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X-Ray Diffuse Scattering due to Polarons in a Colossal Magnetoresistive Manganite
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X-ray scattering study on �Nd0.125Sm0.875�0.52Sr0.48MnO3 has revealed the existence of diffuse
scattering in the paramagnetic phase. Its intensity increases with decreasing temperature, but it vanishes
at the ferromagnetic transition temperature. This result indicates that local lattice distortion arises from
the localization of electrons on Mn sites (polarons). The intensity distributions are in agreement with
calculations based on polarons associated with the Jahn-Teller distortion. Correlation between the
distortion fields seems to be related to the formation of charge ordering.

PACS numbers: 75.30.Vn, 63.20.Kr, 71.30.+h, 71.38.+ i
Manganese oxide compounds with distorted perovskite
structures, A12xBxMnO3 (A � trivalent rare earth ion,
B � divalent alkali earth ion), have received great inter-
ests because of their colossal magnetoresistance (CMR).
Attempts have been made to interpret the coexistence of
the ferromagnetic state and the metallic state in terms
of the double-exchange mechanism [1]. However, nei-
ther the large resistivity observed above the ferromagnetic
transition temperature (TC) nor the CMR can be explained
by the double-exchange mechanism alone [2]. A plausible
supplemental mechanism has been suggested to be strong
electron-lattice coupling due to the Jahn-Teller (JT) ef-
fect of Mn31 [3,4]. The localization of carriers (eg state)
on Mn sites produces lattice polarons in the paramag-
netic insulating phase, and the hopping of the electrons
dressed with the lattice distortion plays an essential role
in the transport properties. Below TC, the ferromagnetic
metallic phase becomes stable, and the lattice distortion
spreads out in the large spatial region. The existence of
the local lattice distortion due to polarons has been ex-
perimentally suggested by x-ray absorption fine structure
[5], pair-density functions determined by neutron diffrac-
tion [6], and optical experiments [7–9]. However, the dis-
placement patterns of the local lattice distortion obtained
by these measurements do not agree with each other. A
probable pattern of the lattice distortion is that of the JT
distortion of Mn31O6 octahedra. The correlation between
polarons becomes significant when their concentration is
large. It is considered to be important in determining the
transport property as well as in the ordering of Mn31 and
Mn41 ions accompanied by the cooperative JT transition.

The �Nd12ySmy�0.5Sr0.5MnO3 crystals are good systems
to study for clarifying the relationship between the trans-
port property, on one hand, and the formation of polarons
and their correlation, on the other. The average ionic ra-
dius of the A site, which depends on y, changes the trans-
port properties systematically [10]. The crystal with y � 0
shows a charge-ordering antiferromagnetic transition and
no significant change in the resistivity at TC. As y in-
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creases, the transition temperature TC becomes lower and a
large decrease in the resistivity at TC becomes more promi-
nent. In the crystals with 0.85 # y # 0.95, the charge-
ordered phase disappears and the resistivity shows the large
drop at TC. Furthermore, the lattice parameters change
discontinuously at TC and the inverse magnetization de-
viates from the Curie-Weiss behavior above TC. These
systematic changes for varying y suggest that the competi-
tion between the charge-ordering antiferromagnetic inter-
action and the double-exchange ferromagnetic interaction
causes the enhancement of the resistivity above TC asso-
ciated with the charge-ordering instability. The purpose
of the present x-ray scattering study is to clarify the re-
lationship between the insulator-metal transition concomi-
tant with the ferromagnetic transition and the local lattice
distortion due to the localization of carriers on Mn sites.

Single crystals of �Nd0.125Sm0.875�0.52Sr0.48MnO3 were
grown by the floating zone method. The observed resistiv-
ity and the inverse magnetization are quite similar to those
of the half-doped crystal �Nd0.125Sm0.875�0.5Sr0.5MnO3
reported previously [10]. X-ray scattering measurements
were performed using a two-axis diffractometer with
Mo-Ka radiation (50 kV, 150 mA) monochromatized
by the 002 reflection of a pyrolytic graphite crystal.
In order to eliminate unwanted scattering, a pyrolytic
graphite crystal was used as an analyzer crystal as well.
Measurements were carried out using a closed-cycle
refrigerator. The crystal structure is orthorhombic with
a pseudocubic relation of the lattice parameters specified
by a � b � c�

p
2 �

p
2 ac, where ac is the lattice pa-

rameter of the cubic-perovskite lattice. As-grown crystals
were composed of domains, and it was difficult to obtain
single domain samples. Fundamental Bragg reflections
from different domains, such as �2n, 0, 0�, �0, 2n, 0�,
and �n, n, 2n�, were nearly indistinguishable. In this
paper, all the reflections are indexed on the basis of one
domain for the sake of convenience. Two samples were
prepared in the form of plates with their surfaces parallel
to either the (010) or (110) planes. The sample sizes were
© 1999 The American Physical Society 4389
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approximately 2 3 2 3 0.3 mm3. The transition tem-
perature TC of 133 K was determined by magnetization,
resistivity, and x-ray scattering measurements.

The temperature dependence of some of the scattering
profiles along the �100� direction through the �0, 10, 0�
point is shown in Fig. 1. The profiles contain the sharp
fundamental Bragg peaks (only the tail portion in the
figure) and the diffuse scattering components. The dif-
fuse intensity increases as TC is approached from room
temperature, but it falls sharply below TC. The profiles
near TC seem to have humps around �60.30, 10, 0�. Fig-
ure 2(a) shows the temperature dependence of the inten-
sity at �20.30, 10, 0�. This temperature dependence is very
similar to the rapid increase and drop in the resistivity as
shown in Fig. 2(b). This close relationship strongly sug-
gests that the diffuse scattering arises from the local lat-
tice distortion produced by the localization of the carriers
on Mn sites. The increase in the diffuse intensity may be
due to the lower hopping rate of the eg electrons, a longer
lifetime of polarons, resulting in the larger distortion field.
This may also be regarded as the increase in the effective
number of polarons. The abrupt disappearance of its in-
tensity below TC indicates that the local lattice distortion
vanishes due to complete delocalization of the eg electrons.

In order to determine the pattern of the distortion field
produced by polarons, we measured the intensity distri-
butions of the diffuse scattering in the �hk0� reciprocal
lattice plane [11]. The contour plots of the diffuse scat-
tering observed at 136 K around the �0, 10, 0�, �4, 10, 0�,
and �6, 6, 0� Bragg peaks are shown in Figs. 3(a), 3(b),
and 3(c), respectively. The diffuse intensity distributions
show characteristic patterns depending on the reciprocal
lattice points. Those around the �0, 10, 0� and �4, 10, 0�
reflections extend along the �100� direction. A butterfly-
shaped pattern extending along the �100� and �010� is seen

FIG. 1. Temperature dependence of some of the scattering
profiles along the �100� direction through the �0, 10, 0� point.
With decreasing temperature from 300 K, the diffuse intensity
increases but abruptly vanishes at the ferromagnetic transition
temperature (TC � 133 K).
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around �6, 6, 0�. The streaks passing through the recipro-
cal lattice points and extending toward the origin of the
reciprocal lattice are due to contamination by radiation
having wavelengths slightly different from that of the Ka

radiation. There are Bragg peaks from different domains
centered around �0.1, 10, 0� in Fig. 3(a) and �4.1, 10, 0� in
Fig. 3(b). The small peaks around �h 6 0.5, k 6 0.5, 0�
and �h 6 0.5, k 7 0.5, 0� also arise from domain struc-
tures. For example, the one centered around �0.5, 10.5, 0�
corresponds to �5, 5, 11� of a different domain.

The characteristic distributions of the diffuse intensity
can be interpreted as a scattering due to polarons associated
with the JT effect. The localization of an eg electron
on a Mn site, Mn31, is assumed to cause elongation of
two Mn-O bonds and contractions of four Mn-O bonds in
the Mn31O6 octahedron as shown in Fig. 4. The atomic
displacements induce a distortion field in the surrounding
lattice. The scattering intensity due to the polaron can be
calculated in the same manner as calculating the Huang
scattering intensity for the lattice distortion [12,13]. We
assume that the polarons are randomly distributed and
those strain fields are independent of each other for the
simplicity of the calculation. The dipole force tensor was
chosen to have symmetries corresponding to the distortion
of the Mn31O6 octahedra. The elastic constants have not
been reported for the present compound, and we used
c11 � 206, c12 � 111, and c44 � 60.2 GPa reported for
La0.83Sr0.17MnO3 at 200 K [14]. The total intensity is

FIG. 2. Temperature dependence of (a) the diffuse scattering
intensity at �20.30, 10, 0� and (b) the resistivity.
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FIG. 3. Contour plots of the diffuse scattering intensities
observed at 136 K around the (a) �0, 10, 0�, (b) �4, 10, 0�, and
(c) �6, 6, 0� Bragg peaks. The diffuse intensity distributions
around �0, 10, 0� and �4, 10, 0� extend along the �010� direction.
A butterfly-shaped pattern extending along �100� and �010�
is seen around �6, 6, 0�. The streaks passing through the
reciprocal lattice points and extending toward the origin of
the reciprocal lattice are due to contamination by radiation
having wavelengths slightly different from that of Ka radiation.
Calculated contour plots around the (d) �0, 10, 0�, (e) �4, 10, 0�,
and (f ) �6, 6, 0� reflections.

obtained by superimposing the intensities calculated for
the displacement patterns resulting from permuting x, y,
and z coordinates. This superposition corresponds to the
pseudocubic multidomain structure and randomly oriented
polarons. The calculated intensities around the �0, 10, 0�,
�4, 10, 0�, and �6, 6, 0� peaks are shown in Figs. 3(d), 3(e),
and 3(f ), respectively. Although the small extrusions
nearly along the �010� direction around the �4, 10, 0� peak
could not be detected on account of the contamination
streak, overall agreement between the calculations and
observations is satisfactory. Thus, the diffuse intensity
should be attributed to polarons associated with the JT
distortion.

As discussed later, correlation between polarons proba-
bly develops with decreasing temperature toward TC and
it seems to be related to the charge ordering. The charge
ordering is accompanied by the ordering of two types of
distorted Mn31O6 octahedra: the one shown in Fig. 4 and
the other with the x and y axes exchange. We also calcu-
lated the distributions of the diffuse intensities based on the
existence of polarons associated with two such distortions.
The calculated distributions are almost indistinguishable
from those, shown in Fig. 3, obtained as a sum of the con-
tributions resulting from permuting x, y, and z coordinates.

In an attempt to eliminate the contamination streaks
around �6, 6, 0�, we subtracted the observed intensities
at 300 K from those at 136 K. Since the thermal dif-
fuse scattering at 300 K is larger than that at 136 K, this
subtraction resulted in negative values for the difference
intensity. Therefore, the calculated thermal diffuse scat-
tering was added to the difference intensity so that the
resulting distribution had positive values except for vanish-
ing intensities along the �11̄0� as predicted by calculations.
From the result shown in Fig. 5, it can be seen that the
butterfly-shaped pattern, as well as the small peaks around
�6 6 z , 6, 0� and �6, 6 6 z , 0� with z � �0.3 0.35, be-
comes clearer. Such peaks are also seen as humps in the
scattering profiles around the �0, 10, 0� reflection as shown
in Fig. 1. The calculations based on the assumptions of
noninteracting polarons cannot explain the appearance of
these peaks. They are probably attributable to the correla-
tion between polarons. A large number of polarons should
exist near TC in the nearly half-doped system and the dis-
tortion fields should overlap with each other.

The results of the resistivity and magnetization
measurements on �Nd12ySmy�0.5Sr0.5MnO3 crystals
suggest a subtle balance of the competition between the
ferromagnetic double-exchange interaction and the antifer-
romagnetic charge-ordering interaction [10]. Absorption
spectra of �Nd12ySmy�0.6Sr0.4MnO3 above TC are similar
to those of the charge-ordered crystals [9]. In x-ray scat-
tering studies [15] on single crystals of a typical charge-
ordered system of Pr12xCaxMnO3 (x � 0.35, 0.4, and 0.5)
[16], similar patterns of the diffuse scattering with incom-
mensurate peaks have been observed above the charge-
ordering transition temperatures. These experimental
results lead to the conclusion that the correlation between
polarons is essential to the formation of the charge-ordered
state.

FIG. 4. The displacement pattern of a polaron associated with
the Jahn-Teller effect of a Mn31O6 octahedron. The arrows
represent the displacements of oxygen ions.
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FIG. 5. Contour plot obtained by subtracting the observed
intensities around �6, 6, 0� at 300 K from those at 136 K. The
calculated thermal diffuse scattering is added.

The details of the correlation corresponding to the wave
vector near TC are still unclear, but information about the
correlation might be obtained from the charge-ordering
patterns reported in various manganese oxides. Modula-
tion wave vectors characterizing the charge-ordered state
have been determined for systems with the hole concen-
tration x larger than 0.5 [17]. In these compounds, the
modulation wave vector was found to be equal to the
concentration of the doped carrier, 1 2 x. The charge-
ordered state may be regarded also as long-range order of
polarons. Although the compound studied in the present
work does not exhibit a long-range charge order, the posi-
tions of the observed diffuse peaks (z � �0.3 0.35) may
be closely related to polaron concentration in this system.
Recently pairs of distorted Mn31O6 stripes separated by
undistorted Mn41O6 octahedra have been observed in the
charge-ordered phases [18]. The observation may offer a
clue as to the fundamental mechanism of the correlation.

It should be pointed out that the diffuse peaks can
also appear if a phonon mode has a local minimum at
the corresponding wave vector. This possibility cannot
be eliminated and should be examined by measuring the
phonon dispersion.
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