. Furthermore, Fe displays a local MM of 3.18up with
VASP, and 3.56u with SIESTA, reporting an average MM of 0.14up.

Next, in figure 6.4.(b) we present the spin up and spin down WF at the homo level. Looking at the spin up
WF, we observe orbital bonding hybridisations between Fe-4p and Cu(1)-3d and Fe-4p and Cu(2)-3d orbitals.
In the specular counterpart, we can see orbital bonding hybridisations betwixt Cu(4)-4s and Cu(6)-3d, be-
tween Cu(4)-4s and Cu(3)-3d, and Cu(3)-3d and Cu(5)-3d. Moreover, spin down WF show orbital bonding
hybridisations between Fe-3d and Cu(1)-4s-3d orbitals, whereas Cu-4p and Cu-4p bonding hybridisation is
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displayed between Cu(2) and Cu(5).

In figure 6.4.(c) panel up we display the total EDOS and Cu PEDOS. Focusing on Cu PEDOS; spin up
and spin down distributions show Cu-3d symmetric occupation between -5e¢V and -1eV. Cu-4s occupy low
energy approximately at -7eV. Turning to Fe 6.4.(c) panel down, Fe-4p and Fe-4s are close to -7eV and -5eV,
evidencing their high localisation. Furthermore, Fe-3d spin up occupy the interval between -4eV and -1eV,
whereas Fe-3d spin down are between -0.5eV and the homo state. As a result, majority and minority PEDOS
imbalance causes a large local magnetic moment on the Fe atom.

Finally, we find a H-L gap close to zero in the majority population, while a H-L gap of -0.3eV is obtained in

the minority distribution, which although small could give a half metallic character to this cluster.

In the table 6.2, we present the majority (1) and the minority (]) Fe and Cu electron population and local
atom MM (u5) of Fe and Cu atoms. Moreover, the positive/negative sign of 1 denotes its resulting up/down

direction, respectively. We observe that Cu minority d orbitals are more occupied than the majority while the

Table 6.2: Spin up (1), Spin Down (|) electron population and local atom MM (up) of Fe and Cu in
FeCui5(IT) with Fe in the shell.

atom VASP SIESTA
S P d total total
Spin Up (1)  0.28 0.14 4.57 4.98
Fe Spin Down () 0.16 0.12 150 1.79
us (M-{) 0.12 0.02 3.07r 3.18 3.56

Spin Up (1) 023 024 456 5
Cu | Spin Down (}) 024 025 465 5.1
ps (D-(1)  -0.01 0.00 -0.09 -0.10 | -0.12

Cu s and p orbital show almost equivalent spin up and down percentage. On the contrary, Fe atom exhibits s,
p and d majority electrons higher occupied than the minority, resulting in an AFM coupling between Cu and
Fe atoms. In addition, comparing Fe-3d spin-up and down occupations we can observe that Fe-3d majority
orbitals are almost fully occupied compared to the Fe-3d minority. This behaviour is reflected in the Fe
PEDOS, fig. 6.4.(c) panel down, where the shift of Fe-3d down population toward high energy levels leaves
Fe-3d minority orbitals less occupied than the Fe-3d majority. Our results are in agreement with the shell
model displayed by the Billas et al. [20][37][40] in their experimental works. Furthermore, other theoretical
results [147][148] reported that it is energetically favoured for majority-spin electrons to move toward the
outside of the cluster, and that minority-spin electrons prefer the interior of the cluster where they might

become the local majority.

To summarise, we investigated two diverse cases: FeCui2(I) and FeCu;o(II). We discovered that configuration
FeCui2(I) is the most stable configuration while configuration FeCui2(II) displays the highest Fe local MM,
in good agreement with literature [72][70]. Focusing on the charge distributions, we found that s, p and d
orbitals’ occupation depends on the position of the Fe atom. In particular, when Fe occupies the shell, the

difference between majority and minority charge is maximum, resulting in a large Fe MM. We concluded
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that small coordination numbers favours large discrepancies in occupation between spin up and down popu-
lations, enhancing the local Fe MM. This behaviour is in agreement with theoretical and experimental results
[40][147].

6.1.2 Fe,Cus;_, (X=0, 1, 6, 12, 42, 55), icosahedral clusters
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Figure 6.5: Cuss_,Fe, (X=0, 1, 6, 12, 42, 55): Binding energy, Fe and Cu local and average cluster’s MM

In this section we continue our study, presenting the CuFe clusters with 55 atoms. Figure 6.5 reports the
binding energy Ep, average cluster’s MM and the local MM of the Fe,Cuss_, (x = 0, 1, 6, 12, 42, 55)
clusters. In figure 6.5.(a) Cuss shows the absence (Oup) of the average cluster’s MM thus mimicking the

bulk structure. We start our investigation with the simplest case of one Fe atom substituting a Cu atom in
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Cuss. In Fig.6.5.(b) we present: (I) the Fe atom in the cluster’s center, (II) the Fe atom in the first shell
and (III) the Fe in the second shell. We discover that FeCusy (III) is the most stable configuration, while
the Fe local atom’s MM increases from the center to the outermost shell ((I) 2.46up, (II) 2.78ug, (III) 2.86
). Moreover, we observe the highest cluster average MM in FeCus4 (II), when Fe is placed in the first shell.

Aiming in aving the same amount of Fe atoms in the triangle face and in the outermost shell, we substitute
six Fe atoms. In figure 6.5.(c), we report three particular FegCuyg configurations: (I) Fe atoms in the first
shell, (IT) Fe atoms in the clusters’ triangle face, (III) Fe atoms in the clusters’ vertex. Our calculations
yielded that the configuration with six Fe atoms aggregated together in the first shell, fig.6.5.(c).(I), is more
stable than the Fe atoms in the first shell in random positions. Furthermore, we find energetically favoured
the configuration having Fe atoms in the vertex sites, fig.6.5.(c).(II), than in the edge of the triangle face
when six Fe atoms occupy the second shell. We found FegCuyg (II) arrangement as the most stable system.
Interestingly, clusters with Fe in the outermost shell, FegCuyg (II) and FegCuygg (III) fig.6.5.(c), exhibit the
highest Fe local MM.

Moreover, we considered the case where the first shell is fully occupied by Fe atoms resulting in a composi-
tion of FejaCuys, fig.6.5.(d).(I). This configuration is energetically favoured against the one when Fe atoms
occupy the cluster’s vertex in the outermost shell, fig.6.5.(d).(IT). Additionally, we looked upon configuration
fig.6.5.(e), where we replace all Cu atoms in the second shell with Fe. We found that the system becomes

more stable than the others, in line with the 13 atom clusters reported in fig.6.2.

Finally, in fig.6.5, we observe that FegCuyg (III) shows the highest Fe local atom MM, while FegCuyg (I1) is
the most stable configuration with the same amount of Fe atoms. Aiming in findin the origin of this large

Fe local atomic MM, in the next two paragraphs we will focus on these two configurations.

(II) FegCuyg: cluster having Fe triangle cluster’s face

In figure 6.6.(a) we present the magnetic properties of FegCuyg with Fe atoms fully occupying the triangle
cluster’s face. We found a binding energy of -2.93eV and an average MM of 0.4up. We observed that Fe
atoms relax in two particular positions: the edge of the triangle face Fe(Ep) or the vertex Fe(Vp). The local
atom MM of 2.98up with VASP and 3.29up5 by SIESTA for Fe(Vp) is higher than the corresponding local
atom MM of 2.93up with VASP and 3.12up with SIESTA of Fe(Er). Similarly to Fe,Cujz_, (X=0-13)

clusters, Cu atoms exhibit a MM close to zero.

In fig.6.6.(b) we present the spin up and spin down WF at the homo level. Focusing on the homo up WF,
we found that the Fe atoms at the edge of the triangle face exhibit bonding hybridizations mostly between
Fe-3d orbitals. Moreover, a small amount of charge is localized around the Cu surface atoms. We see that
the Cu atoms in the outermost shell display orbital bonding hybridizations between Cu-3d and Cu-3d. In

addition, the homo down WF exhibits enhanced charge localisation on Fe atoms, showing orbital bonding
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Figure 6.6: FegCuyg(II) cluster: (a) magnetic and structural properties. (b) Spin up and Spin down Wave
Functions (WF) at the homo level. Red and blue area stand for the negative and positive charge of the
WF.(c) Panel up: Total cluster EDOS (dashed black line); Cu PEDOS. Panel down: Fe PEDOS (the s, p
and d PEDOS is presented with red, blue and green lines, respectively).

hybridizations mainly between Fe-3d orbitals.

In figure 6.6.(c) panel up, we present the total EDOS and Cu PEDOS. Focusing on the Cu PEDOS, Cu
atoms always display a symmetric occupation in the spin up and down orbitals, giving zero contribution to
the magnetic moment. In particular, we found Cu-3d electrons between -5¢V and -1eV, while 4s electrons
are close to -7eV. Fe atoms, in fig.6.6.(b) panel down, show Fe-3d spin up electrons between -5¢V and -1eV.
On the other hand, Fe-3d down are in the energy between -1.5eV and the homo state. In addition, Fe-4s
are close to -7eV and between -6eV and -4eV in both spin up and down distributions. Finally, the H-L gap
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is -0.4eV in the majority population, while it is close to zero in the spin down EDOS, giving half metallic

features to this cluster.

In table 6.3, we present the majority (1) and the minority (}) Fe and Cu electron population and the local
atom MM (up) of Fe and Cu atoms. Additionally, the positive/negative sign of pp denotes its resulting
up/down direction, respectively. Moreover, we name Cu(II) the Cu atoms in the second shell, Cu(I) the Cu
atoms in the first shell, and Cu(C) the Cu atom at the center. First of all, we found that the position of the

Table 6.3: Spin up (1), Spin Down (]) Fe and Cu electron population and local atom MM (up) of FegCuyg

when Fe atoms are in the triangle cluster’s face.

atom VASP SIESTA
S p d total total
Spin Up (1) 0.26 0.14 454 4.94
Fe(Vr) | Spin Down (}) 022 012 1.62 196
(uB) (M- 0.04 0.02 292 2098 3.29

Spin Up (1)  0.25 017 452 4.94
Fe(Er) | Spin Down (}) 0.21 0.19 1.61 2.01
up (-(1) 004 -0.02 291 293 | 3.12

Spin Up (1) 0.23 0.26 4.62 4.98
Cu(IT)S | Spin Down () 0.23 0.26 4.58 4.94
ps (D-(1) 000 0.00 004 004 | 0.05

Spin Up (1) 045 021 4.62 4.98
Cu(I)S | Spin Down (}) 0.45 0.21 4.58 4.94
us (D-(1) 000 000 004 004 | 0.05
Spin Up (1) 024 0.26 4.57 5.09
Cu(C) | Spin Down () 0.25 0.27 4.58 5.11
ps (D-(1) 001 -0.01 -0.01 -0.03| -0.02

Fe atom affects the orbital occupation. Specifically, Fe(Vr) atoms in the vertex of the triangle face show a
local atom MM (2.98u ) that is larger than Fe(Er) atoms in the edge of the triangle (2.93u ). It is worth to
be noted that Fe(Vr) has a lower coordination number and smaller number of Fe first neighbours atoms than
the Fe(Er). Looking at the Fe(Er) electron population, we observed that the minority 4p orbitals are more
occupied than the majority, giving a lower Fe local atom MM. On the contrary, Fe(Vr) majority orbitals
are more filled than the minority ones, resulting in a larger local atom MM than Fe(Er). Concerning to Cu
atoms, we observe a local atom MM close to zero. In particular, the Cu atoms in the first and second shell
show local MM of 0.04up5, while Cu(C) shows a MM of -0.02up5. Interestingly, Cu(C) exhibit s, p and d
minority orbitals more occupied than the majority ones, resulting in AFM coupling with Cu atoms in the first
shell. This behaviour is in line with FeCuj2(II) configurations and in agreement with the shell model display
by Billas et al. in their experimental results [20][37][40] and other theoretical calculations [147][148].
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(III) FegCuyg: Fe in cluster with the cluster’s vertex

500
FegCugo(Ill) Total EDOS — — -
-2.90eV E |
v 3.050, Cu PEDOS
_ %04
1
1
|
’ !
s i
@) [ !
~ | |
(7)) | |
250 i !
0.4 il '
Hs & | |
(a) % | i l
. ! P 7
Homo Wave functions - g Spin Down
S 500 : ; | - . - I :
2 8 6 -4 2 0 2
2 Energy (eV)
=110 T
2 " [ Fe PEDOS
n 4
L
g 55
b}
Q
2
Ll
Y \
| |
0 T T ,
I
|
1
.55 :
1
1
|
' §pin Down
-110 T T T T T T T T
-8 -6 -4 2 0 2
Spin Down Energy (eV)

(b) (c)

Figure 6.7: FegCuyqg(III) cluster: (a) magnetic and structural properties. (b) Spin up and Spin down Wave
Functions (WF) at the homo level. Red and blue area stand for the negative and positive charge of the
WF.(c) Panel up: Total cluster EDOS (dashed black line); Cu PEDOS. Panel down: Fe PEDOS (the s, p
and d PEDOS is presented with red, blue and green lines, respectively).

In figure 6.7.(a) we present the magnetic properties of FegCuyg when Fe atoms are in cluster’s vertex. We
found a binding energy of -2.90eV that it is higher than FegCuyg(I) and FegCuag(II) in fig.6.5.(c). Addition-
ally, FegCuyg (IIT) shows an average MM of 0.4 5 equal to FegCuyg(IT) and higher than FegCuyg(I). Moreover,
we observe an Fe local atom MM of 3.06up with VASP and 3.38up by SIESTA that is lower compared to
the FeCuyz (3.19u5)
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In figure 6.7.(b) we present the spin up and spin down WF at the homo level. Focusing on spin up WF, we
observe a small amount of charge localised on Cu and Fe atoms. Additionally, only some Cu atoms in the
outermost shell exhibit hybridisations bonding between Cu-3d and Cu-3d. On the contrary, similar to the
FegCuyg(II), in the spin down WF the charge is localized only on the Fe atoms. In particular, we found 3d.,

electrons on Fe atoms, while Cu atoms remain almost totally unoccupied.

Focusing on Fe PEDOS 6.7.(c) panel down, we observe Fe-3d electrons between -5V and -1.5¢V in the ma-
jority populations. Moreover, minority orbitals are mainly between -1eV and the homo state. Concluding, we
found a H-L gap of -0.5eV in the majority population and a H-L gap close to zero in the minority occupation,

giving the half metallic character to the system.

In the table 6.3, we present the majority (1) and the minority (]) Fe and Cu electron population and local
atom MM (up) of Fe and Cu atoms. Additionally, the positive/negative sign of up denotes its resulting
up/down direction, respectively. Furthermore, we name Cu(II) Cu atoms in the second shell, Cu(I) Cu
atoms in the first shell, and Cu(C) the Cu atom at the center.

Table 6.4: Spin up (1), Spin Down () Fe and Cu electron population and local atom MM (up) of FegCuyg

when Fe atoms are in the cluster’s vertex.

atom VASP SIESTA
S p d total total
Spin Up (1) 0.25 0.13 456 4.94
Fe(V) | Spin Down (}) 0.21 0.11 1.56 1.88
we(H-) 0.04 0.02 3.00 3.06 3.38

Spin Up (1) 023 0.3 461 4.97
Cu(ID)S | Spin Down (}) 021  0.13 4.61 4.94
ps (D-(1) 002 000 000 003 | 0.05

Spin Up (1) 0.22  0.20 4.63 5.05
Cu()S | Spin Down (}) 0.24 0.22 457 5.03
ue (1)-() -0.02 -0.02 0.06 0.02 0.02
Spin Up (1) 0.24 0.26 459 5.09
Cu(C) | Spin Down (}) 0.25 0.27 4.59 5.11
ps (D-(1) 0.0l -0.01 0.00 -0.02| -0.02

Looking at the Fe-3d charge, we found a large imbalance between majority and minority population. As we
have seen in the Fe PEDOS 6.7.(c) panel down, Fe-3d majority orbitals result in almost fully occupied (4.567),
while Fe-3d minority charge appears less filled (1.56]) due to the shift of the spin down orbitals towards higher
energy levels. Additionally, we observe that in this configuration the Fe local atom MM (3.06up) is larger
compared to the corresponding Fe local atom MM showed in the triangle face configuration (2.97up). On
the other hand, we found a smaller Fe local atom MM compared with the Fe local atom MM in the FeCuyo
when Fe is in the shell (3.19up5). Concerning the Cu atoms, Cu(II) shows a local atom MM of 0.05up, while
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for Cu(I) we found 0.02up. Interestingly, we observe that in line with other theoretical results [147][148],
the Cu(Il) s and p majority orbitals are more occupied than the minority, while Cu(I) atoms reveal s and p
minority orbitals that are more occupied than the majority ones. In addition, Cu(C) displays s, p and d spin
down orbitals more occupied than the spin up, resulting in AFM coupling between Cu(C) and Cu(I) atoms

as we found in the triangle face cluster.

To summarise, in this paragraph we have analysed two configurations: the FegCuyg(II) with Fe on the clusters’
triangle face(II) and the FegCuyg(III) with Fe in the clusters’ vertex. We found FegCuyg (II) as the most
stable configuration, while FegCuyg (IIT) shows the highest Fe local atomic MM. Focusing on Fe electrons
distribution, we observed two conditions that improve the Fe local MM. The first one is the larger imbalance
between majority and minority bands. This condition is enhanced when Fe atoms occupy the clusters’ vertex
position while when Fe atoms are placed at the clusters’ triangle face the spin up and down imbalance
result decreased. The second one is related to the observation that the proximity of Cu atoms facilitate the
occupation of the Fe majority orbitals, leaving the Fe minority population less filled. Concluding, in order
to improve the Fe local MM we found two relevant conditions: a) the small coordination number and b) the

presence of Cu atoms as first neighbours.

6.1.3 FexCu147,x

Aiming to find the conditions that can improve the Fe local atom MM, in the next two paragraphs we present:
Fe19gCuy37 where Fe atoms are in the cluster’s face and Fe;oCuyzs with Fe atoms in the cluster’s vertex, in

line with the previous sections.

(a) Fe;oCuys7 cluster: Fe in the cluster’s face

In figure 6.8.(a) we display the geometry of FejoCuy37 when Fe atoms are in the cluster’s triangle face. We
calculated a binding energy of -3.09¢V and we found an average MM of 0.19up that is smaller than FegCuyg
(IT) (0.4up). FeipCuyzy presents three shells. We refer to the Cu atoms in the first with Cu(I)(S), to the
Cu atoms in the second with Cu(II) and in the third with Cu(III), while we name the Cu at the center
Cu(C). Additionally, this 147 atom cluster shows a bigger triangular face compared to the 55 atom icosahe-
dral cluster. Therefore, Fe atoms display different local atom MM depending on their position in the triangle
face. We name the Fe atoms in the vertex of the triangle with Fe(Vr), the Fe atoms in the triangle’s edge
with Fe(E7) and finally with Fe(Cr) the Fe atoms in the triangle face’s center. Focusing on the Fe local
atom MM we found a value of 2.8 for Fe(Vr) with VASP and 3.1up with SIESTA, while Fe(Cr) exhibits
2.7up by VASP and 2.8up with SIESTA. It is worth to note that the Fe local atom MM is smaller than
the corresponding Fe local atom MM in the 55 cluster. This behaviour highlights that when the number of

atoms increases the local atom MM decreases converging towards the bulk value.

In figure 6.8.(b) we present the spin up and spin down WF at the homo level. Concerning to the spin up

WF, we observe that the charge is homogeneously distributed on the cluster. On the contrary, the spin down
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Figure 6.8: Fe;oCujs7: (a) magnetic and structural properties. (b) Spin up and Spin down Wave Functions
(WF) at the homo level. Red and blue area stand for the negative and positive charge of the WF.(c) Panel
up: Total cluster EDOS (dashed black line); Cu PEDOS (the s, p and d PEDOS is presented with red, blue
and green lines, respectively). Panel down: Fe PEDOS.

displays a charge distribution localised on Fe atoms, reflecting the same distribution in the corresponding

FegCuyg triangle face.

In figure 6.8.(c) panel up we present the total EDOS and Cu PEDOS. Looking at the total EDOS, it worth’s

mentioning that for a large number of atoms in the clusters, the energy levels are broader than the small

configurations, resulting in a band-like behaviour distribution. Concerning to the Fe atoms, fig.6.8.(c) panel
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down, we found the presence of Fe-3d orbitals between -5eV and -1eV, while Fe-3d down are between -2eV
and the homo state. Interestingly, we observe the same behaviour in the corresponding FegCuyg (IT) reported
in figure 6.6.(b) panel down. Finally, we did not observe any H-L gap and as a consequence this cluster has

metallic character.

In the table 6.5, we present the majority (1) and the minority (J) Fe and Cu electron population and local

atom MM (up) of Fe and Cu atoms. In line with the 55 triangle face cluster, we observe that the Fe position

Table 6.5: Spin up (1), Spin Down () Fe and Cu electron population and local atom MM (ug) of FejpCuysy

when Fe atoms are in the triangle cluster’s face.

atom VASP SIESTA
S p d total total
Spin Up (1) 0.26 0.14 449 4.89
Fe(Vr) | Spin Down (}) 0.23 0.13 1.73 2.09
ws(1)-(J) 0.03 0.01 276 2.80 3.09

Spin Up (1) 0.24 0.17 4.46 4.87
Fe(Er) | Spin Down (}) 0.22 0.17 1.72 2.12
ws(M)-() 0.02 0.00 274 275 2.93

Spin Up (1)  0.23 0.17 444 4.84
Fe(Cr) | Spin Down (1) 0.23 022 169 2.14
pp(t-(1) 000 -0.05 275 270 | 2.79

Spin Up (1) 024 010 4.6 4.95
Cu(III)S | Spin Down (}) 0.24 0.10 4.6 4.95
ws (1)-(J) 0.00 0.00 0.00 0.00 0.00

Spin Up (1)  0.23 020 4.60 5.00
Cu(I)S | Spin Down (1) 0.23 020 4.60 5.00
s (D-(1)  0.00 000 000 000 ]| 0.00

Spin Up (1) 0.23 022 4.60 5.00
Cu(I)S | Spin Down () 0.23 0.22 4.60 5.00
up (1)-() 0.00 0.00 0.00 0.00 0.00
Spin Up (1)  0.26 0.26 4.60 5.11
Cu(C) Spin Down ({) 0.26 0.26 4.60 5.11
ps (HD-1) 000 000 000 000 | 0.00

in the triangle affects the electron population and consequently the local atom MM. Specifically, Fe(Cr)
shows higher 4p minority occupation than the majority, while Fe(Vr) always displays spin up population
more occupied than the spin down. For these reasons, we found a larger local MM on Fe(Vr) than Fe(Cr)
corresponding cases. Additionally, Fe(Er) exhibits an atomic MM of 2.75up with VASP and 2.93up5 with
SIESTA. We observe that it is in the middle of the atomic MM of Fe(Vr) and Fe(Cr), due to the different

spin up and down occupations shown in the table. Therefore, we observe that for both Fe(Cr) and Fe(Vr)



6.1. FECU 101
the local atom MM is lower than the corresponding Fe local atom MM in the FegCuyg cluster structure, in line
with the decrement exhibited in the average cluster MM due to the dimension of the cluster. Concerning to
the Cu atoms, for all Cu positions we found a symmetric occupation between majority and minority orbitals,
in line with the reflecting the Cu PEDOS behaviour reported in figure 6.8.(c) panel up.

b) Fe15Cu;35: Fe in the cluster’s vertex
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Figure 6.9: Fe;2Cujss: (a) magnetic and structural properties. (b) Spin up and Spin down Wave Functions
(WF) at the homo level. Red and blue area stand for the negative and positive charge of the WF.(c) Panel
up: Total cluster EDOS (dashed black line); Cu PEDOS (the s, p and d PEDOS is presented with red, blue
and green lines, respectively). Panel down: Fe PEDOS.
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In figure 6.9.(a) we display the atomic structure of Fe;5Cujss when Fe atoms are in the cluster’s vertex.
We calculated a binding energy of -3.06eV and the average MM is approximately 0.24up that is lower than
the average cluster MM exhibiting in FegCugg(II) (0.4pp). Furthermore, we found an Fe local atom MM of
2.95up with VASP and 3.26pup with SIESTA smaller than 3.07up in the 55 atoms cluster and 3.19up in the
smallest 13 atoms structure. It is worth to be noted that the Fe local atom MM decreases with the dimension
of the cluster, converging towards the Fe bulk value 2.2up, revealing that when we decrease the number of

atoms the local atom MM increases.

In figure 6.9.(b) we present the spin up and down WF at the homo state. Referring to the homo spin up, we
observe that the charge occupation is mainly located inside the cluster. On the other hand, the homo spin

down WF shows the charge principally localized on the cluster’s surface.

Fe PEDOS, in figure 6.9.(c) panel down, displays Fe-3d up electrons between -5¢V and -1eV. Moreover, the
Fe-3d spin down orbitals are between -0.8eV and the homo state. Additionally, Fe PEDOS in the triangle
face in figure 6.8.(c) shows that the Fe-3d spin down orbitals are less localized (around -2eV and homo state)
than the present arrangement. Moreover, we found that the Fe-3d spin up electrons are in the same interval
(between -5eV and -1eV in fig.6.9.(c) panel down). We can attribute to this behaviour as the origin of the

low Fe local atom MM exhibited in the triangle face structure.

In table 6.6, we present the majority (1) and the minority (}) Fe and Cu electron population and local
atom MM (upg) of Fe and Cu atoms. Additionally, the positive/negative sign of pp denotes its up/down
direction, respectively. Focusing on Fe-3d electron population, we observe that the spin up population is
almost fully occupied (4.91). In addition, Fe-3d spin down is only partially filled (1.95]), due to the shift of
the minority orbitals towards hight energy levels, as reported in the Fe PEDOS in figure 6.9(c) panel down.
In the corresponding triangle face cluster we found a distribution of Fe-3d electrons (4.491) and (1.73])). We
conclude that the distribution of the Fe atoms in the cluster’s surface strongly affect the distribution of the
charge between majority and minority orbitals. When Fe atoms occupy the vertex of the cluster and they
have Cu atoms as first neighbours, the occupation of the majority orbitals is favoured. This increases the
imbalance between the spin up and down occupation, enlarging therefore the Fe local atom’s MM. Finally,
we observe the symmetric distribution between majority and minority Cu orbitals as reported in the Cu

PEDOS in figure 6.9(c) panel up and in line with the previous cluster structures.

In conclusion, in this paragraph we reported a comparison between two configurations: a) Fe atoms in
the clusters’ triangle face Fe;gCujzz and b) Fe atoms in the clusters’ vertex FejoCuyss. We found that
Fe1pCuy37 is the most stable structure while Fe;5Cuyss is the system that shows the highest Fe local atom
MM. Interestingly, in Fe;oCujss the Fe local atom MM show a larger imbalance between majority and
minority Fe orbitals occupation compared to the Fe;oCuys7. In addition, 13 and 55 atoms PEDOS displayed
localized and discrete energy states, while both Fe;gCujsz; and FeioCuyss exhibit a band-like behaviour.
Moreover, the overlap between valence and conduction bands provides metallic character to these clusters

contrary to 13-atoms and 55-atoms FeCu clusters which reveal semi-metallic character, in line with previous



6.1. FECU 103

Table 6.6: Spin up (1), Spin Down () Cu and Fe electron population and local atom MM (upg) of FejaCuyss

when Fe are in the cluster’s vertex.

atom VASP SIESTA
S p d total total
Spin Up (1) 025 0.12 453 4.90
Fe(V) | Spin Down (}) 021 011 163 1.95
us(1)-() 0.04 0.01 290 295 3.26

Spin Up (1) 022 008 4.6 4.94
Cu(IID)S | Spin Down (1) 022 0.09 4.6 4.95
ps ()-(1) 000 -0.01 0.00 -0.01| 0.00

Spin Up (1) 0.23 020 4.60 5.05
Cu(I)S | Spin Down () 0.24 0.22 4.57 5.03
ws (1)-() -0.01 -0.02 0.00 0.02 0.00

Spin Up (1) 0.23 0.22 4.60 5.05
Cu(I)S | Spin Down (J) 0.23 0.22 4.60 5.05
ps (D-(1) 000 0.00 0.00 000 | 0.00
Spin Up (1) 0.26 026 4.61 5.13
Cu(C) | Spin Down (}) 0.27 0.25 459 5.11
ps (D-(1) <001 0.01 002 002 | 0.00

studies [42][149]. Finally, we found that the Fe local atom MM increases when the number of first neighbour

atoms is small and the element is Cu.

6.1.4 FexCu309,x

In this section we focus on 309 cluster atoms. We present: a) Fej5Cuggq where Fe atoms are in the cluster’s

face, and b) FejaCuggy with Fe atoms in the cluster’s vertex, in line with the previous sections.

(a) Fe;5Cuggy cluster: Fe in the triangle cluster’s face

In figure 6.10.(a) we display the structural properties, the average cluster’s MM and the Fe and Cu atomic
MM. We observe a binding energy of -4.02eV and an average cluster’s MM of 0.13up that is smaller than
Fe190Cu137(0.1915). In line with the previous sections the Fe atomic MM depends on the position of the Fe
atoms in the triangle face. Also in this case, we refer with Fe(Vr) to the Fe atoms in the triangle’s face in
the outermost shell, with Fe(Er) to the Fe atoms in the edge of the triangle and finally with Fe(Cr) the Fe
atoms in the triangle’s center. We found the highest Fe atomic MM when the Fe occupy the triangle’s vertex
Fe(Vr), whereas the lowest is displayed when the Fe atoms occupy the center of the triangle face, Fe(Cr).

In addition, we found a similar Fe local MM value compared to the corresponding Fe local MM value with
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Figure 6.10: Fej5Cuggs: (a) magnetic and structural properties. (b) Spin up and Spin down Wave Functions
(WF) at the homo level. Red and blue area stand for the negative and positive charge of the WF. (c) Total
cluster EDOS (dashed black line).

SIESTA in the Fe;gCuys; structure. Referring to the Cu atoms we observe that the Cu atomic MM is zero
or close to zero in all inner shells.

Figure 6.10.(b) exhibits the spin up and down WF at the homo state. Focusing on the spin up, we found
only a small amount of charge localized on Fe atoms. On the contrary, we observe hybridizations between
Cu-3d orbitals in the outermost shell. Referring to the spin down WF, the charge distribution exhibits
hybridizations between Fe-3d orbitals in the triangle face, whereas we observe only a slight amount of charge

on Cu atoms.

In figure 6.10.(c) we present the total Fei5Cuggqs EDOS. In line with the previous sections the total EDOS

shows a band-like behaviour and a symmetric spin up and down distribution. In particular, we observe that
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both majority and minority electrons are between -5e¢V and -1.5eV, revealing the no magnetic character of
this cluster. Also in this case the cluster assumes a metallic character, while no gap is found in the majority
and minority total EDOS.

In table 6.7, we present the majority (1) and the minority () Fe and Cu electron population and local atom
MM (up) of Fe and Cu atoms. Comparing the spin up and down populations in Fe(Vr), Fe(EFr) and Fe(Cr)

Table 6.7: Spin up (1), Spin Down ({) Fe and Cu electron population and local atom MM (up) of Fej5Cugga

when Fe atoms are in the triangle cluster’s face.

SIESTA
atom | Spin Up (1) | Spin Down (1) | ps(t)-(1)
Fe(Vr) 8.75 5.62 3.13
ET) | s62 | 5.64 | 2.8
(Cr) | 848 | 5.69 | 279
Cu(llDS | 542 | 5.45 | 003
Cu(I)S | 550 | 5.52 | 002
s | 550 | 5.50 | 0.00
) N 5.50 | 0.00

we found that Fe(Vr) shows the highest occupation in the spin up orbitals. Conversely, the Fe(Vr) spin down
states are less filled compared to the Fe(Er) and Fe(Cr), resulting in the highest Fe atomic MM. Referring
to the Cu atoms, they display almost the same occupation in the spin up and spin down orbitals, giving no
imbalance between the majority and minority occupation. This behaviour reflects the trend shown in the

total EDOS in figure 6.10.(c), confirming the no magnetic character of Cu atoms.

(b) Fe;2Cuqgr: Fe at the cluster’s vertex

In figure 6.11.(a) we report the binding energy, the average cluster’s MM and the Fe and Cu atomic MM.
We observe a binding energy of -4.03eV, resulting in a little smaller value compared with the Fej5Cuggy
configuration(-4.02eV). In addition, we found an average cluster’s MM of 0.09up that it is lower compared
with Fe15Cuags (0.13u5). Referring to the Fe atomic MM, in this configuration the Fe atoms exhibit a larger

value compared to the corresponding Fe atomic MM shown in the Fe;5Cusgy cluster.

In figure 6.11.(b) we present the spin up and down WF at the homo state. Concerning to the spin up WF,
we observe that the charge is located only to the Cu atoms in the outermost shell. We can see Cu-3d and
Cu-3d bonding hybridization between Cu first neighbour atoms. Moving on the spin down WF, the charge is
mainly localized on Fe showing 3d orbitals. In addition, Cu-3d and Fe-3d bonding hybridization are shown

between Fe and Cu atoms at the outest shell.

Finally, figure 6.11.(c) displays the FejsCuagr total EDOS. Also in this case, in agreement with the Fe;5Cuggy

configuration, we observe a symmetric behaviour in the spin up and down EDOS. Specifically, we found the
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Figure 6.11: FejoCuggr: (a) magnetic and structural properties. (b) Spin up and Spin down Wave Functions
(WF) at the homo level. Red and blue area stand for the negative and positive charge of the WF. (c) Total
cluster EDOS (dashed black line).

spin up and down electrons enclosed by -5eV and -1.5eV, revealing the non magnetic character of Cu atoms.
In addition, we can note that the position of the Fe atoms does not affect the character of the FeCu clusters
with 309 atoms.

In table 6.8, we present the majority (1) and the minority () Fe and Cu electron population and local atom
MM (pp) of Fe and Cu atoms.

Focusing on Fe(V'), we observe an occupation of 8.99(1) in the majority occupation that it is higher than the
spin up occupation (8.75(1)) of Fe(Vr) in Fey5Cuags. In addition, we found an occupation of 5.77(J) in the
minority orbitals while the corresponding Fe(Vr) value in Fe;5Cuggy is 5.62(]). As a result, we observe that

in this case the imbalance between spin up and down population is bigger than in the previous Fe;5Cusggy
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Table 6.8: Spin up (1), Spin Down (]) Fe and Cu electron population and local atom MM (up) of FejaCuggy

when Fe atoms are in the vertex of the cluster.

SIESTA
atom Spin Up (1) | Spin Down (}) | ps(1)-({)
Fe(V) 8.99 5.77 3.22

Cu(llDS | 548 | 5.54 | -0.06
Cu(l)S | 549 | 5.51 | 002
Cu(DS | 549 | 5.51 | 002
Cu(C) | 551 | 5.51 | 0.00

structure, resulting in a larger Fe atomic MM. Interestingly, Cu atoms show minority orbitals more occupied
than the majority in the inner cluster’s shell, giving an AFM coupling with the Fe atoms in the outermost.
Additionally, Cu atoms in the third shell display an atomic MM higher than in the Fe;5Cuggy triangle case,

while in both case the Cu atom at the cluster’s center does not exhibit any atomic MM.

In conclusion, in line with the previous sections we have analyzed two FeCu clusters with 309 atoms. We
present: a) Fej5Cuagy, Fe atoms are in the triangle’s face in the outermost shell, b) FejoCusgz, Fe atoms
occupy the cluster’s vertex. We found that configuration a) is more stable than b). In addition, configuration
a) exhibits an average clusters MM larger than b), while the highest Fe local MM is displayed in configuration
b). By comparing the Cu atom MM, we can see that in configuration b), the Cu atoms in the inner shell
assume a local atom MM higher than in configuration a). For this reason configuration a) shows an average
cluster’s MM larger than b). Finally, both a) and b) configurations exhibit a metallic character and a
band-like behaviour distribution in the total EDOS.

6.2 FeCo

In line with the purpose of this thesis investigate Fe-based systems with no magnetic and magnetic elements,
in the next section we will analyze FeCo icosahedral clusters. Co is known to be magnetic in its hcp bulk

system, showing a magnetic moment of 1.7up

6.2.1 Fe,Coy3_, (X=0-13)

We begin this paragraph by presenting the electronic structure of the smallest 13 atoms icosahedral cluster.
In figure 6.12 we present the binding energy, average cluster’s MM and the local MM of the Co;s_,Fe, (X

= 0-13) structures.

Coy3 displays an average and atomic MM close to 2.30up that is higher compared to the Co bulk MM,

in agreement with other theoretical works [79][42]. We proceed by substituting one Fe atom in the Co;g
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Figure 6.12: Binding energy E; (eV), clusters’ average MM(up) and Fe and Cu local atomic MM (up) of

Fe,Coi3_, (X = 0-13)

clusters, as reported in the previous section about FeCu systems. In figure 6.12.(b), we present the two

FeCo1z configurations: (I) Fe atom occupy the center, (IT) Fe is a shell atom. We observe approximately

the same binding energy in both configurations (I) and (II), on the contrary the average cluster MM change

substantially depending on the Fe atom position. In fact, we found that configuration (I) shows an Fe atomic
MM of 1.2up and a Co atomic MM of 1.7up. On the contrary, configuration (IT) exhibits an Fe atomic MM
of 3.17up and a Co atomic MM of 2.1u g, resulting in an higher average cluster MM and an Fe and Co local
MM than the configuration (I).
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In FeoCoyy, fig.6.12.(c), we found that the system with both Fe atoms in the shell shows a binding energy
smaller than the configuration where one Fe atom occupies the center and the other one is placed in the shell.
Specifically, we calculated a binding energy of -3.33eV for the case reported in fig.6.12.(c), while we found a
binding energy of -3.32eV in the second one. For this reason, we continue our analysis on clusters with all
Fe atoms in the shell.

Adding the Fe atoms’ amount, from Fe3Co1g (d) to Fe11Cog (n) in fig.6.12, the binding energy remain almost
the same for all cases under study. Furthermore, due to the enlargement of the Fe local MM contributions

the average MM increases, as we expect since we enhance the number of Fe atoms.

In figure 6.12.(0) we display the two possibilities of Fe;2Coyq: (I) Co atom occupy the central site, (II) Co is
a shell atom. The most stable configuration and the highest average cluster MM is shown when Co is the

central atom.

In line with FeCu systems, in figure 6.12 we observe that the Fe local atomic MM is the highest for the
FeCoq2(IT) cluster. Accordingly with the previous section, we will further investigate the FeCo(I) and FeCo(II)

clusters aiming in understanding the reason for this local Fe MM difference.

(I) FeCo;2: Fe atom in the cluster’s center

In figure 6.13.(a) we present the structural and the magnetic properties of FeCo15(I) when Fe atom occupies
the central site. We found a binding energy of -3.33eV while the average cluster’s MM is 1.7up for both VASP
and SIESTA. Fe-Co interatomic distances are 2.34A with VASP and approximately 2.484 with SIESTA.
Interestingly, the Fe-Co interatomic distances in FeCoi2(I) cluster and the corresponding Co-Co interatomic
distances in Co;s show almost the same value close to 2.334. On the contrary, in FeCuja(I) cluster the
Fe-Cu interatomic distance is 2.41A, revealing the importance of the host cluster element in the enlargement
of the cluster’s radius. Moreover, the average Co-Co distances are 2.424 with VASP and 2.60A with SIESTA.
Additionally, Fe displays an atomic MM of 1.21up with VASP and 2.77up with STESTA, while Co exhibits
an atomic MM of 1.75up with VASP and 2.22up with SIESTA.

Proceeding with figure 6.13.(b), we show the spin up and down Wave Function (WF) at the homo state. We
observe Co-3d electrons remain or close to Co atoms or hybridize with the Co-3d electrons of the first Co
neighbour. In addition, Fe-3d electrons are localized on Fe, resulting in antibonding between Fe the other Co
atoms. In the spin down WF the charge is localized on Co atoms, whereas no charge is shown on Fe atom at

the homo state.

Figure 6.13.(c) panel up displays the total EDOS and Co PEDOS. Focusing on Co PEDOS, we observe
Co 3d-up electrons enclose to -5eV and -1eV while 4s-up are at the lower energy around -7eV and -5eV.
Additionally, Co 3d-down charge is between -5¢V and the homo state. Turning on Fe PEDOS, fig.6.13.(b)
panel down, Fe 4s-up and down electrons are close to -7eV, whereas Fe 4p electrons are between -5eV and
-4eV. Moreover, Fe 3d-up are betwixt -5eV and -1eV, while Fe 3d-down are almost by to the -4eV, -1.5eV
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Figure 6.13: FeCojz(I) cluster: (a) magnetic and structural properties. (b) Spin up and Spin down Wave
Functions (WF) at the homo level. Red and blue area stand for the negative and positive charge of the
WF.(c) Panel up: Total cluster EDOS (dashed black line); Cu PEDOS (the s, p and d PEDOS is presented
with red, blue and green lines, respectively). Panel down: Fe PEDOS.

and -0.5eV. Finally, we calculated a large H-L gap approximately of -1V, in the majority total EDOS while
no gap is shown in the minority. The presence of H-L gap in the spin up and the absence in the spin down

suggests a half-metallic character for this cluster.

In the table 6.9, we present the majority (1) and the minority (}) Fe and Co electron population and local
atom MM (pp) of Fe and Co atoms. Furthermore, the positive/negative sign of up denotes its resulting

up/down direction, respectively. Focusing on Fe and Co s and p charge, we found that the minority charge
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Table 6.9: Spin up (1), Spin Down ({) electron population and local atom MM (pp) of Fe and Co in FeCoyo(I)

with Fe in the center.

atom VASP SIESTA
S p d total total
Spin Up (1)  0.28 0.35 3.88 4.51
Fe | Spin Down (}) 0.30 0.41 259 3.30
us (M-) -0.02 -0.06 1.29 1.21 2.77
Spin Up (1) 022 014 493 4.93
Co Spin Down ({) 0.24 0.15 3.18 3.19
up (D-(1) 002 -0.01 175 172 | 222

are more occupied than the majority. On the contrary, both Fe and Co 3d spin up orbitals are more filled
than the spin down. In particular as reported in 6.13.(c) panel up, we observed that the Co-3d spin down
electrons are shifted toward higher energy level compared to the Co-3d spin up. For this reason, Co 3d
minority orbitals results less occupied than the majority, resulting in a Co atomic MM of 1.75u 5. The same

behaviour is reported for the Fe atom in fig. 6.13.(c) panel down, originating an atomic MM of 1.21up

(IT) FeCojs: Fe atom in the cluster’s shell

In figure 6.14.(a) we present the structural and the magnetic properties of FeCoio(II) when Fe atom occupies
the shell site. For simplicity we name Co(C) the Co atom that occupies the cluster’s center and Co(S) the
Co atom at the shell. We calculate a binding energy of -3.34eV and an average cluster MM of 2.42up that
is higher than the average cluster MM previously found for the FeCoo(I). Additionally, we observe an Fe
atomic MM of 3.17up with VASP and 3.51up with SIESTA. Furthermore, Co(S) shows an atomic MM of
2.10pp with VASP and 2.25up with SIESTA, while Co(C) exhibit an atomic MM of 1.92up with VASP and
1.89up with SIESTA. Fe-Co(C) interatomic distance are 2.294 with VASP and 2.414 with SIESTA, whereas
we calculate 2.494 by VASP and 2.63A4 with SIESTA between Fe and Co(S).

Figure 6.14.(b) displays the spin up and down Wave Function (WF) at the homo state. In both cases Co
and Fe WF show 3ds24 and 3d., orbitals localized on the own atom, resulting in antibonding between Co-Co

atoms, and Co-Fe atoms respectively.

Proceeding with 6.14.(c) panel up, we report the total EDOS and Co PEDOS. We observe Co-4s up and
down electrons close to -7eV, while Co-3d up are enclosed between-5e¢V and -1eV. In addition, Co-3d down
are between -4eV and the homo state. Fe atom in fig.6.14.(c) panel down, shows 3d-up electrons in the
interval between -5eV and -1eV, while Fe 4s-up are at the lower energy, around -5eV. Furthermore, Fe spin
down electrons are moved toward high energy compared to the majority population. Specifically, we found
Fe 3d-down between -2eV and the homo state, whereas Fe 4s-down around -4eV. Finally, we calculated a
H-L gap of -0.5eV in the majority population and a gap close to zero in the minority charge, revealing the

half-metallic character of the this cluster.
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Figure 6.14: FeCoi2(II) cluster: (a) magnetic and structural properties. (b) Spin up and Spin down Wave
Functions (WF) at the homo level. Red and blue area stand for the negative and positive charge of the
WF.(c) Panel up: Total cluster EDOS (dashed black line); Cu PEDOS (the s, p and d PEDOS is presented

with red, blue and green lines, respectively). Panel down: Fe PEDOS

In the table 6.10, we present the majority (1) and the minority (]) Fe and Co electron population and local

atom MM (up) of Fe and Co atoms. Furthermore, the positive/negative sign of up denotes its resulting

up/down direction, respectively.

Looking at the Fe we observe that, differently from the FeCo13(I) configuration table6.9, in this case s, p

and d majority orbitals are more occupied than the minority. We can attribute this behaviour to the reduce

Fe coordination number when Fe is in the shell, giving a larger Fe atomic MM compared to the Fe atomic
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Table 6.10: Spin up (1), Spin Down ({) electron population and local atom MM (ug) of Fe and Co in
FeCo12(IT) with Fe in the shell.

atom VASP SIESTA REF

S p d total total
Spin Up (1)  0.28 0.18 4.59 5.06
Fe Spin Down (}) 0.21 0.13 1.54 1.87
us (1)-) 0.07 0.05 3.05 3.19 3.51 3.63[82] 3.34[21]

Spin Up (1) 0.26 031 471 5.28
Co(C) | Spin Down (}) 0.29 0.38 2.68 3.36
us (1)-) -0.03 -0.07 2.03 1.92 1.89
Spin Up (1) 0.27 0.7 461 505
Co(S) | Spin Down (}) 0.22 0.12 2.63 2.97
us (D-(1) 005 005 1.98 208 | 225 | 2.3682] 2.8[21]

MM when Fe is in the center (1.21up). Moving on Co(S), we see that s, p and d spin up states are more
occupied than the down, resulting in a higher Co atomic MM than the corresponding Co atomic MM showing
in the FeCoy2(I) cluster. Contrary to Co(S), Co(C)-s and p majority orbitals are less filled than the minority,
lowering the Co(C) atomic MM.

In conclusion, we investigated two diverse FeCojo arrangements: FeCojo(I) and FeCopo(II) clusters. We
found that FeCo12(II) configuration is the energetically favoured. Interestingly, we observed that the Fe
atom position in the cluster affects both the average cluster MM and the Fe and Co atomic MM. As reported
in the table 6.9, when the Fe atom occupies the center we found that s and p minority orbitals are more filled
than the majority for both Fe and Co atoms. In addition, we observed a small imbalance between 3d spin
up and down electrons, resulting in a low atomic MM. On the contrary, in the configuration FeCoq5(II) table
6.10, Co(S) and Fe exhibit s and p majority populations more occupied than the minority. Moreover, the
spin up-down imbalance is more pronounced in this configuration than in the configuration (I), increasing

the Co and Fe atomic MM. These results are in good agreement with literature [82].

6.2.2 Fe,Cos;_, (X=0, 1, 6, 12, 42, 55) icosahedral clusters

In this paragraph we continue our study presenting FeCo clusters with 55 atoms. In figure 6.15 we show the
binding energy, average cluster’s MM and the local MM of Fe,Coss_, (X= 0, 1, 6, 12, 42, 55). In figure
6.15.(a) Coss exhibits an average cluster’s MM close to 1.9up that is higher compared to the Co bulk value.
Mimicking the FeCu analysis, we begun the FeCo clusters investigation by substituting only one Fe atom in
the Coss. Fig6.15.(b) displays: (I) Fe atom in the cluster’s center, (II) Fe atom in the first shell and (III)
Fe atom in the second shell. We observe that all configurations show the same binding energy and the same
average cluster’s MM. Concerning to the Fe atomic MM, we find that the higher value is exhibited in the
configuration (II1), ((I) 2.34pp, (IT) 2.53up, (II1) 2.99up), when the Fe atom is the outermost shell in line
with the FeCu case.
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Figure 6.15: Coss_.Fe, (X=0, 1, 6, 12, 42, 55): Binding energy, Fe and Co local and average cluster’s MM

As reported in FeCu structures, we proceed our work by substituting six Fe atoms. In figure 6.15.(c) we
display three different FegCousg configurations: (I) Fe atoms in the first shell, (II) Fe atoms in the triangle
face, (IIT) Fe atoms in the clusters’ vertex. We found the same binding energy for all three cases, observing
that the position of the Fe atoms do not affect the stability of the clusters. On the contrary we notice that
configuration (II) shows the highest average cluster MM, ((I) 1.94upg, (II) 2.02up, (III) 1.95ug).

Furthermore, we continue by replacing 12 Fe atoms in the Coss as presented in figure 6.15.(d). We report two
different Fe;2Coys configurations: (I) all Fe in the first shell, (II) all Fe in the cluster’s vertex. We see that the
Fe atom positions do not affect the binding energy and the average clusters’ MM of the system. Interestingly,

configuration Fej5Coy3(I) exhibits an Fe atomic MM smaller than Fej2Coq43(II), whereas we observe the
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reverse behaviour for the Co atoms. Additionally, covering all second shell with Fe atoms, fig6.15.(e), we find
a smaller binding energy compared with others FeCo clusters, underlying the low stability of this cluster. On

the contrary, we observe an increase average cluster MM due to the larger amount of the Fe atoms.

Finally, we observe that FegCoysg(II) and FegCoy9(III) display the highest Fe atomic MM. In order to compare
the Fe magnetic properties in FeCo and FeCu structures and aiming in finding the origin of this large Fe

local atomic MM, in the next two sections we will focus on these two configurations.

(II) FesCoy9 : Fe in the cluster’s triangle face

In figure 6.16.(a) we display the magnetic properties of FegCoy9 with Fe atoms fully occupying the triangle
cluster’s face. We found a binding energy of -4.26eV and an average MM of 2.02up. We observe that Fe
and Co local MM strictly depends on the the occupied positions. For simplicity we name Fe(Vr) the Fe
atoms in the triangle’s vertex face and Fe(Er) the Fe atoms in the edge triangle’s face. In the same way,
we indicate with Co(Vr) and Co(Er) the corresponding Co atoms in the vertex and in the edge in the Co
triangle face in the outest cluster’s shell. In line with FegCuyg(II), we found that Fe(Vr) shows a local MM
larger than Fe(Er). Specifically, we calculate a local MM of 3.00up for Fe(Vr) and a local MM of 2.89u 5 for
Fe(Er). Referring to the Co atoms, we observe a local MM of 1.97up for Co(Vr) and 1.87up for Co(Er).
Interestingly, we found a Co local MM of 1.75 pp in the first shell, and a Co local MM of 1.73up in the

cluster’s center.

Fig.6.16.(b) reports the spin up and spin down WF at the homo level. Focusing on the homo up WF, we
observe that Fe atoms in the edge of the triangle face show bonding hybridisation between Fe-3d and Co-3d
orbitals. In addition, Co-3d and Co-3d hybridizations are displayed between Co atoms in the outermost
shell. Spin down WF exhibits Fe-3d orbital hybridizations among Fe atoms in the center of the triangle face.
Moreover, Co-3d and Co-3d bonds are displayed between all Co atoms in the second shell.

In fig.6.16.(c) panel up, we present the total EDOS and Co PEDOS. Referring to the Co PEDOS, we observe
Co-3d up charge in the energy interval between -6eV and close to the Homo state, while 4s up orbitals are
at lower energy close to -7eV and -6eV. Co-3d down electrons are at the higher energy levels compared to
the corresponding Co-3d up, they are between -4.5e¢V and the homo state, whereas 4s down are around -7eV
and -5eV. Moving to the Fe fig.6.16.(c) panel down, we can see that Fe 3d up orbitals are enclosed between
-5eV and the homo state, while Fe 3d down electrons are at the higher energy between -3eV and the homo
state. In addition, a small contribution of Fe 4s electrons is given at lower energy compared to the Fe 3d
orbitals, around -7eV and -5eV. Finally, we calculated a H-L gap in the majority EDOS of -0.6eV, while no

gap is shown in the minority revealing the half metallic character of this cluster.

In table 6.11, we present the majority (1) and the minority (}) Fe and Co electron population and the local
atom MM (up) of Fe and Co atoms. Additionally, the positive/negative sign of pp denotes its resulting
up/down direction, respectively. Moreover, we name with Co(I) the Co atom in the first shell and Co(C)
the Co atom in the cluster’s center. Focusing on Fe atoms, we observe that the edge triangle’s position
favours the minority orbitals occupation, in line with FegCuyg(IT) structures. Specifically, we can note that

when an Fe atom occupy the edge of the triangle face the imbalance between spin up and down orbitals is
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Figure 6.16: FegCoyg(II) cluster: (a) magnetic and structural properties. (b) Spin up and Spin down Wave
Functions (WF) at the homo level. Red and blue area stand for the negative and positive charge of the
WE.(c) Panel up: Total cluster EDOS (dashed black line); Co PEDOS. Panel down: Fe PEDOS (the s, p
and d PEDOS is presented with red, blue and green lines, respectively).

smaller than when the Fe atom is placed in the vertex. Fe(Vr) shows an occupation of 4.97(1) and 1.97(])
while Fe(Er) exhibits 4.95(1) and 2.06(]) resulting in a lower Fe atomic MM for the first one. Similarly, we
observe the same behaviour for the Co atoms. In particular, we report an occupation of 5.00(1) and 3.03({)
for Co(Vr) whereas Co(E7r) displays an occupation of 5.00(1) and 3.12(}) In addition, in line with the shell
model presented by Billas et al. [20][37][40], we notice that Co(I)S and Co(C) present s and p minority

orbitals more occupied than the majority, further lowering the Co local atomic MM compared to the value

in the outermost shell.
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Table 6.11: Spin up (1), Spin Down () Fe and Cu electron population and local atom MM (ug) of FegCuyg

when Fe atoms are in the triangle cluster’s face.

atom VASP SIESTA
S p d total total
Spin Up (1) 027 0.14 456 4.97
Fe(Vr) | Spin Down () 0.23 0.13 1.61 1.97
(uB) (1)-() 0.04 0.01 295 3.00 3.29

Spin Up (1) 0.24 0.18 4.53 4.95
Fe(Er) | Spin Down ({) 0.23 0.20 1.63 2.06
us (M-J) 0.01 -0.02 290 2.89 3.04

Spin Up (1) 0.27 0.14 459 5.00
Co(Vr) | Spin Down ({) 0.24 0.01 2.67 3.03
pus (D-(1) 003 002 192 197 | 2.09

Spin Up (1) 022 0.18 4.60 5.00
Co(Er) | Spin Down (1) 022 021 270 3.12
wp (N-(1) 000 -0.03 1.90 1.87 | 1.87

Spin Up (1) 0.26 028 4.56 5.10
Co(I)S | Spin Down (}) 0.28 0.33 275 3.35
s (D-(1) 002 -0.05 181 175 | 1.80
Spin Up (1) 0.27 0.32 456 5.15
Co(C) | Spin Down (}) 0.29 0.36 277 3.44
s D-(1) 002 -0.04 179 173 | 1.80

(III) FegCoyg: Fe in the cluster’s vertex

In figure 6.17.(a) we present the magnetic properties of FegCos9 when Fe atoms are in cluster’s vertex. We
calculate a binding energy of -4.27eV slightly smaller than the binding energy of FegCoyg(II) (-4.26eV), while
we observe a cluster average MM of 1.95u 5 lower compared to the corresponding FegCoyg(II)’s cluster average
MM. Referring to Fe the local atomic MM we found a value of 2.94u 5 with VASP and 3.31up with STESTA.
Moreover, the Co atoms in the second shell report a local atomic MM of 1.90u g with VASP and 2.07up whit
SIESTA when they are at the vertex of the triangle face, whereas they show a local atomic MM of 1.80up
with VASP and 1.87up with SIESTA when they are at the edge of the triangle. Furthermore, in line with
the FegCoyg9(II) results we notice a decremease in the Co atomic MM for the Co in the first shell and at
the cluster’s center. Specifically, we find a Co atomic MM of 1.72up with VASP and 1.78up with SIESTA
for the Co atoms in the cluster’s first shell, while a value of 1.56pu5 with VASP and 1.79up with SIESTA is
exhibited for the Co at the center of the cluster.

Figure 6.17.(b) displays the spin up and spin down WF at the homo level. Differently from FegCoygo(I1),
spin up WF exhibits a small amount of charge localized on both Co and Fe atoms in the outermost shell.

Moreover, the spin down shows hybridizations bonding between Co-3d and Co-3d, whereas no charge is
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Figure 6.17: FegCoyu9(III) cluster: (a) magnetic and structural properties. (b) Spin up and Spin down Wave
Functions (WF) at the homo level. Red and blue area stand for the negative and positive charge of the
WEF.(c) Panel up: Total cluster EDOS (dashed black line); Co PEDOS. Panel down: Fe PEDOS (the s, p
and d PEDOS is presented with red, blue and green lines, respectively).

localized close to the Fe atoms.

In figure 6.17.(c) panel up, we report the total EDOS and Co PEDOS. Referring to the Co PEDOS we notice
that Co-3d up electrons are enclosed between -5eV and the homo state, while Co 4s up are at lower energy
levels between -7eV and -6eV. Co-3d down orbitals are shifted toward higher energy levels between -4.5eV
and close to the homo state. Focusing on Fe fig.6.17.(c) panel down, Fe-3d up electrons are between -5eV
and -1eV, while Fe-3d down electrons are between -3eV and next to the homo state. In addition, Fe 4s

up and down orbitals occupy low energy levels around -7eV and -4.5eV. Finally, we observe no H-L gap in



6.2. FECO 119

the majority occupation, while a H-L gap of -0.2eV is shown in the minority charge, giving a half metallic

character to this cluster.

In table 6.12, we present the majority (1) and the minority (]) Fe and Co electron population and the local
atom MM (up) of Fe and Co atoms.

Table 6.12: Spin up (1), Spin Down () Fe and Cu electron population and local atom MM (ug) of FegCuyg

when Fe atoms are in the triangle cluster’s face.

atom VASP SIESTA
S p d total total
Spin Up (1) 026 0.14 455 4.95
Fe(V) | Spin Down () 0.23 0.14 1.64 2.01
(uB) (H-{) 0.03 0.00 291 294 3.31

Spin Up (1) 025 0.14 457 4.96
Co(Vy) | Spin Down (}) 0.24 0.12 270 3.06
pp (D-(1) 001 002 187 1.90 | 2.07

Spin Up (1)  0.24 0.17 455 4.97
Co(Er) | Spin Down (}) 0.24 0.21 271 3.17
pp (HD-(1) 000 -0.04 1.84 1.80 | 1.87

Spin Up (1)  0.26 028 455 5.0
Co()S | Spin Down (}) 0.27 033 277 3.37
ps (MD-(1) 0.0l -0.05 178 1.72 | 1.78
Spin Up (1) 0.27 0.32 448 5.06
Co(C) | Spin Down (}) 0.30 0.35 2.86 3.50
ps ()-(1)  -0.03 -0.03 1.62 156 | 179

Focusing on Fe(V') we observe that s and d majority orbitals are more occupied than the minority. However,
the p orbitals exhibit the same amount of charge in both spin up and spin down states. For these reasons, we
observe a lower Fe(V) atomic MM compared to the corresponding Fe(Vr) of the configuration FegCogg(II).
Making a comparison between FegCuyg(III) and FegCoyq(IIT), we notice that the Fe local MM of the first
structure is larger compared to the second one. We discovered that the presence of the Cu atoms in the first
neighborhood favours the imbalance between spin up and spin down occupation resulting in a larger Fe local
atomic MM.

Referring to Co(Vr) and Co(ET), the table 6.12 displays almost the same s and p orbitals occupation exhibited
in table 6.11 for the FegCoys9(II). In addition, the 3d states present a smaller imbalance between spin up and
down occupation compared to it. As a result, we find a Co(Vy) and Co(Er) local atomic MM lower than
the Co(Vr) and Co(E7T) local atomic MM of FegCoyg9(II). Finally, we observe s and p minority orbitals more
occupied than the majority in Co(I)S and Co(C), whereas the 3d majority is always more filled for both
atoms. These results reflect the same behaviour of the FegCos9(II) structure and they are in line with the
shell model presented by the by Billas et al. [20][37][40].
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In conclusion, we investigated two different FegCo4g configurations: (II) Fe atoms in the triangle clusters’
surface and (III) Fe atoms in the clusters’ vertex. We observed almost the same binding energy for both
configurations, discovering that the Fe atoms positions do not affect the stability of the cluster. However, we
found that FegCoyg(II) shows a larger average cluster’s MM compared to the FegCosg(III). In fact, we have
noticed that the Co atomic MM contribution is lower in the FegCoyg(III) structure than in the FegCoyg(II),
resulting in a larger average cluster’s MM in the second one. Additionally, according to the experimentally
results, [20][37][40], the Co local MM decreases from the outermost shell to the cluster’s center in both
configurations. This behaviour is mainly due to the fact that it is energetically favoured the minority orbitals

occupation than the majority when the Co atoms occupy the inner shell.

6.2.3 Fe$C0147_x

In line with the FeCu clusters with 147 atoms, in this section we present: (a) Fe;9Co137 where the Fe atoms

are in the cluster’s face, and (b) Fe;2Coj35 with the Fe atoms in the cluster’s vertex.

(a) Fej9pCois7 cluster: Fe in the cluster’s triangle face

In figure 6.18.(a) we present the binding energy, the average cluster’s MM and the Fe/Co local atom MM of
Fe19pCo137 cluster. We calculated a binding energy of -4.55eV and an average cluster’s MM close to 1.80u 3.
In this structure the Fe and Co atoms display different local MM depending on the triangle surface position
in the outermost shell. Specifically, we refer with V7 to the Fe/Co atom in the triangle’s vertex, with Erp
the Fe/Co atom in the edge, finally we use Cr for Fe/Co atom at the center. We found an Fe local MM of
2.94up for Fe(Vr) with VASP and 3.28up with SIESTA, while the Fe(Er) local MM is 2.84up with VASP
and 3.09up with SIESTA. Moreover, Fe(Cr) exhibits a local MM of 2.73up by VASP and 2.94up with
SIESTA. Co(Vr) shows a MM of 1.86up with VASP and 2.03up with SIESTA, whereas the Co(E7) displays
a local MM of 1.80pup with VASP and 1.82up with SIESTA. In addition, Co(Cr) atoms exhibit an atomic
MM of 1.74up with VASP and 1.75up with SIESTA. Furthermore, Co atoms in the first shell display a local
MM ~1.55up and the Co atom in the center exhibits an atomic MM of ~1.2up with VASP and 1.75up with
SIESTA.

Figure 6.18.(b) displays the spin up and spin down WF at the homo level. Focusing in the spin up WF we
observe 3d-electrons mainly localized on the center of the Fe and Co triangle face in the outermost shell.
Specifically, we found Co-3d hybridizations situated in the middle of the Co triangle face. However, we
see hybridizations between Fe-3d electrons located in the center of the Fe triangle surface. On the other
hand, the spin down WF shows the charge close to the own Fe or Co atoms, resulting in the absence of

hybridizations.

In fig.6.18.(c) in the panel up we report the total EDOS and Co PEDOS. First of all, it is interesting to notice
the band like character of the total and partial EDOS. We find that the Co 3d-up electrons are between -5eV
and -0.5eV, whereas the Co 3d-down are between -3.5eV and the homo state. Additionally, we observe Co

4s electrons a low energy close to -8¢V and -7eV. Moving to Fe atoms, fig.6.18.(c) panel down, we see that
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Figure 6.18: FejpCoj37: (a) magnetic and structural properties. (b) Spin up and Spin down Wave Functions
(WF) at the homo level. Red and blue area stand for the negative and positive charge of the WF.(c) Panel
up: Total cluster EDOS (dashed black line); Co PEDOS (the s, p and d PEDOS is presented with red, blue
and green lines, respectively). Panel down: Fe PEDOS.

the Fe 3d-up electrons occupy the energy between -5eV and -0.5eV. Moreover, we found that the Fe 3d-down
charge is enclosed by -2eV and the homo level. Finally, we do not observe any H-L gap in both majority and

minority occupation resulting in a metallic character of this cluster.

In table 6.13 we present the majority (1) and the minority (J) Fe and Co electron population and the local
atom MM (up) of Fe and Co atoms. Additionally, the positive/negative sign of pup denotes its resulting

up/down direction, respectively. Moreover, we name with Co(II) and Co(I) the Co atom in the second and



122 CHAPTER 6. FE-X CLUSTERS

the first shell respectively, and Co(C) the Co atom in the cluster’s center. In line with FegCoyq(II) and

Table 6.13: Spin up (1), Spin Down () Fe and Cu electron population and local atom MM (ug) of FegCuyg

when Fe atoms are in the triangle cluster’s face.

atom VASP SIESTA
S p d total total
Spin Up (1) 0.26 0.14 455 4.94
Fe(Vr) | Spin Down () 0.24 0.15 1.64 2.00
(up) (1)-(1) 002 -0.01 291 294 | 328

Spin Up (1) 024 0.18 451 4.92
Fe(Er) | Spin Down (}) 0.24 020 1.66 2.08
ps (1-(1) 000 -0.02 285 284 | 3.09

Spin Up (1) 023 0.18 447 4.87
Fe(Cr) | Spin Down (1) 023 021 170 2.14
ps (1-(1) 000 -003 277 273 | 294

Spin Up (1) 024 021 455 5.00
Co(Vr) | Spin Down ({) 0.23 020 2.70 3.13
up (1)-() 0.01 0.01 1.85 1.86 2.03

Spin Up (1) 024 017 454 4.95
Co(ET) | Spin Down (}) 0.25 0.20 2.70 3.15
s (D-(1) 001 003 1.84 180 | 1.82

Spin Up (1) 023 018 452 4.93
Co(Cr) | Spin Down (}) 0.24 023 272 3.20
s (D-(1)  -0.01 -005 180 173 | 1.75

Spin Up (1) 025 027 452 504
Co(ID)S | Spin Down (}) 027 0.33 278 3.37
pp (1-(1)  -0.02 -0.06 1.74 1.66 | 1.73

Spin Up (1) 0.26 027 445 4.98
Co(I)S | Spin Down (}) 0.27 0.32 288 347
s D-(1) 001 -0.05 157 151 | 1.66
Spin Up (1) 0.30 0.36 4.33 4.98
Co(C) | Spin Down (}) 0.31 0.41 3.09 3.81
us (-1 -0.02 005 1.24 117 | 1.48

FegCuyg (I1T), we observe that the Fe(Vr) shows an higher atomic MM than the Fe(Er) and the Fe(Cr). In
particular, we found that s and p majority Fe(Vr) orbitals are more occupied than the minority ones. On the
contrary, Fe( Er) and Fe(Cr) exhibit the minority orbitals more filled than the majority states. Moreover, the
Fe(Vr) exhibits a larger imbalance between spin up and down 3d orbitals than Fe(Er) and Fe(Cr), giving an
higher Fe atomic MM. Focusing on Co(Vr), Co(Er) and Co(Cr) we observe a lower Co local MM compared

to the corresponding Co atoms in FegCosg(II). We can see that Co(Vr) displays a smaller imbalance in the s,
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p and d occupation than in the FegCoyg(1I), resulting in a lower Co local MM. However, Co(Er) and Co(Cr)
exhibit s and p minority orbitals more occupied than the majority one, further lowering the local Co MM.
In agreement with the previous sections, experimentally works [40] and theoretical calculation [42], the Co
local atomic MM decreases from the outermost shell to the center. Specifically, we notice that Co(II), Co(I)

and Co(C) show the s and p spin down orbitals more occupied than the majority ones.

(b) Fe12Co135: Fe at the cluster’s vertex
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Figure 6.19: Fe13Co;35: (a) magnetic and structural properties. (b) Spin up and Spin down Wave Functions
(WF) at the homo level. Red and blue area stand for the negative and positive charge of the WF.(c) Panel
up: Total cluster EDOS (dashed black line); Co PEDOS (the s, p and d PEDOS is presented with red, blue
and green lines, respectively). Panel down: Fe PEDOS.
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In figure 6.19.(a) we show the binding energy, the average cluster’s MM and the Fe and Co local atomic
MM. We found a binding energy of -4.55eV and an average cluster’s MM of 1.82up that it is larger than the
average cluster’s MM of FejoCoys7 structure (1.80up).

Referring to the Fe atomic MM we observe a value of 2.96up with VASP and 3.29up with SIESTA that are
higher than the values shown in the triangle surface case exhibited in the previous section. In addition, the
same Fe atomic MM value is displayed in the corresponding Fe;2Cuy3s cluster. We see that when the number
of atoms in the cluster increases the Fe local MM assumes almost the same value, no matter which is the
first neighbour element. Moreover Co atoms in the outermost shell exhibit an atomic moment lower than the

Fe19Co137, while the Co local MM of the Co atoms in the inner shell are almost the same.

Fig.6.19.(b) presents the spin up and spin down WF at the homo level. Focusing on the spin up WF,
we observe a small amount of charge located on Co atoms, giving hybridizations between Co-3d orbitals.
Furthermore, only a small amount or no charge is localized on the Fe atoms. Referring to the spin down, we
see only a small amount of charge localized on both Co and Fe atoms without any hybridization between the

atoms.

In figure 6.19.(c) in the panel up we display the total EDOS and Co PEDOS. We observe Co 3d-up electrons
between -5.5¢V and -0.5e¢V, while the Co 3d-down charge is among -4eV and the homo state. Furthermore,
Co 4s electrons are close to -8e¢V and -7eV. Moving to the Fe atoms, fig.6.19.(c) panel down, we discover
that the Fe 3d-up electrons are enclosed beteen -5eV and close to the -1eV. In addition, we found the Fe
3d-down charge between -2eV and the homo level. Finally, we do not observe any H-L gap in both majority

and minority total EDOS resulting in a metallic character of this cluster.

The table 6.14 exhibits the majority (1) and the minority (J) Fe and Co electron population and the local
atom MM (up) of Fe and Co atoms. Additionally, the positive/negative sign of pp denotes its resulting
up/down direction, respectively. Focusing on the Fe atoms, we found a local atomic MM close the Fe local
atomic MM in the FejgCoys7 structure. Also in this case we observe that s, p and d majority orbitals are
more occupied than the minority, contributing to increase the Fe local atomic MM. Moving to the Co(Er), we
notice a lower atomic MM compared to the corresponding value displayed in Fe;oCoy37 cluster. In particular,
we observe an occupation of 4.94(1) and 3.15(]) in this configuration, while Co(Er) in Fe;oCoy37 structure
shows an occupation of 5.00(1) and 3.13({), resulting in a higher Co atomic MM. On the contrary, Co(Er)
exhibits almost the same atomic MM value with the same spin up and spin down occupation. Conforming
to the shell model, the Co local MM decreases from the outermost shell to the cluster’s center. In line with

Fe19Co137 orbitals, s and p minority states are more occupied than the majority lowering the Co local atomic
MM.

In this paragraph we provided a comparison between two configurations: (a) Fe atoms in the clusters’ triangle
face Fe19Coy37 and (b) Fe atoms in the clusters’ vertex FejoCop3s5. We observe that the Fe position does not
affect the stability of the clusters and the average MM. Interestingly, we found a higher Fe local MM in the
configuration b) than in the a), mainly due to the larger imbalance between spin up and down occupation
in the first configuration than in the second ones. Referring to the Co atoms, in line with the shell model
[37], we observe that the Co atoms in the inner shells show s and p minority states more occupied than the

majority, lowering the Co atomic MM. Comparing with the corresponding FeCu clusters, we found that when
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Table 6.14: Spin up (1), Spin Down ({) Fe and Co electron population and local atom MM (upg) of Fe15Co135

when Fe atoms are in the triangle cluster’s face.

atom VASP SIESTA
S p d total total
Spin Up (1)  0.26 0.14 455 4.97
Fe(V) | Spin Down (J) 0.23 0.4 1.62 2.01
(wg) (1)-() 0.03 0.00 293 296 3.29

Spin Up (1) 0.24 0.17 454 4.94
Co(Er) | Spin Down (1) 0.25 020 271 3.15
us ND-(1) 001 -0.04 1.83 1.79 | 1.83
Spin Up (1) 0.23 018 451 4.92
Co(Cr) | Spin Down (}) 0.24 0.23 2.74 3.21
ps (D-(1) 001 005 1.77 171 | 173
Spin Up (1) 0.25 026 452 5.03
Co(I)S | Spin Down (}) 0.27 0.32 278 3.37
up (D-1) <002 -0.06 1.74 166 | 1.73

Spin Up (1) 0.26 0.27 441 4.99
Co(I)S | Spin Down (}) 0.27 032 2.82 347
ps (D-(1) 0.0l -0.05 158 152 | 1.67
Spin Up (1) 029 035 433 498
Co(C) | Spin Down (}) 0.31 0.40 3.10 3.81
ps (HD-(1)  -0.02 -0.05 1.23 117 | 147

Fe atoms are in the cluster’s triangle face we observe an higher Fe atomic MM in the FeCo clusters while
when the Fe atoms occupy the cluster’s vertex the Fe atomic MM is found to be almost the same in both
FeCo and FeCu systems. Finally, both configurations display a total EDOS with a band-like behaviour and

a metallic character.

6.2.4 FexC0309,x

In this paragraph we present the structural, electronic and magnetic properties of: (a) Fej5Cog94 where Fe

atoms are in the cluster’s face, and (b) Fej2Cogg7 with Fe atoms in the cluster’s vertex.

(a) Fe15Co0294 cluster: Fe at the cluster’s face

In figure 6.20.(a) we display the binding energy, the average cluster’s MM and the Fe and Co local atomic
MM. We calculated a binding energy of -4.23eV and an average cluster’s MM of 1.75u5. As we observed in
the previous section, Fe and Co atoms display different local MM depending on the triangle surface position

in the outermost shell. In particular, we name Vp the Fe/Co atoms that occupy the triangle’s vertex, while
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Figure 6.20: Fej5Coq93: (a) magnetic and structural properties. (b) Spin up and Spin down Wave Functions
(WF) at the homo level. Red and blue area stand for the negative and positive charge of the WF.(c) Total
cluster EDOS (dashed black line)

we refer to Ep the atoms in the edge of the triangle surface, and finally with Cp for the Fe/Co atoms at the
center. We found that both, Fe and Co atoms in the outermost shell exhibit the largest local atom MM when
are placed in the vertex of the surface. Moreover, we can see that the lowest local atom MM is shown when
they are at the center of the triangle surface. Additionally, the Co local MM decreases from the outermost

shell to the inner ones, in line with the previous results.

Figure 6.20.(b) shows the spin up and spin down WF at the homo level. In the spin up WF, we can see a
small amount of charge deposited mainly on the Co atoms, leaving the Fe atoms almost totally empty. On

the contrary, spin down WF exhibits 3d electrons localised on both Fe and Co atoms.

In figure 6.20.(b) we present the total Fej5Cos93 EDOS. First, we observe a different spin up and down
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electronic distribution. Specifically, we found that the majority orbitals are enclosed by -5eV and -0.5eV,
making the spin up state almost fully filled. Contrarily, the spin down electrons are between the -4eV and
the homo state. Moreover, the spin down orbitals are shifted towards the homo states, leaving the minority

states less occupied. Finally, we found a band like distribution and a metallic character of this cluster.

In table 6.15, we present the majority (1) and the minority (]) Fe and Co electron population and local atom

MM (up) of Fe and Co atoms. First of all, we observe that the triangle surface’s vertex Co and Fe atoms

Table 6.15: Spin up (1), Spin Down ({) Fe and Co electron population and local atom MM (upg) of Fe15Co294

when Fe atoms are in the triangle cluster’s face.

SIESTA
atom | Spin Up (1) | Spin Down (}) | us(1)-(})
Fe (V) 8.62 5.41 3.21
Fe(Br) | 858 | 5.65 | 293
Fe(Cr) | 855 | 5.76 | 278
Co(Vr) | 850 | 6.54 | 1.96
Co(Br) | 849 | 6.70 | 179
Co(Cr) | 848 | 6.80 | 168
Co(llDs | 835 | 6.63 e
Co(lns | 801 | 6.36 | 165
Co)s | so01 | 6.50 | 151
Co(C) | 755 | 6.14 I

exhibit an higher local atom MM compared to the other atom positions in the triangle face. It seems that
the vertex position favours an enlarged imbalance among majority and minority electrons. This behaviour
can be attributed to the reduced coordination number of the atoms in the vertex triangle surface. Moreover,
we note that the Fe atoms always show an higher local atom MM than the Co ones. Finally, we found that
the Co atoms MM decreases from the outermost to the inner shells. This behaviour is mainly due to the

increasing spin down occupation in the inner shell.

(b) Fe;2Cosg97: Fe in the cluster’s vertex

In figure 6.21.(a) we display the binding energy, the average cluster’s MM and the Fe/Co local atomic MM.
We found a binding energy of -4.24eV and an average cluster’s MM of 1.74up, that are almost the same
compared with the corresponding value in the Fey5Cog93 structure (-4.24eV and 1.75up). Also in this case,

we observe that the local atom MM decreases from the outermost to the inner shell.

Fig. 6.21.(b) exhibits the spin up and spin down WF at the homo level. The spin up WF exhibits a small
amount of 3d charge localized on the Co atoms in the outermost shell, whereas no charge is found on the Fe

atoms. On the contrary, the spin down WF displays 3d electrons located on both the Fe and Co atoms. In
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Figure 6.21: Fej2Cogg7: (a) magnetic and structural properties. (b) Spin up and Spin down Wave Functions
(WF) at the homo level. Red and blue area stand for the negative and positive charge of the WF.(c)Total
cluster EDOS (dashed black line).

addition, we observe a small amount of charge on the Co atoms in the inner shell.

In figure 6.21.(c) we display the total Fe;2Coz97 EDOS. We can see the majority electrons between -5eV and
-1eV, on the contrary the minority charge is among -3eV and the homo state. In particular, the spin down
orbitals are moved towards the homo state, leaving the minority states less occupied than the majority ones.
In line with the Fe;5Cos93 configuration, the total EDOS display a band like behaviour. Moreover, it does

not show any H-L gap, giving a metallic character to this cluster.

In table 6.16, we present the majority (1) and the minority (}) Fe and Co electron population and local
atom MM (up) of Fe and Co atoms. Concerning the Fe local MM, we can see a larger local atom MM

compared to the corresponding value in Fej5Coggs cluster, while the Co atoms show a similar local atom



6.3. FEMN 129

Table 6.16: Spin up (1), Spin Down ({) Fe and Co electron population and local atom MM (up) of Fe13Cog97

when Fe atoms are in the triangle cluster’s face.

SIESTA

atom Spin Up (1) | Spin Down (}) | ps(1)-(J)
Fe(V) 8.59 5.41 3.18
Co(Er) | 848 | 6.68 | 179
Co(Cr) | 846 | 6.78 | 170
ops | 832 | 6.61 RS
Co(IDs | 802 | 6.36 | 167
s | sos | 6.53 | 156
) S 6.35 | 148

MM. Additionally, in line with the previous cluster configuration and the shell model presented by Billas et

al. [37], the Co local atom MM decreases from the outermost shell to the inner ones.

In these two sections we presented: (a) Fej5Cogg4, Fe atoms in the clusters’ triangle face, and (b) Fej2Coggr,
Fe atoms in the clusters’ vertex. First, we have noted that the Fe atoms position does not affect the stability
of the clusters and the average clusters’ MM. We have observed a smaller enhancement of the Fe local MM
in configuration (b), while the Co atoms exhibit almost the same local MM in both (a) and (b) structures.
In addition, the total (a) and (b) EDOS reveal a band like behaviour and a metallic character. In agreement
with other theoretical calculation [42] and experimental results [40], we found that the Fe and Co local MM

and the average cluster’s MM increases with the reduction of the structural dimension.

6.3 FeMn

In this section we present the FeMn icosahedral clusters. It is worth mentioning that Mn is the element that
shows the highest MM in the table of elements. On the contrary, it displays fascinating magnetic properties

when forming nanoclusters.

6.3.1 FeMn12

In the next two paragraphs we display two configurations of the FeMnys icosahedral clusters with 13 atoms:

(I) Fe atom in the center, (II) Fe atom in the shell.

(I) FeMn;y: Fe atom in the center

First of all, we analyze two different (I)FeMn;o magnetic arrangements:
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Figure 6.22: (I)FeMnjs: (a) FM and AFM arrangement and binding energy. (b) Magnetic properties. (c)
Panel left: Total cluster EDOS (dashed black line); Mn PEDOS (the s, p and d PEDOS is presented with
red, blue and green lines, respectively). Panel right: Fe PEDOS.

e FerroMagnetic (FM): all Mn spin atoms couple parallel;
o AntiFerroMagnetic (AFM): Mn spin atoms couple anti-parallel each others.

Figure 6.22.(a) left part exhibits the FM (I)FeMn;s structure, while figure 6.22.(a) right part the AFM
(I)FeMny 2 cluster. Referring to the AFM configuration, we can consider the FeMn;s cluster as separated in
two rings depending on the spin orientation of the Mn atoms. We name ring up the cluster’s section where
the Mn atoms’ magnetic moment is oriented up, whereas we refer to the ring down that part of the cluster in
which the Mn atoms’ magnetic moment is aligned down. FM (I)FeMn;5 shows a binding energy of -2.20eV
and an average cluster’s MM of 2.98u5. On the contrary, the AFM (I)FeMn;5 displays a binding energy
of -2.27eV and an average cluster’s MM of 0.15up, showing that is the most stable configuration. For this
reason, we focus on the AFM (I)FeMn;5 system.

In figure 6.22.(b) we present the magnetic and structural properties of the AFM (I)FeMn;. Moving to the

Fe-Mn distances, we observe diverse distances in a range between 2.284 and 2.67A4, depending on the Mn
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local MM. Concerning the Fe atom MM we found a value of 0.77up, while Mn atoms show a local MM, spin

up and down alignment, around 3.5u 3.

Figure6.22.(c) panel left displays the total EDOS and Mn PEDOS. We can see that the Mn charge is
symmetrically distributed in the spin up and down occupation, due to the AFM coupling among the Mn
atoms. Moving to the Fe atom, fig.6.22.(b) panel right, we observe almost the same charge distribution in the
majority and minority charge, resulting in a very small Fe atom MM. Concluding, we found a H-L gap of -0.5
eV in the total majority EDOS, while no gap is exhibited in the minority counterpart, giving a half-metallic

character to this cluster.

The table 6.17 exhibits the majority (1) and the minority ({) Fe and Mn electron population and the local
atom MM (pp) of Fe and Mn atoms. Additionally, the positive/negative sign of up denotes its resulting
up/down direction, respectively. We refer with Mn(U) to the Mn atoms in the ring up, while we name Mn(D)
the Mn atoms in the ring down.

Focusing on Fe atom, we observe almost the same occupation in both spin up and down distribution, resulting

Table 6.17: Spin up (1), Spin Down ({) electron population and local atom MM (up) of Fe and Mn in
FeMn;5(I) with Fe in the center.

atom VASP REF

S p d total
Spin Up (1) 028 040 3.62 4.17
Fe Spin Down (}) 0.28 0.30 2.80 3.40
us (H-W) 0.00 0.10 0.76 0.77 | ~ 0[92]

Spin Up (1) 0.22 0.10 426 4.59
Mn(U) | Spin Down (}) 0.16 0.09 0.73  0.98
ps (D-(1) 006 001 354 361 | ~ 492
Spin Up (1) 017 0.11 079 1.06
Mn(D) | Spin Down (}) 0.22 0.11 4.22 4.55
ps (D-(1)  -0.05 0.00 -3.43 -3.49 | ~ -4[92]

in an almost zero Fe local MM. This behaviour is reported in fig.6.22.(b) panel right, where we can see that up
and down s and d electrons occupy almost the same energy levels. On the contrary, Mn atoms show an AFM
coupling which means that the spins are antiparallel aligned. Specifically, all Mn(U) atoms display majority
orbitals more occupied than the minority. Conversely, Mn(D) atoms exhibit minority charge more filled than
the majority. We observe that the majority and minority contributions from Mn(U) and Mn(D) are almost
the same, resulting in a low average cluster’s MM and in a symmetric spin up and down occupation in the
Mn PEDOS, fig.6.22.(b) panel left.

(IT)FeMn;; : Fe atom at the shell

Figure 6.23.(a) left part exhibits the FM (IT)FeMn;o structure, while figure 6.23.(a) right part the AFM
(IT)FeMn 5 cluster. Referring to the FM configuration, we found a binding energy of -2.25eV and an average
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Figure 6.23: (II)FeMns: (a) FM and AFM arrangement and binding energy. (b) magnetic properties. (c)
Panel left: Total cluster EDOS (dashed black line); Mn PEDOS (the s, p and d PEDOS is presented with
red, blue and green lines, respectively). Panel right: Fe PEDOS.

cluster’s MM of 2.16pup. Moving on the AFM arrangement, we observe a binding energy of -2.27 and an
average cluster’s MM of 0.15up. In line with the previous paragraph we discover the AFM arrangement
as the most stable configuration. Furthermore, we observe the same average cluster MM of the (I)FeMnjs
structure (0.15u5), concluding that the position of the Fe atom does not affect the stability and the average
MM of the clusters.

In figure 6.23.(b) we exhibit magnetic and structural properties of the AFM (II)FeMn;». Focusing on the Fe
atom MM, we found a value of 2.15u 5, that is higher than the Fe local MM shown in (I)FeMn;2 configuration.
In addition, the Mn atoms in the shell show an average local MM of 3.45u 3, while Mn atom in the center
reports a MM of 1.61up. Concerning to the Fe and Mn distances, we find 2.26A between Fe and Mn in the

center, whereas we observe a distance of 2.514 betwixt Fe and Mn in the shell.

Figure 6.23.(c) panel left exhibits the total EDOS and Mn PEDOS. In line with the previous case, we
found the same symmetric distribution shown in the (I)FeMn;q, resulting in the same average cluster’s MM.

Referring to the Fe atom, fig.6.22.(b) panel right, we observe a similar electrons distribution exhibited in the
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previous case. Uniformly with (I)FeMn;y, we find a H-L gap of -0.5eV in the majority total EDOS, on the
contrary no H-L gap is displayed in the minority counterpart, revealing the half-metallic character of this

cluster.

Table 6.18 exhibits the majority (1) and the minority (J) Fe and Mn electron population and the local
atom MM (upg) of Fe and Mn atoms. Additionally, the positive/negative sign of pup denotes its resulting

up/down direction, respectively. Concerning to the Fe atoms, we observe an higher Fe atom MM compared

Table 6.18: Spin up (1), Spin Down (J) electron population and local atom MM (up) of Fe and Mn in
FeMn5(II) with Fe in the shell.

atom VASP

S p d total
Spin Up (1) 0.27 0.15 4.23 4.65
Fe Spin Down (}) 0.24 0.15 211 2.50
pp (1-(1) 003 000 212 215

Spin Up (1) 024 024 339 3.86
Mn(C) | Spin Down (J) 0.21 0.23 1.81 225
us (1-{) 0.03 0.01 158 1.61

Spin Up (1) 022 0.11 429 4.62
Mn(U) | Spin Down () 0.16 0.09 0.70 0.95
us (1-) 0.06 0.02 359 3.67
Spin Up (1) 0.17 011 087 1.14
Mn(D) | Spin Down (}) 0.22 0.11 4.17 4.49
ps (D-(1)  -0.04 0.00 -3.30 -3.35

with the value shown in (I)FeMnjs. In this configuration we found a larger imbalance between spin up and
down occupation. This result is due to the lower coordination number of the Fe atom when it occupies
the shell. In addition, we observe a Mn(U) atom MM of 3.67up that it is higher compared to the Mn(U)
atom MM shown in the (I)FeMnjo (3.61up), due to the larger imbalance between 3d spin up and down
occupation. Furthermore, Mn(D) atomic MM displays a value of -3.35up5 that it is lower than the value
obtained in the (I)FeMns counterpart (-3.49up), exhibiting a smaller imbalance between 3d minority and
majority occupation. For these reasons the two configurations display the same average cluster’s MM but
diverse Fe and Mn atom MM.

Concluding, in these paragraphs we presented: (I)FeMn;s, Fe atom in the cluster’s center, and (II)FeMny
Fe atom in the cluster’s shell. We observed that the position of the Fe atom does not effect the stability
and the average MM of the cluster. Interestingly, we found that when Fe occupies the center its atom MM
drops to zero, whereas in the (II)FeMn;s configuration exhibits a local MM of 2.215u5. Moreover, although
Mn atoms show a large atom MM, because of the AFM coupling, the cluster’s average MM is almost zero
in both structures. These results are in a good agreement with experimental works and others theoretical
calculations [91][90]
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6.3.2 Feng’l43

Proceeding with icosahedral clusters with 55 atoms, in line with FeCu and FeCo systems in the next section

we present two cases: (I)FegMnys Fe atoms in the cluster’s triangle face and (II)FegMnys Fe atoms in the

cluster’s vertex.

(I) FegMny;: Fe atoms at the cluster’s triangle face
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Figure 6.24: (I)FegMnys: (a) magnetic and structural properties. (b) Panel left: Total cluster EDOS (dashed
black line); Mn PEDOS (the s, p and d PEDOS is presented with red, blue and green lines, respectively).
Panel right: Fe PEDOS.

In figure 6.24.(a) we present the structural and magnetic properties of the (I)FegMnys structure, when Fe
atoms occupy the triangle face in the outermost shell. First of all, it is worth to notice that not only Mn
atoms coupled AFM in the same shell as reported previously, but also between the two consecutively shells
in the first and second ones. For this reason we observe an average cluster’s MM of 0.22up. In addition, we
calculate a binding energy of -3.91eV. Focusing on the Fe atom MM, we found a value enclosed by 2.11up
and 2.72up. Interestingly, Mn atoms show a local MM close to (4/-) 3.4up in the outermost shell, whereas
we find a value close to (+/-)1.00pp in the first shell.

Figure 6.24.(b) panel left reports the total cluster’s EDOS and the Mn PEDOS. In agreement with the small
13 atom cluster, we observe a symmetric distribution between spin up and spin down electrons, resulting in
an almost zero average cluster’s MM. In addition, the total EDOS exhibits a band like behaviour. Moving
on the Fe PEDOS, fig.6.24.(b) panel right, we can see that Fe 3d spin up electrons are between -4.5eV and
-0.5eV, whereas the Fe 3d spin down are shifted towards higher energy enclosed by -2.0eV and the homo
state. Furthermore, s up and down orbitals are in the low energy levels between -7.0eV and -4.0eV. Finally,
the total cluster’s EDOS suggests a metallic character, due to the fact that no H-L gap is shown in both
majority and minority occupation.
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(IT) FegMnyg: Fe atoms at the cluster’s vertex.
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Figure 6.25: (IT)FegMnys: (a) magnetic and structural properties. (b) Panel left: Total cluster EDOS (dashed
black line); Mn PEDOS (the s, p and d PEDOS is presented with red, blue and green lines, respectively).
Panel right: Fe PEDOS.

In figure 6.25.(a) we report the structural and magnetic properties of the (II)FegMnys structure, when the
Fe atoms occupy the cluster’s vertex. We calculated a binding energy of -3.88eV, that is larger than the
binding energy of (I)FegMny3(-3.91eV). Furthermore we found an average cluster’'s MM of 0.44pp that is
higher compared to the previous structure. Concerning to the Fe atom MM we observe an Fe atom MM
between 1.84 up and 2.56up. In addition, we found a Mn atom MM of -0.218up for the Mn in the center,
while the Mn atoms in the first shell show an average value close to 1.00up. Mn atoms in the outermost

shell exhibit a local MM around 3.2up aligned spin up or spin down depending on the position.

Figure 6.25.(b) panel left reports the total cluster’s EDOS and the Mn PEDOS. Also in this case, we found a
symmetric occupation between majority and minority orbitals, reflecting the same magnetic properties of the
(IT)FegMnys structure. Focusing on Fe, fig.6.25.(b) panel right shows Fe 3d spin up electrons between -4.5eV
and -0.5eV, while the Fe 3d spin down are enclosed by -2.0eV and the homo state. Moreover, s up and down
orbitals are between -7.0eV and -4.0eV. Finally, we found that the total cluster’s EDOS displays a metallic

character, caused by to the fact that no H-L gap is shown in both majority and minority occupation.

In conclusion, we presented: (I)FegMnysz, Fe atoms in the cluster’s triangle face and (IT)FegMnys Fe atoms
in the cluster’s vertex. We discovered that configuration (I) is more stable than (IT) while the second one
show an higher average cluster’s MM compared to the first one. Interestingly, we observe an AFM coupling
between the Mn atoms in the same shell and between the two consecutively shells. Referring to the Fe atom
MM we found that the (I)FegMny3 shows an Fe local MM higher than (IT)FegMnys. In addition, the Mn local
MM remains almost the same in both configurations. Finally, both structure show a metallic character and

a band like behaviour in the total EDOS. These results are in good agreement with literature [83][94].
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6.4 Conclusion

In this chapter we analyzed the Fe-X (Cu, Co, Mn) clusters in order to understand the influence of Fe atoms

in presence of traditional magnetic or no magnetic elements.

Focusing on the smallest icosahedral cluster of 13 atoms, we studied two possible configurations: (a) Fe in
the shell and (b) Fe in the center. First, we observe that FeCu cluster prefers the Fe atoms to be on the shell
((a) arrangement), while the FeCo clusters favoured the (b) ones. Moreover, in the FeMn structure we found
that the configuration (a) and (b) exhibit a similar binding energy, rendering equivalent probability for both
configurations. Concerning the magnetic properties, we found a larger Fe local atom MM in configuration
(a) than in the (b) one, for all Fe-X (Cu, Co, Mn) 13 atoms clusters. We discover the highest Fe local atom
MM in the FeCu system (e.g. 3.18up), while it decreases in the FeCo (e.g. 3.17up) and in the FeMn (e.g.
2.15u ) structures. Our results show that in the FeCu clusters the presence of the Cu atoms favour the Fe-3d
majority occupation in the Fe atom, leaving the minority states less occupied. On the contrary, in the FeCo
and FeMn clusters the Fe charge distribution exhibits a smaller Fe-3d spin up-down imbalance compared to
the Fe atom in the FeCu clusters, resulting in a lower Fe local atom MM. Focusing on the average cluster
MM, it is relevant to observe that, because of the Cu’s non magnetic character, the average FeCu MM is
close to zero. Due to Co magnetic feature, the FeCo cluster displays the highest average cluster’s MM. On
the contrary, because of the AFM coupling, FeMn clusters show an average MM close to zero mimicking the
FeCu trend. Finally, all Fe-X (Cu, Co, Mn) clusters exhibit discrete and localized states in the total EDOS

and a half metallic character.

Furthermore, we analyzed the next icosahedral cluster with 55 atoms. We found two characteristic config-
urations: (a) Fe atoms in the clusters’ triangle surface and (b) Fe atoms in the clusters’ vertex positions.
Interestingly, we have found that the FeCu system exhibits the largest Fe local MM in the configuration (b),
while FeCo and FeMn display the highest Fe local MM in the configuration (a), when the Fe atom occupies
the vertex of the triangle surface. Also in this case, due to the Co magnetic character the largest average
cluster’s MM is displayed in the CoFe clusters, whereas the FeCu and FeMn exhibit a value close to zero.
On the contrary, the highest Fe local MM is found on the FeCu clusters. Moreover, for all systems under
study the total EDOS exhibit discrete and localised states and a half metallic feature. Concluding, it is worth
noting that all 55 atom clusters show a smaller Fe local MM compared to the corresponding 13 atom clusters.

Concerning the 147 atoms clusters, we replay the configurations: (a) Fe in the clusters’ triangle surface and
(b) Fe in the clusters vertex positions. First of all, we observe that due to the Co magnetic feature both
(a) and (b) FeCo configurations display a larger average cluster’s MM compared to the FeCu clusters that
exhibit an average clusters MM almost zero. Focusing on the Fe local MM, we observed that (a) and (b)
FeCo clusters show an higher Fe local atom MM than the FeCu structures. Moreover, both FeCu and FeCo
structures exhibit a larger Fe local MM in configuration (b) than in (a). Additionally, the FeCo and the

FeCu total EDOS exhibit a band like behaviour and reveal the metallic character of these two systems.
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For the biggest understudy 309 clusters we analyzed the same configurations with the 147 ones: (a) Fe atoms
cover the clusters’ triangle surface and (b) Fe atoms in the clusters vertex positions, in order to compare
with the previous results. As expected, we observed a larger average cluster MM in the FeCo clusters than
the FeCu ones. In addition, the Fe local atom MM is found to be larger in the FeCu systems than in the
FeCo clusters. Moreover, also in this case configuration (b) displays a higher Fe local MM compared to
configuration (a). Finally, the FeCo and the FeCu total EDOS exhibit a band like behaviour and reveal the

metallic character of these two systems.

In conclusion, we found that the Co and Fe cluster’s atoms display a local MM larger than the corresponding
value in the bulk dimension. Moreover, we observed that the Mn atoms display a great local atom MM,
but when they are assembled in a cluster they assume a magnetic arrangement that minimise the average
cluster MM. Interestingly, the FeCu clusters exhibit the highest Fe local MM. In addition, when the Fe atoms
are placed at the cluster’s vertex they exhibit the highest local MM. It seems that this position favours the
occupation of the majority orbitals, leaving the minority states less occupied. Finally, the small clusters
exhibit discrete and localized energy states and a half metallic character. On the contrary, the large systems
show a band like EDOS and a metallic character.
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Chapter 7

General Conclusion

Environmentally friendly and sustainable magnetic nano-clusters and coatings are currently under investi-
gations aiming in answering specific technological demands, like superior magnetic properties, thus being
promising for several applications such as drug delivery, high-density magnetic recording, catalysis, sensors

and for the production of innovative nano-robotic platforms.

Transition metal clusters and coatings are interesting since their structural, electronic and magnetic properties
depend on their size and composition, rendering them suitable candidates for various potential applications.
In particular, the magnetic moment (MM) of Fe clusters with less than 100 atoms is around 3up much higher
than the corresponding 2.2 g bulk value while it decays as a function of clusters’ size towards the bulk values.
Extensive studies revealed that alloying the classical Fe ferromagnet with non-magnetic elements, like Cu,
provides the possibility of tailoring the magnetic properties interplaying with the crystallographic structure,

especially in systems with reduced dimensions like clusters and thin films.

In this thesis, we performed a systematic study on the Fe-X (X=Cu, Co, Mn) nano-clusters aiming in finding
the optimum configuration and clusters’ size exhibiting the highest MM. In addition, taking into account that
the Fe and Fe-X monolayers on fcc Cu(111) have the same structure with the icosahedral cluster’s faces, they
could be considered as an infinite cluster’s surface and therefore they were also studied in order to provided

valuable information also when comparing with experimental data.

Starting with the smallest 13-atom nano-clusters we found that the configuration with the Fe atom at the
center of the Fe-Cu nano-clusters is the energetically favoured whereas for the Fe-Co and Fe-Mn clusters
the opposite is true. For all cases, the highest MM per Fe atom was found when the Fe atoms are located
at the vertex sites of the surface shell having non-magnetic Cu first neighbours. The highest Fe local atom
MM stands for the FeCu and the smallest in the FeMn clusters. The FeCu MM is related to the spin up -
down EDOS'’s differences that are mainly situated close to the homo state. In particular, the Spin-up Fe 3d
electronic density of states are fully occupied yielding wavefunctions with homogeneous change distribution
while the Spin-down is almost unoccupied exhibiting dangling bonding states close to the homo state. The
FeCo or FeMn clusters’ electronic properties reveal that the Fe 3d states are strongly hybridized with the Co
or Mn 3d for both spin up and spin down EDOS’s while in the Fe-Cu clusters the Fe partial 3d spin down

139
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EDOS is saturated close to the homo state.

As the radius of the cluster increases new configurations for Fe surface atoms exist (triangle and vertex sites)
for the 55, 147 and 309 clusters. The FeCu exhibits the highest Fe local MM in the vertex sites while the
FeCo and FeMn in the triangle positions. Due to the Co magnetic character the largest average cluster’s
MM is displayed in the CoFe clusters, whereas the FeCu and FeMn (AFM) are negligible. Moreover, the
55-atom total EDOS’s exhibits discrete and localized states and a half metallic character similar to 13-atom
clusters while in the 147 and 309 clusters the electronic states are broaden towards a band-like behaviour,
exhibiting mainly metallic features, in line with the Fe clusters. In particular, the FeCojs and FegCoygg
clusters reveal a pseudo-gap at the homo state in the spin minority that is altered in the case of CoizsFeqs
and Fe/Co/Cu(111).

In general for all cases, the nano-clusters exhibit larger MM than the Fe thin films and bulk systems,
decreasing towards the value of Fe ML on Cu(111), to reach a plateau above 120 atoms. We found that
the highest average cluster’s MM is shown in the pure Fe clusters, while FeCu and FeMn exhibit a value
close to zero. Concerning the FeCu clusters, we know that the Cu atoms do not contribute in the cluster’s
total magnetic moment. For this reason, the FeCu average clusters’ MM drops to zero. On the contrary, the
Mn atoms in the FeMn structures display a Mn local MM different from zero. Due to the AFM coupling
exhibited between the Mn cluster’s atoms, the FeMn clusters assume no magnetic character. In addition, the
FeCo clusters show an average clusters’ MM between the FeCu/FeMn and Fe pure clusters, resulting in the

Fe-mixed clusters with the largest average cluster’s MM.

Concerning the local atomic Fe MM, we found that it’s highest value is for the FeCu;2 edge configuration
(3.18u ) compared to 3.10up in the pure Fe cluster. These results are in good agreement with experimental
data of Billas et al. [37] who found MM of 3.00pp5 for Fe clusters having from 25 up to 130 atoms while this
value decreases towards the bulk value (2.2u5) for bigger nano-clusters (close to 500 atoms). We found that
when Fe is at the clusters’ surface surrounded by non-magnetic elements (like Cu) it enhances its local MM
is enhanced due to the larger majority-minority electronic occupation imbalance compared to the Fe-X, X =
magnetic element like Co and Mn. Especially in the case of FeMn, due to its AFM character the resulting
average MM is negligible and the Fe local MM is equivalent to Fe bcc.

Concluding, the FM Fe-Co clusters or Fe coating on Co/Cu(111) are suggested as the best candidate for
Fe-based systems with equivalent total and local Fe MM compared to the corresponding Fe-Cu systems. On
the contrary, because of the Mn-Mn AFM coupling, FeMn clusters exhibit an average MM close to zero
mimicking the FeCu total MM trend. Nevertheless, although the Fe local MM is the highest in the shell of
the FeCujo surrounded by non-magnetic Cu atoms, nowadays this tiny cluster is almost impossible to be

experimentally achieved.

These results can contribute to future developments in the design of Fe-X (X=Cu, Co, Mn) environmentally

sustainable smart magnetic clusters or coatings.
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