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Microstructure related to charge and orbital ordering in Pr 0.5Ca0.5MnO3
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We have investigated the microstructure related to the charge and orbital ordering in the manganites
Pr0.5Ca0.5MnO3 by transmission electron microscopy. Electron diffraction clearly shows the presence of the
incommensurate structure in the paramagnetic insulator phase of Pr0.5Ca0.5MnO3 between 180 and 260 K. Our
experimental results clearly show that the incommensurate-to-commensurate~IC-to-C! charge-ordering transi-
tion was correspondent with the paramagnetic to antiferromagnetic transition around 180 K. Dark field images
also revealed the motion of the discommensurations during the IC-to-C transition. A model of the IC structure
which involves the presence of the partial orbital disordering and the complete charge ordering is proposed.
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The fascinating physical phenomena in manganites
dominated by the competition of two prominent ground sta
namely ferromagnetic metallic and charge-ordered insula
phases. Recently an incommensurate charge ordered p
has been found to coexist with the ferromagnetic meta
phase in La0.5Ca0.5MnO3 by electron and neutron diffractio
experiments.1,2 It was suggested that the physical origin
the incommensurate charge ordering could be due to
presence of the partial orbital disordering in spite of the co
plete charge ordering.3 Hence, the degree of freedom of th
eg orbital is important to understand the nature of the inco
mensurate structure in the manganites.

It has been known that Pr12xCaxMnO3 compounds do no
show the ferromagnetic metallic properties in the en
range of Ca concentration, because Pr12xCaxMnO3 has a
smaller one-electron bandwidth than other manganites s
as La12xSrxMnO3.

4 In addition, Pr12xCaxMnO3 has an
orthorhombic structure~space group; Pbnm! in the whole Ca
concentration ~x!. According to the previous work
Pr12xCaxMnO3 for 0.3,x,0.75 shows an insulating stat
characterized by the charge/orbital ordering at low
temperatures.4–7 The wave vectors due to the charge ord
ing ~d! vary with the Ca concentration~x! for 0.5,x
,0.75, and forx less than 0.5,d remains unchanged with
d50.5a* . Note thata* denotes a reciprocal lattice vector
the orthorhombic system. Pr0.5Ca0.5MnO3 has been found to
undergo a charge ordering transition atTco5260 K and sub-
sequently the paramagnetic-to-antiferromagnetic transitio
TN5180 K. In this paper we reported microstructure rela
to the charge ordered state in Pr0.5Ca0.5MnO3 by electron
diffraction and high resolution electron microscopy. An i
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commensurate charge ordering is found to be present in
paramagnetic insulator state in the intermediate tempera
region. The incommensurability~«! characterizing the in-
commensurate charge ordering changes with respect to
temperature with a small thermal hysteresis. The incomm
surate ~IC! to commensurate~C! transition correlate well
with the paramagnetic to antiferromagnetic transition arou
180 K.

In this work both ceramic and single crystals
Pr0.5Ca0.5MnO3 were used, where single crystals are prepa
by floating-zone method. The observation was carried ou
using JEM-2000FX and JEM-200CX equipped with the lo
temperature holder. High resolution lattice images w
taken by including electron diffraction spots at large an
and so the main contribution to the contrast of the latt
fringes is due to the displacements of the individual atom
not to charge distribution.8 The samples in the electron m
croscope are under the magnetic field by the object lens w
the magnitude of 2 T.

We found the presence of the incommensurate structur
the paramagnetic insulator state of Pr0.5Ca0.5MnO3 and the
incommensurability~«! changes in the cooling and subs
quent heating process with a small thermal hysteresis
should be noticed that in some grains the temperature de
dence of« occasionally shows a relatively large thermal hy
teresis. The wave vector characterizing the incommensu
structure can be written asd5(1/22«)ao* , where« is de-
fined as the deviation of the position of the superlattice
flection spot from its commensurate position in the recip
cal space. First of all, we will show the typical temperatu
dependence of« obtained in Pr0.5Ca0.5MnO3 during the cool-
13 573 ©1999 The American Physical Society
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ing and subsequent warming process. As clearly seen in
1, « has a finite value of 0.11 at the transition temperature
260 K and decreases gradually with decreasing tempera
Finally « reaches zero around 150 K and the charge orde
state becomes commensurate and is characterized by
wave vector ofd51/2ao* at lower temperature, as has a
ready reported in the previous work.5–7,9 On the other hand
on warming« remains zero until around 180 K and reache
value of«50.11 around 260 K. It should be noted that t
temperature dependence of« in Pr0.5Ca0.5MnO3 exhibits a
small thermal hysteresis, although in the case
La0.5Ca0.5MnO3 the temperature dependence of« has a large
thermal hysteresis.1 The transition temperature~180 K! of
the IC-to-C structural transition coincides with the param
netic to antiferromagnetic one obtained by magnetic and
sistivity measurements.4

In order to elucidate changes in microstructure related
the charge ordered state in Pr0.5Ca0.5MnO3, an in situ obser-
vation was carried out in the temperature range betw
room temperature and 95 K on cooling and warming.
shown in Fig. 1, the presence of an incommensurate struc
in the temperature range between 180 and 260 K is foun
the electron diffraction experiment. Figure 2 shows chan
in microstructure related to the charge ordered state
warming from 95 K. Note that all images shown in Fig.
were taken by using the superlattice reflection spots du
the charge ordering and then the bright contrast region
Fig. 2 correspond to ones where the charge ordering occ
At lower temperature of 95 K the charge ordered state is s
as a large domain structure with a long coherence of.100
nm, as shown in Fig. 2~a!. Note that dark contrast lines i
Fig. 2~a! are mainly due to the antiphase boundaries in
commensurate structure. On warming from 95 K, we fou
the presence of the discommensuration structure which h
close relationship to the incommensurate structure aro
200 K. Figure 2~b! is a dark field image taken at 200 K b

FIG. 1. Changes in the incommensurability~«! characterizing
the incommensurate charge ordering with respect to the temp
ture. Closed triangles and circles represent values of« obtained
from electron diffraction experiment at each temperature on wa
ing and cooling, respectively.~Inset! Electron diffraction pattern
taken at 200 K in the paramagnetic insulator state
Pr0.5Ca0.5MnO3, which shows clearly the presence of the inco
mensurate structure.
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using the satellite reflection spot. As shown by an arrow
the image, dark line contrasts which should be identified
the discommensuration with a phase slip ofp can be clearly
seen. It should be noted that average distance between
neighboring dark line contrasts is about 12 nm, which
consistent with that estimated from the incommensurabi
~«! obtained experimentally, where« is 0.045 at 200 K on
warming. The similar dark line contrasts due to the DC
were seen in the nearly commensurate phase
La0.5Ca0.5MnO3.

1 On further warming to the transition tem
perature of 260 K, the size of the microdomains due to
charge ordered state has shrunk down to the size of a
10–20 nm, as shown in Fig. 2~c! taken at 260 K, and finally
disappear above the transition temperature of about 260
These images shown here revealed that the incommens
structure is characterized by the presence of the DC’s wi
phase slip ofp. It is expected that the C-to-IC transition wi
proceed with the creation and annihilation processes of
DC’s on warming. We examined change in microstructu

ra-

-

f

FIG. 2. Changes in microstructure related to the charge orde
state on warming from 95 K. The images are taken at~a! 95 K, ~b!
200 K, and~c! 240 K by using the satellite spots due to the char
ordering, respectively.
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during the C-to-IC transition carefully. Figure 3 show
changes in microstructure related to the C-to-IC transit
obtained around 180 K. As shown by arrowsA andB in Fig.
3~a!, pairs formed by two DC lines can be seen clearly. F
ure 3~b! was taken at 144 K several minutes later after F
3~a! was taken at the same temperature. Paired DC l
indicated by arrows in Figs. 3~a! and 3~b! proceed forward
into the large charge ordered domain and the regular arra
ment of the DC lines can be seen in the incommensu
structure. This dynamical process of the DC during
C-to-IC structural transition is a characteristic of the inco
mensurate structure found in the charge ordered mangan
The motion of the DC’s during the IC-to-C transition h
been reported in many materials undergoing the IC-to
transition such as 2H-TaSe2, alloys and ferroelectric
insulators.10–13 These experimental results strongly demo
strate the presence of the incommensurate structure in
paramagnetic insulator state of Pr0.5Ca0.5MnO3.

Thus, in order to examine detailed microstructure rela
to the charge ordered state in Pr0.5Ca0.5MnO3 at lower tem-
perature, we took some high resolution lattice images in
charge ordered state at 95 K. Figure 4 is a high resolu
lattice image with the incidence beam parallel to@001#. In
the image, lattice fringes with the separation of 5.5 A cor
sponding to the lattice parameter along the@100# direction
can bee seen clearly. One of the most striking features of
image is the presence of doublet enhanced dark fringes
the periodicity of 11 Å (52ao). The regular arrangement o
doublet dark enhanced fringes in the CO state
Pr0.5Ca0.5MnO3 has already reported by Barnabeet al.9 As
we have already reported in Ref. 14, the origin of the
hanced dark contrast is mainly due to the displacement of
distorted Mn31O6 octahedra by Jahn-Teller effect. Paire

FIG. 3. Dynamical motion of the DC’s during the C-to-IC stru
tural transition in Pr0.5Ca0.5MnO3. Paired DC’s can be seen, a
shown by arrowsA andB in the figure.
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Jahn-Teller stripes is a fundamental building block of t
charge ordered state in Pr0.5Ca0.5MnO3, as in
La0.5Ca0.5MnO3.

14 The other feature is the presence of defe
structures such as discommensuration~DC! and antiphase
boundary~APE!, which are shown in the rectangular regio
~A! and~B!, respectively. As has already discussed in Ref
the presence of these types of defect structures in the
images play an important role to the transition process fr
the IC structure to the C one.

In the case of La0.5Ca0.5MnO3, the IC charge ordering is
found to coexist with the ferromagnetic metallic state in
spatially inhomogeneous configuration with microdoma
with the size of 20–30 nm.3 In Pr0.5Ca0.5MnO3, the IC
charge ordering, however, is found in the insulator sta
Note that we have to take into account two types of degre
freedom, charge and orbital, in examining the origin of t
IC charge ordering in the manganites. In the case
Pr0.5Ca0.5MnO3, we have to consider only theeg orbital de-
gree of freedom to understand the nature of the incomm
surate structure. As evident in the IC structure
La0.5Ca0.5MnO3, the IC charge ordering is characterized
the presence of the unpaired JTS between paired JTS3

What causes the unpaired JTS is due to the partial disor
ing of eg orbitals. In particular, by considering that the I
structure found in Pr0.5Ca0.5MnO3 is characterized as th
paramagnetic insulator state, we strongly proposed that
incommensurate charge ordering should be caused by
partial disordering of thed3z22r2 orbitals with the charge
ordering with the periodicity of 2ao .

In conclusion, electron diffraction and dark field imag
clearly show the presence of the incommensurate charge
dering in the paramagnetic insulator state of Pr0.5Ca0.5MnO3,
which is important to understand the role of theeg orbitals in
the charge ordered state of the manganites. We are now
amining the influence of the ionic size in theA site of the
perovskite structure on the IC charge ordering, in order
elucidate the nature of theeg orbitals in the charge ordere
state.

FIG. 4. High resolution lattice fringes taken in the charge
dered state at 95 K. The incident beam is almost parallel to
@001# direction. Two types of the defect structures, antipha
boundaries and discommensurations, can be seen, as shown
rectangular regionsA andB, respectively.



ys

,

,

o

nd

J.

tt.

a,

B

13 576 PRB 59BRIEF REPORTS
1C. H. Chen and S-W. Cheong, Phys. Rev. Lett.76, 4042~1996!.
2P. G. Radaelli, D. E. Cox, M. Marezio, and S-W. Cheong, Ph

Rev. B55, 3015~1997!.
3S. Mori, C. H. Chen, and S-W. Cheong, Phys. Rev. Lett.81, 3972

~1998!.
4A. Urushibara, Y. Moritomo, T. Arima, A. Asamitsu, G. Kido

and Y. Tokura, Phys. Rev. B51, 14 103~1995!; Y. Tomioka, A.
Aasamitsu, H. Kuwahara, Y. Moritomo, and Y. Tokura,ibid. 53,
1689~1996!; Y. Tokura, A. Urushibara, Y. Moritomo, T. Arima
A. Asamitsu, and G. Kido, J. Phys. Soc. Jpn.63, 3931 ~1994!;
H. Yoshizawaet al., Phys. Rev. B52, 13 145 ~1995!; Y. To-
mioka et al., J. Phys. Soc. Jpn.64, 3626~1995!.

5E. Pollert, S. Krupicka, and E. Kuzamicova, J. Phys. Chem. S
ids 43, 1137~1982!.

6Z. Jirak, S. Krupicka, V. Nekvasild, E. Pollert, G. Villeneuve, a
.

l-

F. Zounova, J. Magn. Magn. Mater.15–18, 519 ~1980!.
7Z. Jirak, S. Krupicka, Z. Simsa, M. Dlouha, and Z. Vratislav,

Magn. Magn. Mater.53, 153 ~1985!.
8Y. Zhu and J. Tafto, Phys. Rev. Lett.76, 443 ~1996!.
9A. Barnabeet al., J. Appl. Phys.84, 5506~1998!.

10C. H. Chen, J. M. Gibson, and R. M. Fleming, Phys. Rev. Le
47, 723 ~1981!; Phys. Rev. B26, 184 ~1982!.

11Y. Fujino, H. Sato, M. Hirabayashi, E. Aoyagi, and Y. Koyam
Phys. Rev. Lett.58, 1012~1987!.

12N. Yamamotoet al., J. Phys. Soc. Jpn.61, 3178~1992!.
13S. Mori, N. Yamamoto, Y. Koyama, and Y. Uesu, Phys. Rev.

52, 6158~1995!.
14S. Mori, C. H. Chen, and S-W. Cheong, Nature~London! 392,

473 ~1998!.


