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Indications of phase separation in polycrystalline La1ÀxSrxMnO3 for xÉ0.5
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We present systematic studies of polycrystalline La12xSrxMnO3 wherex is varied from 0.46 to 0.53 at 0.01
intervals. We have measured the magnetic resonance, ac susceptibility, dc magnetization, x-ray diffraction,
four-probe resistivity, and optical reflectivity. The data seem to indicate that, at lowT, the materials are
intimate mixtures of ferromagnetic and antiferromagnetic microregions. Forx.0.48 we observe anomalies
pointing toward charge ordering on loweringT. An effective-medium theory is presented, and an appropriate
phase diagram is proposed.
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I. INTRODUCTION

It is generally recognized that the manganit
R12xAxMnO3, whereR is a rare earth such as La, Nd, et
andA an alkaline earth like Sr, Ba, or Ca, exhibit a very ri
phase diagram because of subtle competition among inte
tions involving spin, lattice, and charge degrees of freedo
All the energy scales appear to be comparable so that mo
variations in the dopant concentration, preparation meth
local chemistry, cation deficiency, etc., can cause profo
changes in~i! the magnetic state—ferromagnetic~FM!, anti-
ferromagnetic~AFM!, canted FM, canted AFM;~ii ! the
transport properties: dirty metal, insulator, semiconduc
polaron hopping; and~iii ! the structural characteristics: Jah
Teller-induced strains, orthorhombic to rhombohedral tra
formations. They also exhibit a remarkable sensitivity
magnetic fields—colossal magnetoresistance, fie
dependent structural phase transitions, and the like. No b
summary can provide an accurate description of all the
servations. A recent review is due to Coeyet al.1

In some sense, the La12xSrxMnO3 (0.3,x,0.5) system
is among the simplest. The resistivityr is metal-like,
(dr/dT).0 and r,1 mV cm, over wide ranges of tem
peratureT and exhibits a modest drop whenT is lowered
through the ordering temperatureTC .2 Although the theories
are not completely satisfactory, the conventional wisdom
that theeg bandwidth is quite large so that the kinetic ener
or equivalently double exchange wins out. The phase
gram, using single-crystal samples, has been establishe
some time.

However, it must be noted ferromagnetic resonan
~FMR! studies3,4 indicate that most samples~including single
crystals! are magnetically inhomogeneous. Also, optical
measurements5 show unexpected sensitivity to surface prep
ration for presumably the same material. Further system
studies are needed.

To be precise, materials withx close to 0.5, which are the
PRB 620163-1829/2000/62~14!/9548~7!/$15.00
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focus of the present study, have been found to show mar
differences depending on the crystalline state. Using sin
crystals, Moritomoet al.6 found that forx'0.5, the high-
temperature paramagnetic~PM! metal becomes a FM meta
but with a somewhat suppressed magnetic moment~see be-
low!. Furthermore, AFM behavior appeared only whenx
>0.54. However, Fujishiroet al.,7 using polycrystalline
samples, reported that La12xSrxMnO3 with x50.48, 0.50,
and 0.52, exhibit resistivity and acoustic anomalies usu
attributed to onset of charge ordering~CO!. In the present
work, it was decided to make a thorough study of polycry
talline La12xSrxMnO3, nearx50.5, by varying the Sr con-
tent from 0.46 to 0.53 at 0.01 intervals. Accordingly, w
have measured the ferromagnetic resonance~FMR!, ac sus-
ceptibility, dc magnetization, electrical resistance in ze
field and with an applied field of 85 kOe, x-ray diffraction
inductively coupled plasma analysis, and circularly polariz
light reflectivity.

It turns out that the observed properties are remarka
sensitive tox. For instance, whereasx50.46 and 0.47 are
FM down to the lowestT, 0.48 exhibits a Ne´el temperature
TN of '100 K. In addition, we report several interestin
findings: ~i! as in Ref. 6 the FM-state magnetization is we
below that corresponding to full alignment of the spins a
drops rapidly with increasingx; ~ii ! a proper understanding
of the field for FMR requires spin-wave-like contribution
pointing to the existence of FM clusters in an AF
background;8 ~iii ! although there is no activated regime, th
resistivity r shows a CO-like step, which is sensitive to a
plied magnetic fields;~iv! over wide ranges of temperature,r
varies linearly withT. It seems reasonable to propose th
this be understood in terms of an effective medium theory
which, on loweringT, an increasing fraction of the samp
goes into an insulating~presumably CO! phase;~v! for x
.0.48, the optical conductivity becomes anisotropic asT is
lowered through the regime whereR shows a step, a possibl
indicator of onset of CO in some grains. Although ma
9548 ©2000 The American Physical Society
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details can only be settled after considerable further stud
is important to note that these observations already pro
ample evidence that in the neighborhood ofx'0.5, not only
other manganites but also polycrystalline La12xSrxMnO3 is
unstable against fluctuations so that instead of having a
form and homogeneous magnetic ground state, the loT
phase is an intimate mixture of FM, AFM, and perhaps C
regions in the grains of the ceramic sample. Prelimin
FMR measurements on a single crystal of La0.5Sr0.5MnO3
show indications of magnetic fractionation@as in~ii ! above#.
Full details will be reported elsewhere. A possible expla
tion for the differences between single crystals and ceram
is the presence of large strains in the lattice of the micr
size grains.

II. METHODS

Polycrystalline samples of La12xSrxMnO3 were prepared
via the standard solid-state reaction route starting from h
purity (.99.99%) La2O3, SrCO3, and Mn3O4. The powders
were mixed, finely ground, and sintered at 900 °C for 20
The grinding and sintering steps were repeated at 1000
for 20 h, 1100 °C for 20 h, and 1160 °C for 40 h. Afte
pelletization, the final sintering was carried out at 1400
for 40 h, respectively. Increasing this time to 120 h enhan
the sample density for Sr0.51 by'10% but did not affect
the transition temperatures discussed below. Typical g
size is 3 –5 mm.

Immediately after the sample was prepared, x-ray diffr
tometry was done to establish that it was single phase, a
5% level. The following properties have been measured o
wide temperature intervals:~a! low-field ('8 Oe) ac sus-
ceptibility xac; ~b! ferromagnetic resonance;~c! self-field
~demagnetizing field! at the sample surface using an electr
paramagnetic resonance probe;~d! dc magnetization using
superconducting quantum interference device magnetom
at fields up to 50 kOe; and~e! four-probe electrical resistanc
in zero field and an applied field of 85 kOe, parallel to t
current direction. Further, using a narrowly focused (' few
mm2) beam, the reflection of circularly polarized light, fro
a single grains of the ceramic sample, was measured f
room temperature down to 77 K. The degree of ellipticity
the reflected light provides a straightforward measure of
anisotropy in the optical conductivity. Such measureme
have been used previously to mark the onset of CO in m
ganite samples.9–12

Inductively coupled plasma analysis, titration, and mo
detailed x-ray studies of some of the samples, reveal La
ficiencies of a few percent and unreacted material at<1%
level. However, the relative Sr concentrations are quite r
able. Thus, for the present discussion, we choose to labe
samples by their nominal Sr content; i.e., La12xSrxMnO3 is
designated as Srx.

III. RESULTS AND DISCUSSION

We begin by cataloging all the experimental findings a
at the end propose a phase diagram and a qualitative pic
to account for the variety of behaviors consequent on va
tion of x, applied field, and temperature.
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A. ac susceptibility

Since the output of the locally built susceptometer d
pends on sample size and shape, we have normalized
data to the maximal value in each case and displayed
temperature dependence in Fig. 1. The PM-FM transition
marked by a sharp increase inxac asT is lowered. The tran-
sitions are not particularly sharp and get less so with incre
ing x. As shown,TC is obtained by extrapolating the regio
of sharp rise ofxac. In the Sr0.46 and Sr0.47 samplesxac
reduces somewhat asT is lowered. This is as expected for
FM because the increasing magnetization forces the sam
to adopt a domain structure with ever smaller domain siz
However, forx>0.48, xac shows a sharp drop at lowT, and
this is interpreted as delineating the onset of antiferrom
netism. Again,TN is located by extrapolating thexac vs. T
curve. In addition, it is notable thatxac exhibits a broad dip
~see regionab for the Sr0.48 curve! in the sameT interval
where the resistivity has a step and the optical conducti
becomes anisotropic.

B. Electron-spin resonance

The electron-spin resonance was studied at bothT.TC
~electron paramagnetic resonance, EPR! and T,TC ~ferro-
magnetic resonance, FMR! at several frequencies between
and 34 GHz. Apart from noting that the EPR givesg'2 in
every case, here we will discuss only the FMR data.~i! The
FMR lines are quite wide, and in some cases there are
eral lines present. Even in Sr0.46 and Sr0.47 one can
follow the signal at temperatures below aboutTC2100 K as
the linewidth becomes several kOe. As before,3,4 this is a
clear indication of the magnetic inhomogeneity which
tends nearly all manganite samples.~ii ! The room-
temperature 10.45 GHz spectrum observed in a parallel
ped (23339 mm with H parallel to the long axis! of
Sr0.46 is shown in Fig. 2. The data were taken using an F
microscope13 so that only'1 mm2 of one broad face was
exposed to microwaves. As expected for a thick conduc
one observes a ferromagnetic antiresonance~FMAR, where

FIG. 1. Low-field normalized ac susceptibility vs temperatu
With increasingx, TC drops andTN increases. Theab region~dot-
ted! delineates the temperature interval of the resistive anomaly
to CO.
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9550 PRB 62S. I. PATIL et al.
the dynamic permeability vanishes! at about 1.1 kOe and a
FMR at about 2.4 kOe. The half width is'1 kOe. The two
sharp lines nearg'2 come from PM markers~2,2-Diphenyl-
1-Picrylhydrazyl, DPPH!, one of which is located on the
sample surface and the other about 2 cm away. Their fi
separation is a direct measure of the demagnetizing fieldHd
('100 Oe in Fig. 2!. For a disk-shaped sample the FMA
field is given by HFMAR5(v/g24pM ) where M is the
magnetization. Takingg52 and Hd into account one gets
4pM52.7 kOe, well in accord with the dc data at a com
parable applied field. These values, however, will not
count for the observed FMR fieldHFMR. The shortfall of
'250 Oe may be explained if the FMR equation has a s
wave contribution; i.e., there is an exchange field (Dq2/g\)
whereD is the spin-wave stiffness andg the gyromagnetic
ratio, augmenting the applied field, yielding

S v

g D 2

5S HFMR1
Dq2

g\ D S HFMR1
Dq2

gh
14pM D . ~1!

Using D5100 meV Å2, which is typical for a manganite
one would conclude that the effective wavelengths are ab
1200 Å. If so, the 10-GHz FMR data help to define a d
ferent length in these compounds; i.e., the FM regions
about 600 Å in extent. At 294 K, the effective exchan
field reduces rapidly as one goes from Sr0.46 to Sr0.48. T
is as expected becauseD should reduce as one gets close
TC . In any case, the 10-GHz FMR measurements seem t
revealing the length scale of the magnetic inhomogeneit
be a few hundred Å, much smaller than the typical grain s
of '3 –5 microns. It is instructive to mention that at 34 GH
there is a smaller discrepancy if the parameters derived f
HFMAR are used to calculateHFMR. Presumably, the large
applied dc fields ('10 kOe) needed for resonance at
GHz are helping to enhance the size of the FM regio
thereby suppressing the exchange contributions.

As noted above, by measuring the field separation
tween two EPR lines from the DPPH markers~inset, Fig. 2!,
one can access the effective demagnetizing field and c
pare it with that expected from a uniformly magnetized F
parallelepiped. In the FM region the observed and calcula
Hd values are in very good agreement. The surprise is
even at lowT, when one is well inside the AFM region,Hd
appears to be due to a uniformly magnetized FM sam

FIG. 2. Spin-resonance spectrum indicating FMAR and FM
The sharp lines~see inset! nearg52 represent PM markers used
measure the local field~see text, Fig. 6!.
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~Fig. 3!. That is, the FM component appears to pervade
entire volume of the sample. Admittedly, dipole fields a
long range, but if the sample were divided into well sep
rated FM and AFM regions,Hd would no longer be given by
the simple parallelepiped formula. The material is indeed
intimate mixture of FM and AFM microdomains. The FM
data thus suggest that polycrystalline La12xSrxMnO3 with
x'0.5 is rather similar to La0.5Ca0.5MnO3 where high-
resolution lattice images by Moriet al.14 and nuclear mag-
netic resonance studies by Allodiet al.15 have been used to
reveal such coexisting magnetic phases at lowT.

The results are similar to what others have found in
La-Ca ~Refs. 16 and 17! and Nd-Sr~Ref. 18! systems and
could be used to support the phase-separation scenario
Moreo et al.19 They also lend credence to the mixed FM
AFM models proposed by Nagaev.20

C. dc magnetization

Figure 4 shows the temperature dependence of the
magnetizationM in a field of 10 kOe for a few representativ
cases. It is notable that~i! Sr0.46 and Sr0.47~not shown!
remain FM down to the lowestT; ~ii ! Sr0.46 has the highes
zero-Kelvin magnetization, which corresponds to 2.5mB per
Mn ion, which is much smaller than the 3.5mB expected
from complete alignment. As noted above, single-crys
specimens show a similar deficiency.6 There are two possi-
bilities for this short fall—all the Mn ions do not participat
in the ferromagnetism, rather some of them have antife
magnetic~AFM! coupling, or there is spin canting. It is fe
that the former is the more likely scenario, because~iii ! the
magnetizations of Sr0.48–Sr0.53 all show a sharp declin
low T, symptomatic of the onset of predominantly AFM
alignment.~iv! At low T, however, there is still a sizabl
nonzero magnetization indicating that well belowTN , there
is a considerable FM component in the material.~v! At
'50 K, there is a small jog in theM vs T curve. This is the
same temperature at which theT dependence ofr changes
slope~cf. Fig. 5!. The magnetization data again support t
mixed FM-AFM phase picture implied by the resonan
measurements.

.

FIG. 3. Demagnetizing field at sample surface. The lo
temperature behavior shows that the FM moment is spread
formly throughout the sample.
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D. Electrical transport

The operational magnitude of the electrical resistivity w
obtained from the measured resistance by assuming tha
current distribution is uniform. The results are shown in F
5 and are best summarized as follows:~i! for Sr0.46–0.50,
Dr/DT is positive in the PM region, the resistivity is meta
lic; ~ii ! at higherx, Dr/DT is negative at highT as well;~iii !
for Sr0.46–0.50,r exhibits the expected drop accompanyi
the onset of ferromagnetism in the manganites~see inset in
Fig. 5 for Sr0.50!; ~iv! for Sr0.48–Sr0.53,r shows a step on
reducingT. The sharpness of the step is well delineated
the derivative curve in the inset of Fig. 5. This transiti
region is nearly 40 K wide in Sr0.48 but becomes consid
ably narrower ('10 K) in Sr0.53. It coincides roughly with
the region of thexac anomaly (ab) in Fig. 1. As we shall see
the optical reflectivity measurements indicate the onset o
anisotropy in the conductivity at a comparable temperatu
This leads us to propose that the step is related to the app

FIG. 4. dc magnetization in 10-kOe field. In the FM region, t
maximal moment is 2.3mB compared to 3.5mB expected for full
alignment. Note that the magnetization is nonzero even forT well
below TN .

FIG. 5. Zero-field resistivity vsT. For x>0.48, the step inr
suggests the onset of CO, yet the low-T state is not truly insulating.
The inset showsDr/DT is constant@Eq. ~2!# for T,TCO.
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y
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ance of CO in some grains of the sample. Hence the la
TCO in the inset of Fig. 5.~v! However, at lowerT, r fails to
rise exponentially as would be expected if the CO state p
vailed everywhere. Rather,r exhibits a linear rise with re-
ducingT. In Sr0.46 and Sr0.47,r can be described by writ
ing, roughly,

r5r0F12
T

~320650!KG ~2!

with T,70 K andr0'2 –5 mV cm. The slight increase in
r below 70 K is most likely caused by the magnetic fractio
ation, i.e., progressive breakdown of the homogeneous
phase. On the other hand, for Sr0.48–Sr0.53 the low-T varia-
tion is more marked and follows

r5r0F12
T

~290640!KG for 50 K,T<TCO ~3a!

and

r5r08F12
T

~160610!KG for T,50 K. ~3b!

Below, an attempt will be made to account for Eqs.~3a! and
~3b! in terms of an effective medium theory.~vi! The 4-K
value ofr is not monotonic inx. It has its largest value for
Sr0.51. However, it reaches only 25 mV cm, which is or-
ders of magnitude smaller than what would be obtained
charge ordering of all the (Mn31,Mn41) pairs.

Figure 6 shows the temperature dependence of the e
tive resistivity in the presence of a longitudinal field of 8
kOe. The data shown are for the field-cooled state. Howe
there is only a slight thermal hysteresis in the region of
resistive anomaly. We note that~i! the low T rise in r for
Sr0.46 and Sr0.47 is largely suppressed,Dr/DT is weakly
positive at allT; the field promotes FM alignment every
where;~ii ! the transport anomaly in Sr0.48 has been driv
to T,4 K; ~iii ! in every case the temperature of the onset
the anomaly shifts down with applied field, but the shift r
duces from 150 K for Sr0.48 to'20 K for Sr0.53.~iv! For
Sr0.49–Sr0.52 the slope of the low-T linear rise is rather

FIG. 6. Resistivity in 85 kOe. All the CO anomalies are shift
to lower temperature~cf. Fig. 5!
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insensitive toH. ~v! r08(85 kOe) is highest for Sr0.51.~vi!
The largest MR$5@r(85 kOe)2r(0)#/r(0)% value is 70%
at 25 K for Sr0.48.

E. Reflectivity

Further evidence for the existence of a ‘‘charge ordere
phase in the material is provided by optical measurement
facets of single grains of the sintered pellets. For tw
dimensional charge ordering such as has been observe
other CMR alloys the optical conductivity becom
anisotropic.9–12 Therefore the reflectance differs for light po
larized parallel and perpendicular to the planes. To ob
information from an individual grain of the sintered samp
circularly polarized light (l51.55 mm) from an InGaAs
diode laser was focused onto the sample by means of a
croscope objective~N.A. 5 0.55! which gave a spot size o
'1.2 mm. The 1.55-mm radiation was chosen because t
optical anisotropy of Pr12xCaxMnO3 (x50.4) and
Bi12xCaxMnO3 (x.0.5) was reported to be larger in th
infrared.9–12 The reflected light was collected through th
same microscope objective and passed through an ana
to measure the ellipticity of the reflected light. In what fo
lows, the anisotropy of the signalA5(I M2I m)/(I M1I m)
where I M (I m) is the maximum~minimum! intensity mea-
sured at the detector when rotating the analyzer. With
definition circular polarized light would have an anisotro
of zero and linear polarized light would have an anisotro
of one.

Figure 7 shows a typical data set for Sr0.53 and Sr
where the anisotropyA is graphed as a function of temper
ture. At low temperatures the ellipticity of the reflected lig

FIG. 7. Temperature dependence of the optical anisotropy
Sr0.53 and Sr0.50. Note the onset of the anisotropy coincides
the temperature for which the resistivity has an abrupt increase.
inset shows the experimental setup.
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from some of the facets has increased where the cross
temperature is the ‘‘charge ordering temperature.’’ The on
of anisotropy for the Sr0.53 sample occurs at 230 and 19
for the Sr0.5 sample. These temperatures agree well with
‘‘charge ordering’’ critical temperature measured by t
jump in the resistivity. The Sr0.46 grains do not exhibit a
measurable change in the optical anisotropy at any temp
ture between 20 and 280 K, consistent with the resistiv
and magnetization data. That only some facets show the
fect is consistent with charge ordering in a particular plane
which case only two-thirds of the facets should by optica
anisotropic.

It was found that the optical anisotropy effect had mo
complex behavior for larger grains (.30 mm). This obser-
vation is interpreted in terms of the presence of domains w
different ‘‘charge ordering planes’’ in the larger crystallite

F. Effective-medium picture

Both the optical and transport data yield results similar
those consequent on charge ordering. Indeed, charge ord
materials invariably display optical anistropy, whose ons
in the present samples coincides with the resistive anom
Further evidence comes from the shift in the step tempe
ture on application of a field. Recall that similar shifts a
observed in CO transitions in other manganites. However
noted above, the present system is never truly an insula
Thus one cannot call this a case of uniform charge order
In order to reconcile all the observations, it seems reason
to propose that belowTCO the sample is an intimate mixtur
of CO ~essentially insulating! and conducting regions with
the fraction of the former increasing asT is reduced. Such
models have been considered before by Kimet al.21 and
Chunet al.22

Let us consider a simple effective-medium approach.
a two-component system, one writes23

f
s12s

eff

s112seff
1~12 f !

s22s
eff

s212seff
50, ~4!

where f is the volume fraction of component 1,s1 and s2
the conductivity of the first and second component, resp

r
th
he

FIG. 8. Calculated ‘‘charge ordering’’ fraction as ascertain
from Eq. ~5!.
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PRB 62 9553INDICATIONS OF PHASE SEPARATION IN . . .
tively, andseff the effective conductivity of the mixture. Fo
simplicity let us assume that the conducting regions hav
temperature-independent resistivityr0, as seems to be nearl
the case for Sr0.46 and Sr0.47. Additionally, let us supp
that the charge carriers in the CO regions are comple
localized; i.e., their conductivity is 0. For this particular tw
component system, one finds that the fraction of CO is

f 5
r2r0

3r
. ~5!

This is shown in Fig. 8 for Sr0.48.
Thus the magnetic and transport data suggest thatx

comes close to 0.5, first there is magnetic fragmentation~in
0.46–0.47! where a predominantly FM phase gives way
some AFM inclusions, next the AFM becomes more p
dominant, CO makes its appearance and causes a stepr
and more marked rise inr at low T.

FIG. 9. Proposed phase diagram of La12xSrxMnO3 showing co-
existence of FM, AFM, and CO phases. I stands for insulator an
for metal. The capital letters indicate the predominant phase w
the lowercase letters are for the minority phase.
a

e
ly

-
n

IV. PHASE DIAGRAM AND CONCLUSIONS

We propose for polycrystalline La12xSrxMnO3 for x
'0.5 the phase diagram shown in Fig. 9. AtTC there is an
onset of FM ordering, but the FM state does not encomp
every spin. Rather, there is a significant fraction of antif
romagnetically coupled spins present. That is, forTC.T
.TCO the system is composed of FM and AFM regions.
TCO, charge ordering occurs in some parts of the sample,
resistivity jumps, but once again, the CO does not involve
the (Mn31,Mn41) pairs. ForTCO.T.TN , FM, AFM, and
CO all exist side by side. AtTN , antiferromagnetism begin
to take over, but the FM fraction does not vanish even at 4
To summarize, belowTC we have FM and AFM correlations
coexisting with the FM predominant; belowTCO the state is
an intimate mixture of FM, AFM, and CO phases with pr
dominant FM couplings; and finally belowTN , AFM, FM,
and CO coexist but in a predominantly AFM material.

In attempting to reconcile the properties and phase d
gram of La12xSrxMnO3 for x'0.5 for single crystals with
those observed here, one should note the following. First
far as the low-T magnetic state is concerned, it appears t
there are quantitative rather than qualitative discrepancies
both cases the FM magnetization is well below that expec
of full alignment. As before FMR data continue to point
magnetic inhomogeneities. However, the present meas
ments demonstrate that one can get a handle on the sta
inhomogeneity. Studies on other manganites are underwa
check if similar estimates can be made. Second, when
come to the transport anomalies, it has to be noted that
grains in the sintered material are quite heavily strained
cursory glance at the lines in the x-ray-diffraction patte
shows widths of greater than 0.5° rather than the 0.1° fo
for single crystals. This will almost certainly lower the sym
metry and may promote a CO state in some of the wo
affected grains.24
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