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Polarons and phase separation in lanthanum-based manganese perovskites:
A 139La and 55Mn NMR study
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Low-temperature139La and 55Mn NMR line shape measurements in La12xCaxMnO3 for 0.125<x<0.5,
and La0.67(Ca12yBay)0.33MnO3 for 0<y<1 are shown to directly reflect changes of the structure and of the
magnetic state at a local level. For lowx values in La12xCaxMnO3 evidence is given about the presence of
polaronic lattice distortions. By increasingx, structurally undistorted conductive ferromagnetic~FM! regions
are formed indicating a percolative metal to insulator phase transition, whereas forx50.5 the system is shown
to break into FM and antiferromagnetic regions in accordance with the predictions of the electronic phase
separation model.@S0163-1829~99!04609-3#
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I. INTRODUCTION

One of the most challenging problems in the physics
strongly correlated electron systems, concerns the origin
the large negative magnetoresistance in manganese pe
kites of the typeL12xDxMnO3 ~L 5 lanthanide,D 5 diva-
lent ion!. According to theory, doping of antiferromagnet
~AFM! LMnO3 insulators with mobileeg holes favors the
establishment of ferromagnetic~FM! order, via Hund’s cou-
pling between holes and localizedt2g spins.1 Nevertheless,
competition between FM and AFM exchange interactio
creates a complicated magnetic phase diagram, dependin
doping concentration2 and the kind of trivalent/divalen
cation.3 Detailed studies of the La12xCaxMnO3 family have
shown that for 0.15,x,0.5 these systems undergo a pha
transition from a high-temperature insulating paramagn
~PM! to a low-temperature metallic FM phase.2 At half fill-
ing x50.5, the FM phase becomes unstable against the
mation of a low temperature charge ordered AFM phase,
the phase transition route becomes PM-FM-AFM on cooli
Further investigations in La12xSrxMnO3 have shown the
presence of a canted AFM phase~AFM with a weak FM
component! for x,0.1, and a FM insulating phase for 0
,x,0.15.4 However, the interpretation of the magnet
phase diagram is still controversial. A great debate conce
those regions of the phase diagram, where coexistence o
and AFM magnetic ordering has been observed. In th
regions magnetization,2 neutron scattering,5 and NMR~Refs.
6 and 7! experiments are explainable either within the fram
work of a canted AFM state,8 or with a mixed two-phase
state consisting of FM and AFM regions with high, respe
tively low, charge carrier concentration.9,10 On the other
hand, the presence of local Jahn-Teller~JT! distortions, even
in the FM phase, implies local variations of the magne
interactions, which modify the magnetic phase diagram.
cently, the formation of three Mn polaronic clusters in the
distorted FM phase of La12xSrxMnO3 at low temperatures
PRB 590163-1829/99/59~9!/6390~5!/$15.00
f
of
vs-

s
on

e
ic

r-
d
.

ns
M

se

-

-

c
-

was proposed by Loucaet al.11 in order to explain pulsed
neutron diffraction results. Zhouet al.12 suggested that thes
clusters consist of Mn31-O-Mn41-O-Mn31, where theeg

hole is alternately at one of the two Mn31 sites, and is made
mobile by a dynamic JT coupling to the oxygen vibratio
between Mn atoms. Conductivity in this model is describ
in terms of connectivity of polaronic networks.

In this paper we examine the microscopic ma
netic state of La12xCaxMnO3 for 0.125<x<0.5 and
La0.67(Ca12yBay)0.33MnO3 for 0<y<1 at low temperatures
by using 139La and 55Mn NMR line shape measurements
a zero external magnetic field. The most interesting beha
is shown by La12xCaxMnO3. We present evidence about th
presence of a polaronic state related to local JT distortion
low x values, in agreement with the proposition of Louca11

and Zhou.12 By increasingx conductive FM clusters with
suppressed JT distortions are formed, whereas forx50.5 the
system appears to break into FM and AFM regions in agr
ment with the predictions of the phase separation theory9,10

II. SAMPLE PREPARATION AND CHARACTERIZATION

La12xCaxMnO3 and La0.67(Ca12yBay)0.33MnO3 samples
were prepared by thoroughly mixing high-purity stoichi
metric amounts of La2O3,MnO2,CaCO3, and/or BaCO3.
The mixing powders were pelletized and annealed in ai
1300 to 1400 °C, depending on the composition, for 4 d
with intermediate grinding and reformation into pellets. F
nally, they were slowly cooled to room temperature by tu
ing off the furnace. All samples were then characteriz
structurally at room temperature with a D500 Siemens x-
diffractometer, and magnetically with a SQUID magnetom
ter. The obtained crystallographic and magnetic data w
found to be in accordance with literature.

Figure 1 demonstrates magnetization measurements
function of temperature for La12xCaxMnO3, x50.125, 0.33,
0.5, and La0.67Ba0.33MnO3. The inset presents resistivity v
6390 ©1999 The American Physical Society
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T measurements for the insulatingx50.125 and 0.5 systems
In all measurements, samples were initially cooled in nea
zero magnetic field and subsequently measured in a mag
field of 1000 G. The phase transition temperatures~given in
the text of Fig. 1! were obtained from the inflection points o
the M vs T curves. Special care was taken for the charac
ization of thex50.5 system because even a slight modific
tion of x or Mn41 content alters magnetization and resistiv
dramatically, due to proximity to the FM-AFM phas
boundary.13 In our x50.5 sample (Tc'225 K), the system
starts from a nonfully AFM state at low temperatures, atta
a magnetization maximum atT'200 K (TN'180 K) on
heating, and then it drops rapidly to the high-temperature
phase. On the opposite way~cooling!, magnetization ac-
cesses a maximum atT'160 K, where it starts dropping to
the nonfully AFM state (TN'140 K), falling finally to 35%
of the maximum value. The difference in the low
temperature magnetization and resistivity values betw
heating ~zero field cooling! and cooling~field cooling!, is
due to the strong dependence of the magnetic and ma
totransport properties on the magnetic and thermal histor
the sample. This effect has been examined systematical
La0.5Ca0.5MnO31d by Xiao et al.14 A further remarkable
point is the slight fall of the remnant magnetization
;100 K upon heating, which is absent on the reverse w
A similar effect in a field of 150 G is demonstrated in Re
14.

III. NMR RESULTS AND DISCUSSION

Zero external magnetic field NMR probes the local ma
netic environment of the resonating nuclei through the
perfine fieldBhf5(1/g\)A^S&, whereA and^S& are the hy-
perfine coupling constant and the average electronic s
respectively. According to this formula,55Mn NMR probes
the electron spin state of single Mn ions and therefore i
possible to resolve the different Mn charge states, i.e., lo

FIG. 1. Magnetization as a function of temperature
La12xCaxMnO3 , for x50.125 @Tc5160 K (^ )#, x50.33 @Tc

5265 K (s)#, x50.5 [Tc5225 K andTN5140 K on cooling,
(d)], and for La0.67Ba0.33MnO3 @Tc5340 K (L)#. The inset
presents resistivity vsT measurements forx50.125 ~dashed line!
andx50.5 ~solid line!. In all measurements samples were cooled
zero magnetic field and subsequently measured in a magnetic
of 1000 G. The phase transition temperatures were obtained
the inflection points of theM vs T curves.
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ized Mn31, Mn41 and intermediate FM valence states. O
the other hand,139La NMR (S50), which probes the aver
age spin state of the surrounding Mn octant through tra
ferred hyperfine interactions, is very sensitive to changes
the local Mn spin configuration. Symmetry arguments in
cate thatBhf(La) varies from zero value for collinearly AFM
ordered Mn octants, to a maximum value for collinearly F
ordered Mn octants.8 In the case of a canted AFM stat
Bhf(La) is partially cancelled and therefore the La NMR fr
quency is sufficiently lower than in the FM state. Recently
has been proposed thatBhf(La) arises indirectly viap type
overlapping between the Mnt2g , u3dxy&, u3dyz&, u3dzx&,
and the oxygenu2pp& wave functions, in conjunction withs
bonding of the oxygen with theusp3& hybrid states of the
La31 ion.6 In this picture 139La NMR signal frequency is
insensitive to the population of theeg state and reflects~i!
the t2g electron spin ordering of Mn octants,~ii ! possible
deformations of the Mn-O-Mn bonding, which alter the h
perfine coupling constantA.

The best NMR signal to noise ratio in zero external ma
netic field was obtained by using a 2ms-tau-2 ms spin-
echo technique and rf power level of the order ofH1
'0.1 G, due to the strong rf enhancement created by
oscillating ~at rf frequency! electron magnetic moments.15

For these experimental conditions both139La and 55Mn
NMR signals are shown to originate from domain walls16

Previous studies on La12xCaxMnO3 for x50.33 and 0.5 at
various rf levels, have shown that139La NMR signals from
domain walls~low rf power! have the same line shape an
frequency as signals from domains~high rf power!.6,16 On
the other hand,55Mn NMR signals of La0.67Ca0.33MnO3
from domains are found to be slightly shifted to lower fr
quencies in comparison to signals from domain walls, foT
,80 K.16 The origin of this shift has been attributed to di
ference in hole density between domains and domain wal
low temperatures.16

Figure 2~a! presents139La zero external field NMR spec
tra of La12xCaxMnOx for x50.125, 0.25, 0.33, 0.375, an
0.5 at 5 K. Forx50.125 the signal is very weak with

f

ld
m

FIG. 2. ~a! Zero external magnetic field139La NMR spectra of
La12xCaxMnO3 for x50.125, 0.25, 0.33, 0.375, and 0.50 atT
55 K. ~b! The 139La NMR peak frequencynp as a function ofx at
5 K, and the average Mn-O distanced^Mn-O& as a function ofx at
room temperature. A similard^Mn-O& vs x behavior is expected a
low temperatures~Ref. 3!. Data ford^Mn-O& were taken from Refs. 3
18, and 19.
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symmetric Gaussian line shape located atn'17.5 MHz. For
x>0.25 signals are strong and asymmetric, while shift
linearly to higher frequencies. The highest signal freque
is observed forx50.5. This is remarkable as this system
AFM at 5 K, soBhf(La) should be sufficiently lower than in
FM x50.25, 0.33, and 0.375 systems. The only possible
planation is that even forx50.5 the observed NMR signal i
produced in FM ordered regions. In such a case, si
Bhf(La) is insensitive to the population of theeg electron
states,17 the 139La NMR frequency increase may be sole
attributed to an increase of the hyperfine coupling cons
A. This assertion is supported by neutron scattering exp
ments in La12xCaxMnO3 ~Refs. 3,18,19! which show that
the average Mn-O distanced^Mn-O& decreases linearly withx
@Fig. 2~b!#, whereas the average^Mn-O-Mn& angle remains
almost invariant. The decrease ofd^Mn-O& increases the Mn-O
wave function overlapping and consequently increases
values ofA. Recently, Loucaet al.11 have shown that the
decrease ofd^Mn-O& as a function ofx at low temperatures is
due to the increase of the number of short^Mn-O& bonds per
Mn ion. This number varies fromN^Mn-O&'4 for x50.0
~completely JT distorted unit cell! to N^Mn-O&'6 for x
'0.35 ~completely undistorted unit cell!. However, accord-
ing to Fig. 2~b! the 139La NMR signal frequency increase
linearly up to x50.5, which may indicate the presence
local JT distortions beyondx50.35.

The dependence of the139La NMR frequency on the Mn-
O-Mn bond geometry is further shown in Fig. 3~a!, which
illustrates 139La NMR line shape measurements
La0.67(Ca12yBay)0.33MnO3, for y50.0, 0.25, 0.50, 0.75, an
1.0, at 5 K. All these systems are FM at 5 K and they have a
constant Mn41/Mn31 ratio. This minimizes the number o
parameters, which may influence the139La NMR signal.
XRD experiments at room temperature have shown that
^Mn-O-Mn& angle increases withy from 160° to 171°,
whereas within experimental error,d^Mn-O& remains constan
with value 1.96 Å .20 As a result, by Ba substitution th
structure comes closer to the ideal perovskite with less ti

FIG. 3. ~a! Zero external magnetic field139La NMR spectra of
La0.67(Ca12yBay)0.33MnO3 for y50.0, 0.25, 0.50, 0.75, and 1.0 a
T55 K. ~b! The 139La NMR peak frequencynp as a function ofy
at 5 K, and the averagêMn-O-Mn& angle as a function ofy at room
temperature. A similar̂ Mn-O-Mn& vs y behavior is expected a
low temperatures~Ref. 3!. Data for ^Mn-O-Mn& were taken from
Ref. 20.
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MnO6 octahedra. This is reflected in the139La NMR spectra
of Fig. 3, where it is shown that by increasingy spectra
become more symmetric while shifting linearly to higher fr
quency.

The above results imply that in both La12xCaxMnO3 and
La0.67(Ca12yBay)0.33MnO3, ~i! the observed139La NMR sig-
nals are produced in FM ordered regions,~ii ! the systematic
frequency increase withx, ~y! is due to decrease ofd^Mn-O&
~increase of^Mn-O-Mn&). This has the following conse
quence: In the tight-binding approximation the conducti
bandwidthW, and therefore theeg hole hoping integralt
}W, depends strongly on bothd^Mn-O& and ^Mn-O-Mn&
through the Mn 3d and the oxygen 2pp overlapping inte-
grals. This is formulated empirically asW}cosv/d^Mn-O&

3.5 ,3

where v5 1
2 (p2^Mn-O-Mn&). According to this formula

the 139La NMR frequency is proportional to hole mobility a
a local level.

It is thus reasonable to assume that the appearance
high frequency tail in the139La spectra of La12xCaxMnO3
for x>0.25, as shown in Fig. 2~a!, indicates the formation of
FM clusters with reduced JT distortions and enhanced h
mobility. For the FM and insulatingx50.125 no high fre-
quency tail is observed. By increasingx the high frequency
tail grows, which indicates that FM clusters with enhanc
hole mobility grow in size and number withx. In this picture
conductivity is established by a percolation transition. F
x50.5 the spectrum is symmetric and shifted at the posit
of the high frequency tail, which shows the presence of c
ductive FM islands imbibed into the insulating AFM matri
According to Kashin and Nagaev,21 for carrier concentration
x.xc54JAFM /JFM degenerate magnetic semiconducto
may split into regions with increased~FM! and decreased
~AFM! hole density. Apparently, this condition is fulfille
for x50.5.

Further evidence about the formation of pure FM regio
in the AFM phase of thex50.5 system is presented in Fig. 4
where the normalized139La NMR peak frequency of
La12xCaxMnO3 for x50.33, 0.5 and La0.67Ba0.33MnO3 is
plotted as a function ofT/Tc . For reasons of comparison th
~110! FM peak intensity vsT/Tc in La0.67Ca0.33MnO3 from

FIG. 4. The normalized 139La NMR peak frequency vs
T/Tc of La12xCaxMnO3 , x50.33 (s), 0.5 (d), and
La0.33Ba0.67MnO3 (L). For reasons of comparison the normaliz
neutron scattering ~110! FM peak intensity vs T/Tc of
La0.67Ca0.33MnO3 ( ^ ) from Ref. 18 is also presented. Solid line
are guides to the eye.
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Ref. 18, measured by neutron scattering, is also presente
is observed that in all three samples the139La NMR fre-
quency curves coincide, whereas they deviate consider
from the neutron scattering curve. This deviation is due
the fact that neutron scattering measures directly^S&,
whereas139La NMR depends heavily on structural param
eters, which vary considerably by increasing temperatur11

Another notable property of La0.5Ca0.5MnO3 is that the sig-
nal frequency varies continuously with temperature acr
the AFM-to-FM phase transition temperature, despite
large abrupt change of thea,b,c, lattice constants atTN .19

This is probably related with the fact that lattice consta
change in such a way that the unit cell volume var
smoothly with temperature acrossTN .19 Similar behavior is
exhibited by La0.67Ba0.33MnO3. This system undergoes

Imma→R3̄c first order structural phase transition, betwe
150 and 200 K.22 Also in this case the unit cell volume varie
smoothly across the phase transition temperature.22

The dependence of the139La signal frequency on Mn-
O-Mn bonding might explain the temperature dependenc
the 139La NMR line shapes of La0.5Ca0.5MnO3 in Ref. 6. In
that work, the139La NMR signal atT'100 K is shown to
consist of two strongly overlapping components, whereas
increasing temperature the high frequency component
creases rapidly. According to our present results, this m
indicate the formation of JT distorted~and therefore less con
ductive! FM regions at elevated temperatures. This is
agreement with the observations of Loucaet al.,11 who dem-
onstrated that the number of short^Mn-O& bonds per Mn ion
decreases by increasing temperature. A further observatio
Ref. 6 is that similarly to the magnetization measureme
the 139La NMR signal intensity in La0.5Ca0.5MnO3 decreases
rapidly below 170 K upon cooling. In the framework of th
mixed FM/AFM phase the decrease of the signal inten
is explainable as an indication of the formation of AFM r
gions with nonresonating La nuclei. In case of formation o
uniform canted AFM state, one should rather expect a
quency shift to lower frequencies than a signal intensity
crease.

Additional information about spin ordering i
La12xCaxMnO3 was obtained with the help of55Mn NMR
line shape measurements atT59 K, as shown in Fig. 5.
Similarly to previous 55Mn results the spectrum forx
50.125 consists of two edge peaks atn1'325 MHz and
n2'420 MHz, which according to the literature are a
signed to localized AFM Mn41 and Mn31, respectively,23,24

and a very broad central peak corresponding to intermed
Mn valence states. Forx50.25 then1,2 peaks reduce drasti
cally ~only a very tinyn1 signal was observed!, whereas a
doubly peaked line centered atn'390 MHz dominates the
spectrum. This line corresponds to the FM metallic pha
where fast electron transfer between Mn31 and Mn41 ions
gives a time-averaged hyperfine field. Forx50.33, 0.375,
and 0.5, only the central FM peak is observed. The obse
tion of a double FM peak instead of a single motional n
rowed one has been recently explained to originate from h
density variations across domain walls.16 According to this
model, holes are energetically favored to concentrate in
domains~a tendency balanced by Coulomb forces!, thus cre-
ating a spatial variation ofBhf(Mn) across domain walls. In
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view of this fact, the low frequency FM peak is explained
originate from Mn nuclei located at the domain-domain w
interface, whereas the high frequency FM peak origina
from the central region of domain walls. By increasing te
perature the hole density variation is smoothed out an
single peaked FM line is observed.16 This effect might con-
tribute to electron scattering at low temperatures.

It is noteworthy that in case ofx50.5 a FM signal is
observed in accordance with the139La NMR results. This
supports our argument about the presence of FM island
an AFM matrix for x50.5. Another interesting point is th
complete absence of then1,2 peaks from thex50.5 system,
at least for the low rf power applied. According to neutro
scattering experiments in La0.5Ca0.5MnO3 the low-
temperature AFM electron spin configuration~known in the
literature as CE! consists of two magnetic sublattices wi
independent propagation vectors, which result from cha
ordering between successive Mn31 and Mn41 ions.5 There-
fore, the absence of then1,2 peaks from the55Mn spectrum
of the x50.5 system puts into question the generally a
cepted assignment of these two peaks to localized A
Mn41,31 states, similar to those observed with electron m
croscopy in thex50.5 system.25 On the other hand,55Mn
NMR measurements in other systems with Mn41 at octahe-
dral sites, such as polycrystalline Fe-Mn-Ni oxide,26 exhibit
a Mn41 NMR frequency at'325 MHz. These findings, in
conjunction with the magnetization and resistivity resu
shown in Fig. 1, indicate that bothn1,2 peaks are produced in
insulating FM regions. Most probably, less mobile holes
amenable to localization effects due to impurity pinning
electron-lattice interactions, producing small FM cluste
such as the Mn31-Mn41-Mn31 polaronic clusters propose
by Zhouet al.12 In such a case then1,2 signals correspond to
localized FM Mn41,31 states. By increasingx conductive
FM regions of undistorted Mn octahedra are created in
pense of the JT distorted regions.

In summary, 139La and 55Mn NMR measurements in
La12xCaxMnO3 at low temperatures lead to the followin
conclusions.~i! At low x values polaronic lattice distortion
dominate magnetotransport properties.~ii ! By increasingx

FIG. 5. Zero external magnetic field55Mn NMR spectra of
La12xCaxMnO3 for x50.125, 0.25, 0.33, 0.375, and 0.5 atT
59 K. The left part of thex50.25 spectrum is magnified by
factor of 20. Spectra were obtained at very low rf level,;0.1 G,
which is characteristic of FM signals.
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FM undistorted clusters with extended hole states star
appear, and metallicity is established by a percolation tra
tion of these undistorted clusters.~iii ! For x'0.5 it is ener-
getically favorable for the system to break into FM and AF
regions.
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Note added in proof: Recently, two very interesting work
appeared@Joonghoe Dhoet al., Phys. Rev. B59, 492~1999!;
K. Kumagxi et al., Phys. Rev. B59, 97 ~1999!#, concerning
139La NMR in La12xCaxMnO3, which are in good agreemen
with the results presented in this work.
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