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X-ray diffuse scattering study on charge-localized states of Pr1ÀxCaxMnO3 „xÄ0.35,0.4,0.5…
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X-ray scattering measurements on Pr12xCaxMnO3 (x50.35,0.40,0.50) have revealed the existence of dif-
fuse scattering above the charge and orbital ordering transition temperature (TCO). The diffuse scattering has
local intensity maxima at incommensurate positions (0,6z,0). With decreasing temperature,z increases from
about 0.4, and it discontinuously changes to 0.5 atTCO. Characteristic patterns of diffuse intensity distributions
can be qualitatively interpreted by calculations based on distortion fields associated with the Jahn-Teller effect.
The observed patterns are similar to those observed above the ferromagnetic insulator-metal transition tem-
perature in (Nd0.125Sm0.875)0.52Sr0.48MnO3 reported previously.
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Manganese oxides with distorted perovskite structu
A12xBxMnO3 (A is a trivalent rare-earth ion, andB is a
divalent alkaline-earth ion!, are interesting systems becau
of their colossal magnetoresistance and charge ordering
nomena. It has been pointed out that strong electron-la
coupling is important to understand these phenomena.1 The
nature of the local lattice distortion due to the localization
charges has been one of major subjects of experimental
theoretical studies. Recently, local lattice distortion due
the localization of carriers on Mn sites has been reporte
exist in the paramagnetic insulating phase and to disappe
the ferromagnetic metallic phase.2,3 Significant correlation
between charges dressed with local lattice distortion may
present in these compounds, but details are still unclear

In contrast to the compounds showing the ferromagn
insulator-to-metal transition, Pr12xCaxMnO3 with 0.3<x
<0.5 exhibits the charge ordering transition and the anti
romagnetic transition.4–8 Below the charge-ordering trans
tion temperature (TCO), the Mn31 and Mn41 ions are or-
dered alternatively in thea-b plane. The cooperative Jahn
Teller ~JT! transition associated with the orbital orderin
simultaneously occurs atTCO. This ordering results in the
doubling of the crystallographic unit cell. When an extern
magnetic field is applied, the charge-ordered insulating ph
is transformed into the ferromagnetic metallic phase.
though the charge and orbital ordering transition coinci
with an antiferromagnetic transition in some manganit
Pr12xCaxMnO3 has the charge ordering transition tempe
ture different from the Ne´el temperature.4 Thus
Pr12xCaxMnO3 is a suitable system to investigate the effe
of the charge localization on crystal lattices without comp
cation of magnetoelastic effect. The purpose of the pres
x-ray diffuse scattering measurements is to study local lat
distortion due to the charge localization. The developmen
the correlation between distortion fields can be regarded
precursor phenomenon of the charge and orbital orde
transition. The results obtained in this study are co
pared with those obtained previously above the fer
PRB 620163-1829/2000/62~6!/3875~4!/$15.00
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magnetic insulator-to-metal transition temperature
(Nd0.125Sm0.875)0.52Sr0.48MnO3.2

Single crystals of Pr12xCaxMnO3 (x50.35,0.40,0.50)
were grown by the floating zone method. The crys
structure5 is orthorhombic with the pseudocubic relatio
among the lattice parameters specified bya.b.c/A2
.A2ac , where ac is the lattice parameter of the cubic
perovskite lattice. As-grown crystals were composed
pseudocubic domains. Crystals were cut so that one do
nant fraction of volume consists of the suitable domain. T
sample sizes were approximately 23230.5 mm3. X-ray
scattering measurements were performed using a two-
diffractometer with Mo-Ka radiation ~50 kV, 150 mA!
monochromatized by the 002 reflection of a pyrolytic grap
ite crystal. To eliminate unwanted scattering, a pyroly
graphite crystal was also used as an analyzer crystal.
sample was mounted inside a closed-cycle He refrigera
The temperature dependence of the diffuse scattering
measured along the@010# direction through the~10,0,0! point
for thex50.4 and 0.5 crystals, and through the~8,0,0! point
for thex50.35 crystal. In addition, the intensity distribution
around~8,0,0! and~8,8,0! were measured in the (hk0) recip-
rocal plane aboveTCO. The intensity distribution around
~10,4,0! in thex50.4 crystal was also measured at 300 K
using synchrotron radiation. This measurement was p
formed on the BL02B1 at the SPring-8. The x-ray ener
was 29.94 keV.

Figure 1 shows examples of the diffuse scattering profi
along the @010# direction through the~10,0,0! point in
Pr0.5Ca0.5MnO3. The diffuse scattering is clearly seen at 3
K. The profile has local intensity maxima at the positions
(10,6z,0) with z.0.4. With decreasing temperature, the l
cal maxima grow and their positions shift towardsz50.5.
Intense reflections as narrow as an experimental resolu
were observed at the commensurate positions ofz50.5 be-
low TCO5235 K. The diffuse peaks observed aboveTCO
probably arise from the development of the short-range c
relation associated with the formation of the charge and
bital orderings.
3875 ©2000 The American Physical Society
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The temperature dependences of the peak position, in
sity, and widths are shown in Figs. 2~a!–~c!, respectively.
The modulation wave number, corresponding to the p
position, increases monotonically with decreasing tempe
ture. It discontinuously increases to the commensurate v
of 0.5b* at TCO. The peak intensity increases with decrea
ing temperature and discontinuously changes atTCO. The
widths along the@100# and @010# directions decrease with
decreasing temperature, and they discontinuously decrea
respective experimental resolutions atTCO. These results
show that the correlation characterized by the incommen
rate modulation develops with decreasing temperature,
the long-range order of the commensurate lattice modula
is established belowTCO.

Similar peaks were also observed in thex50.35 and 0.4
crystals. The temperature dependences of the wave num
for x50.35,0.4,0.5 are summarized in Fig. 3. The inco
mensurate wave number increases with decreasing tem
ture in thex50.35 and 0.4 crystals as well asx50.5. The
modulation wave numbers have larger values for lowerx at
any given temperature aboveTCO. The discontinuous
change in the wave number atTCO becomes smaller fo
smallerx.

It should be noted that the wave vector is incommensu
aboveTCO even in the half doped crystal (x50.5) having the
stoichiometric charge concentration corresponding to
charge-ordered state. In contrast, belowTCO the wave num-
ber becomes to the commensurate value of 0.5 not onl
the x50.5 crystal but also in thex50.35 and 0.40 crystals

As seen in Fig. 1, a component of the diffuse scatter
centered at the~10,0,0! point seems to exist aboveTCO. The
diffuse intensity withinuzu,0.2 slightly decreases with de
creasing temperature, and it seems to vanish belowTCO. The
intensity distributions in reciprocal space show characteri
patterns depending on the reciprocal lattice points. Fig
4~a! shows the contour plot of the intensity distribution in t
(hk0) reciprocal lattice plane around~8,0,0! observed at 250
K in the x50.5 crystal. In addition to the peaks around (
60.45,0), the intensity distribution extends along the@010#
direction. In contrast, a butterfly-shaped pattern extend
nearly along the@100# and @010# directions was observe

FIG. 1. Temperature dependence of diffuse scattering pro
along the@100# direction through~10,0,0! in Pr0.5Ca0.5MnO3. Local
intensity maxima exist around (10,6z,0) with z.0.40 at 300 K
and with z.0.43 at 250 K. Below the charge-ordering transiti
temperature (TCO5235 K), z becomes 0.5.
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around~8,8,0! at 300 K as shown in Fig. 4~b!. The peaks
characterized by the incommensurate modulation are not
dent at 300 K (TCO165 K), but well developed at 250 K
@Fig. 4~a!#. In Fig. 4~a!, the intensity distribution extending
along the @100# direction and passing through the~8,0,0!
point is due to contamination by radiation having wav

FIG. 2. Temperature dependences of the~a! wave number,~b!
intensity, and~c! widths along the@100# and @010# directions in
Pr0.5Ca0.5MnO3. The modulation wave number increases with d
creasing temperature, and it discontinuously changes to 0.5 atTCO

when the long-range charge order is established.

FIG. 3. Temperature dependences of the modulation wave n
ber in Pr12xCaxMnO3 with x50.35,0.4,0.5. Solid lines are guide
for the eye. All the data were collected for decreasing temperat
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lengths slightly different from that of theKa radiation. A
similar contamination extending along the@110# direction is
also seen in Fig. 4~b!. Fundamental Bragg peaks aroundh
60.5,k60.5,0) and (h60.5,k70.5,0) arise from domain
structures. For example, the one centered around~8.5,0.5,0!
corresponds to~4,4,9! of a different domain.

Similar patterns of diffuse scattering distribution were o
served for thex50.35 andx50.4 crystals. We also collecte
intensity data around~10,4,0! in thex50.4 crystal using syn-
chrotron radiation. Figure 5~a! shows a contour plot of the
intensity distribution observed at 300 K. The contaminat
mentioned above was not detected because of high-en
resolution of the x rays. In addition to the diffuse intens
distribution extending along the@010# direction, small exten-
sion nearly along the@100# direction is seen.

We calculated the diffuse intensity in the same manne
previously reported.2 The local lattice distortion is postulate
to arise from the JT distortion of a Mn31O6 octahedron hav-
ing two long Mn-O bonds and four short Mn-O bonds. Th
distortion induces a distortion field in the surrounding lattic
For the simplicity of the calculation, we assume th
Mn31O6 octahedra are independent of each other and
the surrounding lattice is an elastic medium. The scatte
intensity can be calculated as the Huang scatte
intensity.9,10 As shown in Figs. 4~c! and ~d!, the calculated
intensity distributions around~8,0,0! and ~8,8,0! show a
two-lobes pattern and a butterfly-shaped pattern, res
tively. The observed pattern around~10,4,0! is consistent
with the corresponding calculation shown in Fig. 5~b!. Over-

FIG. 4. Contour plots of diffuse scattering intensities observ
around~a! ~8,0,0! and ~b! ~8,8,0! in Pr0.5Ca0.5MnO3. The intensity
distribution around~8,0,0! extends along the@010# direction. A
butterfly-shaped pattern extending along the@100# and @010#
directions is seen around~8,8,0!. The streaks passing throug
the reciprocal lattice points and extending toward the origin of
reciprocal lattice are due to contamination~see text!. Calculated
patterns of the diffuse intensity based on the local lattice dis
tion due to the Jahn-Teller effect are shown in~c! ~8,0,0! and
~d! ~8,8,0!.
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all agreement between the calculation and the observatio
satisfactory, indicating that the diffuse intensity is attribu
able to the local lattice distortion associated with the JT d
tortion.

In contrast to the calculations, the observed intens
distribution around~8,8,0! and~10,4,0! are asymmetric abou
the respective reciprocal points as shown in Figs. 4~b! and
5~a!. In addition, the diffuse scattering has local intens
maxima at the incommensurate positions. These feat
probably arise from the development of the correlation
tween the distortion fields. The correlation is probably
lated to the fluctuations of charge and orbital orderin
According to resonant x-ray scattering study,8 the commen-
surate charge-order fluctuations are highly correlated ab
TCO. The incommensurate lattice modulation may primar
arise from the fluctuation of the orbital ordering which pa
ticipate in the cooperative JT ordering. Just aboveTCO,
discommensurations,11 i.e., antiphase domain boundaries b
tween two commensurate orbital-ordered regions, seem
exist and to be periodically arranged.

It should be pointed out that similar patterns of the inte
sity distributions2 have been also observed in a pseudocu
compound of (Nd0.125Sm0.875)0.52Sr0.48MnO3 exhibiting the
insulator-metal transition concomitant with the ferroma
netic transition.12 The diffuse intensity increases with de
creasing temperature towards the ferromagnetic transi
temperature (TC) and vanishes abruptly belowTC. Small
local maxima around (6z,0,0) and (0,6z,0) with z
.0.3–0.35 were also observed. These results suggest
the correlation between distortion fields associa
with the JT distortion exist above TC in
(Nd0.125Sm0.875)0.52Sr0.48MnO3 as well as aboveTCO in
Pr12xCaxMnO3. The short-range charge order develops in
the long-range order in Pr12xCaxMnO3. By contrast, the
ferromagnetic metallic phase is stabilized
(Nd0.125Sm0.875)0.52Sr0.48MnO3 by the double exchange
mechanism.13

Recent neutron-scattering study shows that ferromagn
fluctuations exist aboveTCO in Pr12xCaxMnO3 (0.35<x
<0.5).14 This ferromagnetic correlation is suppressed by
formation of the long-range charge order. It is still uncle
that the relationship between the ferromagnetic correla
and the incommensurate lattice modulation. An interpre
tion is that the short-range charge-ordered regions and

FIG. 5. ~a! Contour plot of diffuse scattering intensities aroun
~10,4,0! in Pr0.6Ca0.4MnO3 measured by using synchrotron radi
tion. ~b! Intensity distribution calculated in the same manner
those shown in Fig. 4.
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charge-disordered regions with the ferromagnetic correla
coexist aboveTCO. High-field x-ray or neutron measure
ments may provide new insights to clarify this problem, b
cause the ferromagnetic metallic phase is induced by an
plication of magnetic fields.
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