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The short-range-ordered magnetic correlations have been studied in half-doped La0.5Ca0.5−xSrxMnO3

�x=0.1, 0.3, and 0.4� compounds by polarized neutron scattering technique. On doping Sr2+ for Ca2+ ion, these
compounds with x=0.1, 0.3, and 0.4 exhibit CE-type, mixture of CE-type and A-type, and A-type antiferro-
magnetic ordering, respectively. Magnetic diffuse scattering is observed in all the compounds above and below
their respective magnetic ordering temperatures and is attributed to magnetic polarons. The correlations are
primarily ferromagnetic in nature above TN, although a small antiferromagnetic contribution is also evident.
Additionally, in samples x=0.1 and 0.3 with CE-type antiferromagnetic ordering, superlattice diffuse reflec-
tions are observed indicating correlations between magnetic polarons. On lowering temperature below TN, the
diffuse scattering corresponding to ferromagnetic correlations is suppressed and the long-range-ordered anti-
ferromagnetic state is established. However, the short-range-ordered correlations indicated by enhanced spin-
flip scattering at low Q coexist with long-range-ordered state down to 3 K. In x=0.4 sample with A-type
antiferromagnetic ordering, superlattice diffuse reflections are absent. Additionally, in comparison to x=0.1 and
0.3 sample, the enhanced spin-flip scattering at low Q is reduced at 310 K, and as temperature is reduced below
200 K, it becomes negligibly low. The variation in radial correlation function, g�r� with temperature indicates
rapid suppression of ferromagnetic correlations at the first nearest neighbor on approaching TN. Sample x
=0.4 exhibits growth of ferromagnetic phase at intermediate temperatures ��200 K�. This has been further
explored using small-angle neutron scattering and neutron depolarization techniques.
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I. INTRODUCTION

The complex interplay between charge, spin, orbital, and
lattice degree of freedom is responsible for the rich phase
diagram in doped perovskite La1−xCaxMnO3 manganites.1,2

Neutron scattering studies in doping regime 0.15�x�0.30
have shown that the transport properties of these materials
are controlled by the competition between short-range charge
correlations and long-range ferromagnetic double exchange
interactions.3,4 Theoretical understanding enunciates that
double exchange interaction alone is insufficient and strong
electron-phonon coupling is also required. Origin of this cou-
pling is proposed to be due to lattice polarons and dynamic
Jahn-Teller distortions.5–8 Neutron and x-ray scattering ex-
periments are directly sensitive to both polarons and their
correlations and therefore, they make an important contribu-
tion to studies of polarons.

In manganites, strong electron-phonon coupling results in
the formation of localized charge carriers associated with
lattice distortions �polarons� in the paramagnetic insulating
regime. Early evidence of polarons has been obtained from
transport studies.9,10 For La0.7Ca0.3MnO3, these polarons take
the form of correlations with an ordering of wave vector
�� 1

4 , 1
4 ,0�.11 This type of ordering becomes long range at

half doping, having CE-type �charge exchange� antiferro-
magnetic, charge, and orbitally ordered state with equal num-
ber of Mn3+ and Mn4+ ions.12,13 In compounds with x�

1
2 , the

CE-type antiferromagnetic structure is frustrated and is ob-
served in the insulating state of manganite in the form of
nanoscale structural correlations.4,14–16 The onset of ferro-

magnetism below TC ��257 K�, leads to melting of these
CE-type correlations observed in the insulating regime just
above TC. As a result, no diffuse scattering is observed far
below TC.4,15–19 Previous x-ray and neutron scattering study
on half-doped perovskite manganite �Nd0.125Sm0.875�
0.52Sr0.48MnO3 and the layered manganite La1.2Sr1.8Mn2O7
also revealed a direct evidence for the formation of lattice
polarons.20,21 Mellergård et al. have reported the absence of
local lattice distortions �lattice polarons� below TC for
La1−xSrxMnO3 �x=0.2 and 0.4� compounds using neutron
diffraction and reverse Monte Carlo analysis.22 They linked
the observed distortions above TC with Mn4+ ion, which is
different from the Jahn-Teller type associated with the Mn3+

ion. Also, the magnetic-moment pair-correlation function
calculation gives evidence for short-range magnetic correla-
tions �magnetic polarons�. These magnetic polarons are cor-
related with the local lattice distortions �lattice polarons�.
The ferromagnetic correlation is associated with shorter
Mn-Mn distances and antiferromagnetic correlation with the
longer distance.

In this paper, we study the short-range magnetic correla-
tions in La0.5Ca0.5−xSrxMnO3 �x=0.1, 0.3, and 0.4� series
above and below the magnetic ordering temperature by po-
larized neutron scattering technique. In the parent compound
�x=0�, as a result of 1:1 ratio of Mn3+ and Mn4+ ions, the
charge and orbitally ordered CE-type state is found to be
most stable. It exhibits ferromagnetic transition at TC
�230 K and a charge and orbitally ordered antiferromag-
netic insulating transition at TN�170 K.23 In the previously
reported neutron-diffraction study using unpolarized neu-
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trons on La0.5Ca0.5−xSrxMnO3 �0.1�x�0.5� compounds, we
have shown the suppression of CE-type antiferromagnetic
phase with progressive increase in Sr doping and establish-
ment of ferromagnetic phase.24 The CE-type antiferromag-
netic phase is observed for x=0.1, 0.2, and 0.3 samples with
antiferromagnetic transition temperatures 150 K, 100 K, and
75 K, respectively. At x=0.4, the CE-type antiferromagnetic
structure is fully suppressed and A-type antiferromagnetic
phase is observed with the transition temperature TN
�200 K. For x=0.5 sample, the A-type antiferromagnetic
transition temperature is reduced to 125 K and the long-
range ferromagnetically ordered phase is established at all
temperatures below 310 K. Using polarization analysis tech-
niques, we are able to separate the magnetic diffuse scatter-
ing from other contributions such as nuclear and thermal
diffuse scattering. As a result, we provide a clear evidence
for the presence of magnetic diffuse scattering coexisting
with long-range-ordered CE-type and A-type antiferromag-
netic phase. Additionally, small-angle neutron scattering
�SANS� and neutron depolarization measurements have been
carried out for sample x=0.4 which exhibits ferromagnetic
phase in the intermediate temperature regime.

II. EXPERIMENT

The polycrystalline samples La0.5Ca0.5−xSrxMnO3 �x=0.1,
0.3, and 0.4� were synthesized by conventional solid-state
reaction method reported elsewhere. The phase purity of all
the samples is confirmed by x-ray and neutron-diffraction
techniques reported previously.24 Polarized neutron-
diffraction ��=4.74 Å� measurements in the angular range
20° �2��125° were carried out on the diffuse neutron scat-
tering spectrometer at FRM-II reactor, at several tempera-
tures between 3 and 310 K. Normal collimators and Beryl-
lium filter for removing � /2 contamination were used in the
course of the experiment. We have carried out xyz polariza-
tion analyses to separate the magnetic scattering from
nuclear and spin incoherent scattering. SANS measurements
��=10 Å� as a function of temperature �20�T�300 K� in
zero magnetic field for Q range between 10−3 and 0.30 Å−1

was carried out on SANS instrument �KWS-2� at FRM II
reactor. The position-sensitive �two-dimensional �2D��
Anger-type scintillation detector �60�60 cm2 6Li glass
scintillator 1-mm-thick and an array of 8�8 photomultipli-
ers� with a resolution of 0.5�0.5 cm2 were used to carry out
SANS measurements. The 2D raw data were corrected for
the scattering from empty can and cryostat windows, the
electronic and background noise and calibrated to absolute
scale using a plexiglass standard sample. After azimuthal in-
tegration of the 2D data, the scattered intensity I�Q� as a
function of the scattering vector Q was obtained. Neutron
depolarization measurements ��=1.205 Å� were carried out
on the polarized neutron spectrometer at Dhruva reactor,
Bhabha Atomic Research Centre, Mumbai, India, with
Cu2MnAl �1 1 1� as polarizer and Co2Fe �2 0 0� as analyzer.

III. RESULTS AND DISCUSSION

A. Polarized neutron scattering

The samples studied in the series La0.5Ca0.5−xSrxMnO3
�0�x�0.3� crystallize with orthorhombic structure �space

group Pnma� and x=0.4 crystallizes with two orthorhombic
phases in the space group Pnma and Fmmm. The structural
and magnetic properties of these samples have been reported
previously.24 In this study, three samples have been chosen
which exhibit distinct magnetic structures. The x=0.1 com-
pound exhibits CE-type antiferromagnetic spin structure, x
=0.3 exhibits mixture of CE-type and A-type antiferromag-
netic structure while, x=0.4 undergoes A-type antiferromag-
netic ordering at low temperatures.24 The xyz polarization
analysis allows us to separate the nuclear and magnetic con-
tributions. All the spin-flip �SF� scattering is purely magnetic
in nature. The nonspin-flip �NSF� scattering does not contain
magnetic scattering component and has contribution only
from nuclear coherent and isotopic incoherent scattering.25,26

Figure 1 shows a typical diffraction pattern with separated
SF and NSF contributions in x=0.1 sample at 310 K. The
NSF scattering indicating the nuclear Bragg reflections �1 0
1� �0 2 0� at 2��75.5° and �2 0 0� �0 0 2� �1 2 1� at 2�
�123° is in agreement with the previously reported struc-
tural studies on this compound.24

The SF and NSF scattering for x=0.1 sample at 310 K is
shown in Fig. 2�a�. At this temperature, in the paramagnetic
region, magnetic diffuse scattering peak is primarily centered
at 2��75.5° and a weak superlattice diffuse scattering peak
is observed at �33.5°, in addition to enhanced scattering at
low 2� values in SF scattering. The broad diffuse scattering
peak at 2��75.5° is centered around fundamental Bragg
reflection �020� �101� �observed for NSF scattering�. This
peak corresponds to short-range ferromagnetic correlations,
as it is observed around the fundamental Bragg reflection
indexed as �1 0 1� �0 2 0�. At 310 K below 2��30°, the SF
component also shows an enhanced scattering. Existence of
enhanced scattering in the SF and the NSF, scattering com-
ponents have been attributed to the existence of magnetic
and lattice polarons, respectively.27 However, in the present
study, enhanced scattering is observed only in the SF com-
ponent, indicating the existence of magnetic polarons alone.
Similarly, the superlattice reflection is attributed to arise
from polaron-polaron correlation. The enhanced scattering at
low Q is fitted to a Lorentzian-type Q dependence, I
= I0 / ��1 /��2+Q2�, where � is the correlation length
�Ornstein-Zernike form�, as shown in Fig. 2�a�. The obtained

FIG. 1. The nuclear �NSF� and magnetic �SF� contributions to
the total scattering for La0.5Ca0.4Sr0.1MnO3 �x=0.1� at 310 K from
xyz polarization analysis.
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correlation length at 310 K for x=0.1 sample is �3.4�9� Å,
which is on the order of Mn-Mn distance. The diffuse scat-
tering peak evident at 2��33.5° indicated by an arrow in
Fig. 2�a� is a superlattice peak. The superlattice diffuse peak
at 2��33.5° is very weak at 310 K. On lowering tempera-
ture below 310 K, the superlattice diffuse peak at 2�
�33.5° becomes more pronounced. For x=0.1 sample, the
SF scattering at 175 K is shown in Fig. 2�b�. However, the
broadness of the peak suggests the short-range nature of an-
tiferromagnetic correlations. It is of interest to note that these
short-range antiferromagnetic and ferromagnetic correlations
are observed at 310 K, which is much above the transition
temperature �TN�150 K and TC�244 K� for this com-
pound. Below 175 K, on approaching TN, the short-range-
ordered antiferromagnetic correlations are suppressed with
the onset of long-range CE-type antiferromagnetic ordering.
Figure 2�c� displays the SF scattering at 3 K indicating the
long-range-ordered antiferromagnetic superlattice reflections
indexed to a CE-type antiferromagnetic structure reported
previously in this compound. Additionally, the absence of SF
scattering in the fundamental nuclear reflections rules out the
possibility of long-range ferromagnetic ordering coexisting
with antiferromagnetic ordering in this sample. The coexist-
ence of the short-range ferromagnetic and antiferromagnetic
correlations at 310 K indicates the presence competing mag-

netic interactions. The temperature dependence of the inte-
grated intensity obtained using a Lorentzian peak shape
function fit to the ferromagnetic �2��33.5°� and antiferro-
magnetic �2��75.5°� diffuse scattering peaks for sample x
=0.1, are shown in Fig. 3. The ferromagnetic diffuse scatter-
ing intensity shows a maximum at �225 K. This maximum
is close to the ferromagnetic transition temperature �TC
�244 K�, obtained from previously reported M�T�
measurements.24 On lowering of temperature below 225 K,
the short-range-ordered ferromagnetic correlations are sup-
pressed while the antiferromagnetic correlations continue to
increase. The onset of long-range antiferromagnetic ordering
below 175 K coincides with rapid suppression of short-range
ferromagnetic ordering.

The SF scattering shown in Fig. 4�a� for
La0.5Ca0.2Sr0.3MnO3 �x=0.3� compound displays a superlat-
tice peak centered at 2��33.5° and a peak at 2��75.5°,
centered around the fundamental nuclear reflections �1 0 1�
�0 2 0�, similar to x=0.1 compound. These two peaks corre-
spond to antiferromagnetic and ferromagnetic short-range-
ordered correlations, respectively as described for x=0.1
sample. At 275 K, the intensity of superlattice diffuse peak at
2��33.5° increases in comparison with 310 K, as evident in
Fig. 4�b�. Below 150 K, these short-range-ordered antiferro-
magnetic correlations are suppressed with the onset of long-
range ordering. Figure 4�c� displays the SF scattering for x
=0.3 sample at 3 K. The superlattice reflections correspond-
ing to long-range-ordered CE-type antiferromagnetic spin
structure are observed, in concurrence with our previously
reported neutron-diffraction study.24 In addition, at low tem-
perature, few additional superlattice reflections �at 2��37°
and �88°� other than the ones corresponding to CE-type
antiferromagnetic spin structure are observed. This antiferro-
magnetic phase is identified as having an A-type spin struc-
ture. We failed to detect this phase in our previous neutron-
diffraction studies.24 Therefore, at low temperature, the
magnetic phase of this compound consists of a mixture of
CE-type and A-type antiferromagnetic state. Both the mag-
netic phases have identical transition temperatures �TN�. The
short-range-ordered ferromagnetic interactions are similar to
x=0.1 sample and no long-range ferromagnetic ordering is
observed down to 3 K.

FIG. 2. �a� The SF scattering for sample La0.5Ca0.4Sr0.1MnO3

�x=0.1� at 310 K is shown on left-hand side scale and NSF scatter-
ing on right-hand side scale. Arrow indicates the superlattice mag-
netic diffuse scattering peak centered at 2��33.5°. Also shown
using continuous line in SF scattering is the fit to a Lorentzian-type
function described in the text. In �b� SF scattering at 175 K and in
�c� at 3 K is shown.

FIG. 3. The temperature dependence of integrated intensity ob-
tained using a Lorentzian function fit to the antiferromagnetic and
ferromagnetic diffuse scattering peaks at 2��33.5° and �75.5°,
respectively, for sample La0.5Ca0.4Sr0.1MnO3 �x=0.1�. The continu-
ous lines are a guide for the eyes.
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The SF scattering at 310 K for x=0.4 sample displayed in
Fig. 5�a� provides evidence of diffuse ferromagnetic correla-
tions and enhanced scattering at low 2� values. This sample
with A-type antiferromagnetic ordering does not display the
superlattice diffuse reflection at 2��33.5°, which is ob-
served in x=0.1 and 0.3 compounds having dominant CE-
type antiferromagnetic spin structure. The diffuse ferromag-
netic scattering peak at 2��75.5°, observed in Figs. 5�a� and
5�b� is similar to x=0.1 and 0.3 compounds. Figure 5�c�
exhibits the SF scattering �purely magnetic scattering� at 3
K. Below 250 K, well-defined superlattice Bragg reflections
are observed indicating the onset of long-range-ordered
A-type antiferromagnetic structure. The superlattice reflec-
tions corresponding to long-range-ordered A-type antiferro-
magnetic phase are evident in Fig. 5�c�. Integrated intensity
of the ferromagnetic diffuse peak centered at 2��75.5° is
shown in the inset of Fig. 5�c�. This peak exhibits a maxi-
mum at 200 K, with the establishment of long-range-ordered
ferromagnetic interactions between 250 and 150 K. Below
150 K, this ferromagnetic phase is suppressed. This behavior
is in agreement with the maximum in magnetization reported
earlier and minimum in neutron depolarization �Fig. 10�
measurements discussed subsequently. Also, our neutron-
diffraction measurements reported earlier display similar
maximum in integrated intensity versus temperature plot for
�1 0 1� �0 2 0� reflection.24

From the full width at half maximum ��Q� of the diffuse
scattering centered at 2��75.5°, the size of the short-range-
ordered regions is estimated. �Q for the ferromagnetic dif-
fuse scattering peak was estimated by fitting it to a Lorentz-
ian peak shape function. The Lorentzian fit for x=0.1, 0.3,
and 0.4 compounds is shown in Figs. 2�a�, 4�a�, and 5�a�,
respectively. The correlation length, � �=2	 /�Q� at 310 K
has values of 13�2� Å, 10�1� Å and 15�2� Å for x=0.1, 0.3,
and 0.4 samples, respectively. No significant change in � is
observed with variation in temperature.

In Fig. 6, the temperature dependence of magnetic diffuse
scattering intensity at Q=0.46 Å−1 �2��20°� for
La0.5Ca0.5−xSrxMnO3 series with x=0.1, 0.3, and 0.4 is dis-
played. For x=0.1 and 0.3 samples, similar temperature de-
pendence of magnetic diffuse scattering intensity is ob-
served. The short-range-ordered antiferromagnetic
correlation in x=0.1 and 0.3 compounds coexist with the
long-range CE-type antiferromagnetic ordering at the lowest
temperature of 3 K. However, for x=0.4 composition, these
short-range-ordered antiferromagnetic correlations are much
reduced as compared to x=0.1 and 0.3 compounds.

The evidence of diffuse scattering in polarization analysis
measurements of these samples indicates the existence of
magnetic polarons above the transition temperature. Absence
of diffuse scattering in the nuclear coherent scattering �NSF

FIG. 4. �a� The SF scattering for sample La0.5Ca0.2Sr0.3MnO3

�x=0.3� at 310 K is shown on left-hand side scale and NSF scatter-
ing, on right-hand side scale, continuous line in SF scattering is the
fit to a Lorentzian-type function described in the text. Arrow indi-
cates the superlattice diffuse scattering peak centered at 2�
�33.5°. In �b� SF scattering at 250 K and in �c� at 3 K is shown.

FIG. 5. �a� The SF scattering for sample La0.5Ca0.1Sr0.4MnO3

�x=0.4� at 310 K is shown on left-hand side scale and NSF scatter-
ing, on right-hand side scale, continuous line in SF scattering shows
the fit to a Lorentzian function. Arrow indicates the superlattice
diffuse scattering peak centered at 2��33.5°. In �b� SF scattering
at 275 K and in �c� at 3 K is shown. The inset in �c� is the integrated
intensity of the diffuse Bragg peak �1 0 1� �0 2 0� at 2��75.5°.
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scattering� component, indicate the absence of lattice po-
larons. Similar study using neutron polarization analysis
technique on half-doped Nd0.5Pb0.5MnO3 compound has
been reported by Clausen et al.28 Strong diffuse magnetic
scattering is observed above TC, attributed to magnetic po-
larons �SF scattering� while lattice polarons �NSF scattering�
are not observed. Therefore, short-range-ordered antiferro-
magnetic correlation are visible above the transition tempera-
ture and are precursors to CE-type antiferromagnetic phase.
This is distinct from similar studies reported in ferromag-
netic compound La0.7Ca0.3MnO3 where short-range-ordered
CE-type polarons are found to exist above TC in the insulat-
ing state.14

Mellergård et al.22 have associated the ferromagnetic cor-
relations with the shorter Mn-Mn distances and antiferro-
magnetic correlation with longer distances. To obtain a simi-
lar behavior on the antiferromagnetic and ferromagnetic
correlations as a function of distance, we have calculated the
radial correlation function, g�r�. The g�r� is obtained from
the SF scattering data, using the following expression:29

g�r� = �
Q1

Qh

Imag�Q�f�Q�−2Q sin�Qr�dQ , �1�

where, Q �=4	 sin � /�� is the scattering vector, Imag�Q� is
the magnetic scattering intensity, and f�Q� is the magnetic

scattering form factor. Assuming that the interactions are iso-
tropic, g�r� is related to spin-spin correlation function by the
following expression:30

g�r� =
1

S�S + 1��
r�

	S0 · Sr�
 · 
��r� − �r��� . �2�

This expression is a sum of spin-spin correlation function at
distance r. Figures 7–9 show the variation in g�r� calculated
for various temperatures for sample x=0.1, 0.3, and 0.4, re-
spectively. It is apparent from these figures that there is a
strong change in the average character of the short-range
magnetic interactions with nearest neighbors, when ap-
proaching the transition temperature from the higher tem-
perature. Figure 7 shows the radial correlation function g�r�
at 310, 200, 175, and 125 K for La0.5Ca0.4Sr0.1MnO3
�x=0.1� sample, with first to fifth nearest-neighbor Mn pairs
indicated by arrow. Well above the ferromagnetic transition
temperature, the Mn-Mn pairs which are nearest neighbors
��4 Å� build up ferromagnetic correlations within the para-
magnetic matrix, as can be inferred from the positive value
of g�r� for small r. This behavior is also evident in Fig. 2,
where diffuse scattering is observed at 2��75.5°, indicative
of short-range-ordered ferromagnetic correlations. In addi-
tion, for Mn-Mn pairs located at next-nearest-neighbor dis-
tances �5.4 Å, g�r� shows negative value, as shown in Fig.

FIG. 7. Radial correlation function g�r� for La0.5Ca0.4Sr0.1MnO3

�x=0.1� at 310, 175, and 125 K. Arrows indicate the five nearest-
neighbor bond distances for Mn sublattice.

FIG. 8. Radial correlation function g�r� for La0.5Ca0.2Sr0.3MnO3

�x=0.3� at 310 and 150 K. Arrows indicate the two nearest-
neighbor bond distances for Mn sublattice.

FIG. 6. Evolution of neutron scattering intensity as a function of
temperature at Q=0.46 Å−1 �2��20°� for La0.5Ca0.5−xSrxMnO3 se-
ries, where x=0.1, 0.3, and 0.4. The continuous lines are a guide for
the eyes.

FIG. 9. Radial correlation function g�r� for La0.5Ca0.1Sr0.4MnO3

�x=0.4� at 275 and 150 K. Arrows indicate the three nearest-
neighbor bond distances for Mn sublattice.
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7. This suggests the existence of magnetic correlations of an
antiferromagnetic character. The temperature evolution of
these correlations for x=0.1 sample, show that the ferromag-
netic correlations at the first nearest-neighbor distance are
strongly suppressed as temperature is reduced. On the other
hand, the antiferromagnetic correlations do not exhibit ap-
preciable change with temperature. Figure 8 displays g�r� for
x=0.3 sample at 310 and 150 K. Arrows indicate the first two
nearest-neighbor bond distance for Mn pairs. Similar to x
=0.1 sample, the positive value of g�r� for nearest-neighbor
Mn-Mn pairs and the negative value of g�r� for next-nearest-
neighbor Mn-Mn pairs indicate the existence of ferromag-
netic and antiferromagnetic magnetic correlations, respec-
tively. Figure 9 shows the radial correlation function g�r� for
La0.5Ca0.1Sr0.4MnO3 �x=0.4� sample at 275 and 150 K. The
three nearest-neighbor bond distances for Mn pairs are indi-
cated by arrows. In this sample, g�r� has a positive value for
Mn pairs separated by distances �3.8 Å. This indicates that
nearest-neighbor correlations are ferromagnetic in nature. On
reducing temperature, the ferromagnetic correlations does
not change appreciably. The g�r� for the next-nearest-
neighbor Mn-Mn pairs ��6 Å� is negative, indicating the
antiferromagnetic nature of the correlations. On reducing
temperature below TN, the antiferromagnetic correlations are
strongly enhanced while the ferromagnetic correlations at the
first nearest-neighbor distance are only moderately influ-
enced. This behavior may be correlated with the A-type an-
tiferromagnetic ordering observed in this compound, where
antiferromagnetic coupling exists between ferromagnetic
planes.

B. Neutron depolarization

Unlike, x=0.1 and 0.3 compounds, where no evidence of
long-range ferromagnetic ordering is observed, sample x
=0.4 exhibits an unusual behavior of increase in ferromag-
netic behavior between 150 and 250 K �as shown by the
increase in SF intensity of the fundamental Bragg reflections
�101� �020� in the inset of Fig. 5�c��. This behavior is further
studied using neutron depolarization. Neutron depolarization
is a technique suitable for the detection of magnetic inhomo-
geneities on mesoscopic length scale ranging from 1000 Å
to several microns. In the present study, we have measured
flipping ratio R �ratio of the transmitted intensities for two
spin states of the incident neutron spin� which is a measure
of the transmitted-beam polarization. R is expressed in the
form31,32

R =
1 − PiDPA

1 + �2f − 1�PiDPA
,

where, Pi is the incident-beam polarization, PA is the effi-
ciency of the analyzer crystal, f is the rf flipper efficiency,
and D is the depolarization coefficient. In the absence of any
depolarization in sample, D=1. PiD is thus the transmitted-
beam polarization.

Figure 10 shows the temperature dependence of transmit-
ted neutron-beam polarization �P� for sample
La0.5Ca0.1Sr0.4MnO3 �x=0.4�, with H=50 Oe, under zero-
field-cooled conditions. For this sample, polarization remains

constant up to �232 K. Below 232 K, polarization de-
creases rapidly, reaching a minimum at �180 K. As tem-
perature is reduced further, polarization again increases al-
most reaching the same value as in the paramagnetic state.
The decrease in polarization below 232 K indicates the onset
of ferromagnetic ordering. This behavior correlates well with
our previously reported magnetization M�T� and neutron-
diffraction study on this compound.24 The rapid suppression
of the depolarization signal below 180 K indicates the reduc-
tion in domain size �
� and/or domain magnetization �B�.
This behavior correlates with the observation of a maximum
at �200 K in integrated intensity of SF scattering peak �1 0
1� �0 2 0� for this sample, shown in inset of Fig. 5�c�. The
reduction in ferromagnetic nature in antiferromagnetic phase
�with A-type spin structure� below 180 K is a consequence of
competing interactions between antiferromagnetic and ferro-
magnetic interactions.

An estimate of domain size in the ferromagnetic region is
obtained using the expression

Pf = Pi exp�− ��d/
��	�

2,

where, Pf and Pi are the transmitted-beam and incident-beam
polarization, respectively, � is a dimensionless parameter
=1 /3, d is the sample thickness, 
 is a typical domain length,
and the precession angle �
= �4.63�10−10 Oe−1 Å−2�
�
B.33,34 The domain magnetization, B is obtained from the
bulk magnetization. This expression is valid in the limit
where domains are randomly oriented and the Larmor phase
of neutron spin due to the internal magnetic field of sample
�2	 over a typical domain length scale. Our measurements
were carried out in low field far away from the saturation
field and therefore satisfy the assumption of this model. The
estimated domain size in the present sample at T=2 K is
�0.8 m.

The depolarization measurements were also performed for
sample x=0.1 and 0.3. However, no change in transmitted-
beam polarization was observed down to lowest temperature
of 2 K. This is in agreement with the SF scattering measure-
ments on these samples where no evidence of enhancement
in the intensity of the fundamental Bragg reflections �101�
�020� is observed. Thus we rule out presence of ferromag-

FIG. 10. Temperature dependence of transmitted neutron-beam
polarization �P� for sample La0.5Ca0.1Sr0.4MnO3 �x=0.4� in H
=50 Oe.
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netic correlations in the CE-type antiferromagnetic phase of
samples x=0.1 and 0.3.

C. Small-angle neutron scattering

The evolution of magnetic scattering intensity
�I�20�-I�300�� as a function of Q �0.0073�Q�0.080 Å−1�
for La0.5Ca0.1Sr0.4MnO3 �x=0.4� compound is shown in Fig.
11. The Q range in which measurements were carried out
corresponds to length scale of 40–1000 Å. This figure
�I�T�-I�300�� is representative for all the temperatures in the
range 20�T�300 K, To estimate the Q dependence of the
magnetic scattering in SANS, intensity at each temperature
was subtracted from data at 300 K, taken as the background
intensity. The pure magnetic scattering intensity
�I�20 K�-I�300 K�� thus obtained, in the Q range
0.007–0.08 Å is best described by squared Lorentzian-type
function, I= I0 / ��1 /��2+Q2�2, where � is the spin-spin corre-
lation length and I0 is Lorentz amplitude related to the bulk
susceptibility. The temperature dependence of fitting param-
eters is shown in the inset of Fig. 11. The correlation length
varies from 123�4� Å at 20 K to 153�3� Å at 250 K, exhib-
iting a maximum at 200 K having a value of 232�12� Å. The
ferromagnetic correlation length obtained from SANS mea-
surements is much smaller than the size of the domains ob-
tained from depolarization measurements due to the differ-
ence in length scales at which the two techniques probe.
Such differing values from the two measurements have been
reported previously.35,36 The Lorentz amplitude I0 also be-
haves in a similar manner, with a maximum at 200 K, fol-
lowing a behavior similar to M�T�, reported previously. The
squared Lorentzian behavior in SANS intensity is expected
for static cluster scattering. Debye et al. reported from theo-
retical study that a squared Lorentzian-type function would
be observed for an array of random shapes, sizes, and distri-
bution in a solid matrix.37,38 In our analysis, additional
Lorentzian term which describes a critical scattering was not
necessary to fit the data.39

Figure 12 shows the temperature dependence of the scat-
tered neutron intensity at Q value 0.01 Å−1 for sample

La0.5Ca0.1Sr0.4MnO3 �x=0.4�. At a length scales, of �63 nm
�Q=0.01 Å−1�, intensity as a function of temperature dis-
plays a maximum at 200 K. This coincides with the maxi-
mum in magnetization reported earlier and minimum in
transmitted neutron-beam polarization P �Fig. 10�
��180 K�. This suggests that the nature of this enhancement
is magnetic. In our previous neutron-diffraction experiments,
we observed a maximum in integrated intensity versus tem-
perature plot for �1 0 1� �0 2 0� nuclear peaks at �200 K,
indicating the presence of ferromagnetic interactions.

IV. CONCLUSION

The study of magnetic correlations in
La0.5Ca0.5−xSrxMnO3 �x=0.1, 0.3, and 0.4� above and below
the ordering temperature is carried out using polarized neu-
tron scattering, neutron depolarization, and small-angle neu-
tron scattering techniques. On doping Sr2+ ion for Ca2+ ion
these compounds x=0.1, 0.3, and 0.4 exhibit CE-type, mix-
ture of CE-type and A-type, and A-type antiferromagnetic
ordering, respectively. Magnetic diffuse scattering is ob-
served in all the compounds above and below their respec-
tive magnetic ordering temperatures and is attributed to mag-
netic polarons. The correlations are primarily ferromagnetic
in nature above TN, although a small antiferromagnetic con-
tribution is also evident. Additionally, in samples x=0.1 and
0.3 with CE-type antiferromagnetic ordering superlattice dif-
fuse reflections are observed indicating correlations between
magnetic polarons. On lowering temperature below TN, the
diffuse scattering corresponding to ferromagnetic correla-
tions is suppressed and the long-range-ordered antiferromag-
netic state is established. However, the short-range-ordered
correlations indicated by enhanced spin-flip scattering at low
Q coexist with long-range-ordered state down to 3 K. In x
=0.4 sample with A-type antiferromagnetic order superlattice
diffuse reflections are absent. The enhanced spin-flip scatter-
ing at low Q is much reduced at 310 K, in comparison to x
=0.1 and 0.3 sample. As temperature is decreased below 200
K, it becomes negligibly small. The variation in radial

FIG. 11. SANS intensity �open circles� as a function of Q �Å−1�
for sample La0.5Ca0.1Sr0.4MnO3 �x=0.4�. The continuous line is a
squared Lorentzian fit, as described in the text. The inset displays
the temperature dependence of �a� correlation length ��� and �b�
Lorentzian amplitude I0.

FIG. 12. SANS intensity as a function of temperature at Q
=0.01 Å−1 for La0.5Ca0.1Sr0.4MnO3 �x=0.4� sample. The continu-
ous line is a guide for the eyes.
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correlation function, g�r� with temperature indicates rapid
suppression of ferromagnetic correlations at the first nearest
neighbor on approaching TN. Sample x=0.4 exhibits growth
of ferromagnetic phase in intermediate temperatures. This

has been further explored using SANS and neutron depolar-
ization techniques and allow us to estimate a spin-spin cor-
relation length ��� of �232�12� Å and a domain size of
�0.8 m at 200 K.
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