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Features of the rhombohedral-to-orthorhombic structural phase transition in La1ÀxSrxMnO3
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The R3̄c-to-Pbnmstructural phase transition in La12xSrxMnO3, which is characterized by changes in the
rotational displacement of the MnO6 octahedra and in the crystal system, has been investigated by transmission
electron microscopy. The experimental data indicate that the former change results in the appearance of the
antiphase boundary and the latter produces the$110% and$112% twin structures. In addition, the structural phase
transition can be reproduced on the basis of the Landau theory, in which a normal structure and an order
parameter are, respectively, assumed to be thePm3m structure and normal coordinates of the rotational
displacements.
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I. INTRODUCTION

The R3̄c-to-Pbnmphase transition is one of the commo
phenomena in La12xSrxMO3 with M5Ti, V, and Mn.1–3 A

crystallographic feature of theR3̄c and Pbnmstructures is
that these structures are produced by introducing a rotati
displacement of the MO6 octahedra into the normalPm3m
structure.1 According to our previous studies, the rotation
displacement involved in the orthorhombicPbnmstructure is
specified by aR25

x 1R25
y 1M3

z displacement, while only the
R25 displacement,R25

x 1R25
y 1R25

z , occurs in the rhombohe

dral R3̄c structure.1,2 The suffixesx, y, and z denote the
@100#, @010#, and@001# directions as the rotation axis, respe
tively. The rotational directions of two neighboring octah
dra along the rotation axis are opposite in theR25 displace-

ment and the same in theM3 one. The R3̄c-to-Pbnm
transition is thus characterized by the change in the rotatio
displacement from theR25 displacement to theM3 one along
the z axis, in addition to that in the crystal system fro
rhombohedral to orthorhombic. It should be noted that
rotational displacement leads to a decrease in theM -O-M
bond angle, resulting in that in the bandwidth, as pointed
in the case of LaNiO3.

4 An examination of theR3̄c-to-Pbnm
structural phase transition is thus needed for a proper un
standing of the physical properties of La12xSrxMnO3.

In La12xSrxMnO3, when the Sr contentx increases at
room temperature, the structural phase transition occ
aroundx50.17.3 Note that the insulating state in LaMnO3
changes into the metallic state aroundx50.16 at room tem-
perature as a result of increasing the Sr contentx. This would
seem to suggest that the structural phase transition acts
trigger of the metal-insulator transition. Another interesti
PRB 620163-1829/2000/62~9!/5399~7!/$15.00
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feature of the structural transition in La12xSrxMnO3 is that
when the Sr content increases the transition temperature
idly drops aroundx50.17 just after crossing the Curie tem
peratureTc . With Sr content ofx50.17, thePbnm phase
following the structural transition upon cooling goes back

the R3̄c one under the application of an external magne
field.5,6 The magnetic field works to enhance the stability

theR3̄c phase. In order to understand the effect of the m
netic field on the structural phase transition, it is necessar
elucidate the crystallographic features involved. In t
present work, we investigated the features of the struct
phase transition in La12xSrxMnO3 with x50.175 by trans-
mission electron microscopy. In addition, we discuss
structural phase transition on the basis of the Landau the
which is consistent with the symmetry requirement. The r
of the magnetic field is also considered theoretically.

II. EXPERIMENTAL PROCEDURE

A La12xSrxMnO3 single crystal withx50.175 and grown
by the floating-zone method was used in this work to exa

ine theR3̄c-to-Pbnmstructural transition. Its transition tem
perature was determined to be about 180 K by x-ray pow
diffraction and its physical properties were already repor
by Urushibaraet al.3 Specimens for transmission-electro
microscopy observation were thin films obtained by t
crashing and Ar-ion thinning techniques. In order to exam
the crystallographic features of the structural phase transi
in these samples,in situ observation of the phase transitio
was performed by means of H-800 and H-8100A transm
sion electron microscopes with the help of a cooling hold
5399 ©2000 The American Physical Society
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Imaging plates were also used as recording media to a
sample drift during exposure, in addition to convention
films.

III. RESULTS

Figure 1 shows electron-diffraction patterns taken fro
the x50.175 sample at room temperature. Electron in
dences in Figs. 1~a!–1~c! are, respectively, parallel to th
@100#, @111#, and @310# directions, and diffraction spots ar
indexed in terms of the cubic perovskite structure with
space groupPm3m. In the electron-diffraction patterns
there are diffraction spots with strong intensities. Since
pseudocubic lattice was adopted for the index, the spots
divided into two groups. The spots in one group are fun
mental spots, denoted as A, with an integer index, which
due to the simple perovskite structure of cubic symme
The spots in the other group are located atq5 1

2 ^111& in the
cubic reciprocal lattice, as indicated by B. From the extin
tion rule of theq5 1

2 ^111& spot, the crystal structure at room
temperature was confirmed to be theR3̄c structure, which is
characterized only by theR25 displacement. In addition, dif
fuse scattering exists at symmetry-related sites, as indic
by the arrow C. In order to easily detect the presence of
scattering, an intensity profile of diffuse scattering C alon
white line in the pattern~c! is shown in Fig. 1~d!. The profile
clearly shows a broad peak C. The intensity distributions
diffuse scattering in reciprocal space were then measure
was found that scattering exists aroundq5 1

2 ^110& and q
5 1

2 ^100& and has a spherical distribution with a spread
about 2

7 G001, whereG001 denotes the magnitude of the 00
reciprocal-lattice vector. That is, the diffuse scattering o
served in the pattern~c! is a cross section of the diffus
scattering atq5 1

2 ^100& by the Ewald sphere. Since diffrac

FIG. 1. Electron-diffraction pattern,~a!, ~b!, and~c!, taken from
La0.825Sr0.175MnO3 sample at room temperature. Electron incidenc
are parallel to the@100# ~a!, @111# ~b!, and @310# ~c! directions,
respectively. In~d!, an intensity profile of diffuse scattering C alon
a white line in~c! is also shown.
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FIG. 2. Electron-diffraction pattern~a!, a bright field image~b!,
and two dark field images,~c! and~d!, of La0.825Sr0.175MnO3 sample
at room temperature. The electron incidence is parallel to the@310#
direction. The dark field images in~c! and~d! were taken by using

the 1
2

3
2

1
2 and 1

2
3
2

1
2 spots, marked A and B in the pattern, respective
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tion spots exhibiting theM3 rotational displacement appea
at q5 1

2 ^110& andq5 1
2 ^100& in the Pbnmstructure, diffuse

scattering is an indication that fluctuation occurs in theM3

displacement in theR3̄c structure. From the spread of th
intensity distribution, the coherent length of the fluctuati
was determined to be72 d001'14 Å.

La0.825Sr0.175MnO3 exhibits theR3̄c-to-Pbnm structural
phase transition around 180 K. Figure 2 shows bright a
dark field images of thex50.175 sample at room tempera
ture, together with a corresponding electron-diffraction p
tern. The electron incidence is almost parallel to the@310#
direction. In the diffraction pattern in Fig. 2~a!, there are
diffraction spots atq5 1

2 ^111&, in addition to the fundamen
tal spots due to the cubic perovskite structure, as was see
Fig. 1. There is no conspicuous contrast in the bright fi
image in Fig. 2~b!. Only a line contrast is detected, as ind
cated by the arrows. We then took dark field images in or
to elucidate the domain structure in theR3̄c phase. Figures
2~c! and 2~d! are, respectively, dark field images taken by t
1
2

3
2

1
2 and 1

2
3
2

1
2 spots, which are marked A and B in the pa

tern. In Fig. 2~c!, a banded region with a width of about
mm is seen as a dark contrast. An important feature is
the contrasts in Figs. 2~c! and 2~d! are reversed, indicating
that the microstructure of theR3̄c phase is a twin structure
consisting of differentR3̄c variants. A twin plane was deter
mined to be parallel to the~001! one. That is, the line con
trast in Fig. 2~b! is identified as a twin boundary. It is obv
ous that the$100% twin structure is a consequence of th
Pm3m-to-R3̄c structural transition, which should occur at
higher temperature.

When thex50.175 sample was cooled from room tem
perature, the structural transition to thePbnmphase actually
took place around 180 K. Electron-diffraction patterns o
tained at 85 K after the transition are shown in Fig. 3. El
tron incidences in Figs. 3~a! and 3~b! are, respectively, par
allel to the@111# and @310# directions. In the patterns, new
diffraction spots appear in the structural phase transition
indicated by arrows A and B. In addition, a weak diffractio
spot, marked by C, is also observed. An intensity profile
spot C along a white line in the pattern~b! is shown in Fig.
3~c!, in order to clearly demonstrate the presence of it. S
A was found to exist atq5 1

2 ^110& in the simple cubic Bril-
louin zone, while spots B and C were both atq5 1

2 ^100&. It
should be mentioned that spot C was produced by the c
version of diffuse scattering, which was observed in the p
tern in Fig. 1~c!. We examined the extinction rule of the ne
spots as well as theq5 1

2 ^111& spots at 85 K. It was found
that the rule for the half integer spots is entirely consist
with the R25

x 1R25
y 1M3

z rotational displacement. Thus th
crystal structure at 85 K was confirmed to be thePbnmstruc-
ture.

The domain structure in thePbnmphase was examined b
taking dark field images using theq5 1

2 ^110& spots, which
characterize thePbnmstructure. Figure 4 shows three da
field images of thex50.175 sample, a correspondin
electron-diffraction pattern, and an intensity profile at 85
The electron incidence is almost parallel to the@111# direc-
tion. In the pattern in Fig. 4~a!, there are three types of spot
q5 1

2 @110#, q5 1
2 @101#, andq5 1

2 @011#, in addition to fun-
d

t-

in
d

r

at

-
-

as

f

t

n-
t-

t

.

damental spots. As the spots atq5 1
2 @011# are not well re-

produced in the pattern, intensity profiles of the 01
2

1
2 and

0 1
2

1
2 spots are shown in Fig. 4~b!. These peaks are clearl

seen in the profile. We took dark field images of Figs. 4~c!,

4~d!, and 4~e!, respectively, using the12
1
2 0, 1

2 0 1
2 , and 01

2
1
2

spots, which are marked A, B, and C in the pattern. Th

FIG. 3. Electron-diffraction patterns,~a! and ~b!, of
La0.825Sr0.175MnO3 sample at 85 K. Electron incident beams a
parallel to the@111# ~a! and@310# ~b! directions, respectively. In~c!,
an intensity profile of diffraction spot C along a white line in~b! is
also shown.
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exist bright- and dark-contrast regions in these images. In
bright-contrast region, a line contrast is also seen, as i
cated by the arrows. A simple analysis of the images in
cated that the boundary between the bright- and da
contrast regions is parallel to the$110% or $112% plane and the
line contrast is perpendicular to the^100& direction. It should
be noted that the bright-contrast region in each image co
sponds to one variant of thePbnmstructure because of dif
fraction contrast. In addition, the line contrast observed
each variant is understood to be an antiphase boundary
respect to theM3 rotational displacement and to be precise
perpendicular to the@001# direction of theM3 rotational axis.
It is obvious that the appearance of the antiphase boun
results from the change in the rotational displacement in
transition. Figure 5 is a schematic diagram showing the
main structure of thePbnm phase. This diagram was ob
tained by analyzing the dark field images in Figs. 4. TheM3
rotational axis in each variant is depicted by a double arr
As is understood from Fig. 5, the domain structure is jus
twin structure consisting of threePbnmvariants with a dif-
ferent M3 rotational axis. That is, the change in the crys
system in the transition produces the$110% and $112% twin
structures.

Figure 6 shows three electron-diffraction patterns at 85
which were taken from a singlePbnmvariant. The electron
incidences in Figs. 6~a!, 6~b!, and 6~c! are, respectively, par
allel to the@100#, @110#, and@111# directions. In addition to
fundamental spots with an integer index, there are diffract

FIG. 4. Electron-diffraction pattern~a!, intensity profile~b!, and
three dark field images,~c!, ~d!, and ~e!, of La0.825Sr0.175MnO3

sample at 85 K. The electron incidence is parallel to the@111#

direction. In ~c!, an intensity profile of the 012
1
2 and 01

2
1
2 spots

along the@01̄1# direction through the origin is shown. The da

field images in~c!, ~d!, and~e!, were taken by using the12
1
2 0, 1

2 0 1
2 ,

and 01
2

1
2 spots, marked A, B, and C in the pattern, respectively
e
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spots atq5 1
2 ^111&, q5 1

2 ^110&, andq5 1
2 ^100& in the pat-

terns. Among theq5 1
2 ^110& spots, theM3 rotational dis-

placement involved in thePbnmstructure gives rise to the
1
2

1
20-type spots. Neither a diffraction spot nor diffuse scatt

ing is detected around the other1
20

1
2- and 01

2
1
2-type positions.

This originates from the fact that theM3 mode is one of the
nondegenerate phonon modes. In addition, electron diff
tion did not reveal any structural fluctuation associated w
the Jahn-Teller distortion that has been recently detected
pulsed neutron diffraction.7

Figure 7 is a bright field image at room temperatu
which was obtained from thex50.175 sample after the re
verse transition. Features of the image are found to be
same as those in Fig. 2. This implies that crystallograp
reversibility is basically maintained in the normal and sub
quent reverse transitions. It is worth noting that the therm
hysteresis of the structural transition was determined to
about 20 K.

IV. DISCUSSION

A. Features of the structural phase transition

The present experimental data clearly show that
changes in the rotational displacement and in the crystal
tem in theR3̄c-to-Pbnmstructural phase transition result i
the appearance of the antiphase boundary perpendicula
the M3 rotational axis and the twin structures composed
differentPbnmvariants, respectively. In addition, in spite o
the first-order transition, crystallographic reversibility is b
sically maintained in the normal and subsequent reverse t
sitions. Because the space group of thePbnmstructure is not
a subgroup of that of theR3̄c structure, reversibility is not
related to the change in the symmetry but originates from
strain field produced in the transition. First, we will discu
the domain structure in thePbnmphase.

FIG. 5. Schematic diagram of the domain structure of thePbnm
phase, obtained by analyzing the dark field images in Figs. 4.
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The microstructure of thePbnmphase was found to be th
$110% and $112% twin structures. Here, we analyzed the tw
structures from the viewpoint proposed by Sapriel.8 It is ob-
vious that the twin structures originate from the change
the crystal system from rhombohedral to orthorhombic. T
change can be regarded as shear deformation. The strain
sors expressing this shear deformation are written as

FIG. 6. Electron-diffraction patterns at 85 K, which were tak
from a singlePbnmvariant. Electron incident beams are parallel
the @100# ~a!, @110# ~b!, and@111# ~c! directions, respectively.
n
s
en-

S15S 0 « 0

« 0 0

0 0 0
D , S25S 0 0 0

0 0 «

0 « 0
D , S35S 0 0 «

0 0 0

« 0 0
D

in the orthorhombic coordinate system. According to Sap
el’s theory, when two tensorsSa and Sb are given, the do-
main walls betweenSa and Sb are obtained bySaxixj
5Sbxixj . For instance, we get 2«xy52«yz for S1 andS2 .
Solutions of this simple equation arey50 and x2z50,
which lead to the~010! and (101̄) walls in the orthorhombic
coordinate system, respectively. We then have the~110! and
~112! walls in the cubic coordinate system. The same cal
lation was made for the other combinations of the strain t
sors. As a result, present discussion was found to pre
only the $110% and $112% twin planes. This prediction can
actually explain the observed domain structure, which
schematically depicted in Fig. 5. It is therefore understo
that the crystal-system change in theR3̄c-to-Pbnmtransition
takes place via shear deformation.

In the single Pbnm variant, there exists the antiphas
boundary with a phase slip of 2p/2. The appearance of th
antiphase boundary is closely related to the change in
rotational displacement. Here let us consider why the
tiphase boundary appears in the transition. In theM3 rota-
tional displacement, there are two rotational directio
clockwise and counterclockwise. In the transition, regio
with these rotations should be nucleated with equal proba
ity. The nucleatedPbnmregions then grow and the two re
gions meet each other. If the two regions are rotating in
same direction, they become one region. Nevertheless,
antiphase boundary appears between the two regions.
is, the emergence of the antiphase boundary is direct proo
the fact that the transition involves changes in rotational d
placement.

B. Landau free energy of theR3̄c-to-Pbnm structural
transition

In this section, we propose the Landau-free energy for
R3̄c-to-Pbnm structural phase transition. The structur

FIG. 7. Bright field image from La0.825Sr0.175MnO3 sample taken
at room temperature after the normal and subsequent reverse
sitions. The electron incidence is parallel to the@310# direction.
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phase transition was already discussed on the basis o
Landau theory.6 A serious problem with previous discussio
is that it does not satisfy the symmetry requirement. Tha
the space group of thePbnmstructure is not a subgroup o
that of theR3̄c structure. Since we must look for a norm
structure first, attention is paid to the fact that theR3̄c struc-
ture exhibits the$100% twin structure. As was mentioned ea
lier, the $100% twin structure is the result of thePm3m-to-
R3̄c structural transition. In addition, the space groups of
Pbnm and R3̄c structures are obviously subgroups
Pm3m. Thus we regard thePm3m structure as the norma
structure in the transition. As for the main order parame
there are two candidates: the rotational displacement and
spontaneous strain related to the change in the crystal
tem. Because the transition should be a staggered one
duced by the size effect, the main order parameter is
sumed here to be the rotational displacement.

TheR3̄c andPbnmstructures are, respectively, charact
ized by theR25

x 1R25
y 1R25

z andR25
x 1R25

y 1M3
z rotational dis-

placement. These displacements are understood to r
from the condensation of the triply degenerateR25 and non-
degenerateM3 phonon modes in thePm3m structure. That
is, the R3̄c and Pbnm structures are associated with th
three-dimensionalR25 and one-dimensionalM3 irreducible
representations of the space groupPm3m. Using the normal
coordinates of theR25 andM3 displacements, the free energ
can be expressed as

F5F01
1

2
A~T2TR* !~QRx

2 1QRy
2 1QRz

2 !1
1

4
B~QRx

2 1QRy
2

1QRz
2 !21

1

4
C~QRx

2 QRy
2 1QRy

2 QRz
2 1QRz

2 QRx
2 !

1
1

2
D~T2TM* !QM

2 1
1

4
EQM

4 1
1

6
FQM

6 1
1

2
GQRz

2 QM
2

1
1

2
HQM

2 ~QRx
2 1QRy

2 !1
1

4
IQM

2 ~QRx
4 1QRy

4 !

1
1

2
JQM

2 QRx
2 QRy

2 , ~1!

whereF0 is the free energy of thePm3m structure,QRi with
i 5x, y, andz andQM are, respectively, the normal coord
nates of theR25 and M3 modes, andT is the temperature.9

Values ofTR* andTM* as well as the coefficient of each fre
energy term are assumed to be constant. It should be n
that the contribution of the spontaneous strains modifies o
the coefficient of each term in an equilibrium condition.
order to avoid complexity, we do not include spontaneo
strain terms and coupling terms between the order param
and the strain in the present free energy expression.

We obtain free energy expressions of theR3̄c andPbnm
structures from Eq.~1!. Because the main order paramete
of the R3̄c structure are given asQRx5QRy5QRz
5(1/))QR , andQM50, the free energy becomes

FR3̄c5F01
1

2
A~T2TR* !QR

21
1

4
BRQR

4 ~2!
he

s,

e

r,
he
s-

in-
s-

-

ult

ted
ly

s
ter

s

for the R3̄c structure, whereBR5B1 1
3C. For the Pbnm

structure withQRx5QRy5(1/&)QR, QRz50, andQMÞ0,
on the other hand, the free energy leads to

FPbnm5F01K01K1~T2TR* !1
1

2
D~T2TM* !QM

2 1
1

4
EQM

4

1
1

6
FQM

6 , ~3!

where

K05
1

4 S B1
1

4
CDQR

4, K15
1

2
AQR

2,

and TM* 5TM* 2
1

D S HQR
21

1

4
IQR

41
1

4
JQR

4 D .

It should be mentioned that theQRi in the Pbnm phase is
assumed to be a constant value of (1/&)QR in the present
treatment. This is because theR3̄c-to-Pbnm transition is
characterized only by the appearance of theM3 rotational
displacement and the transition temperature of
R3̄c-to-Pbnmtransition must be much lower than that of th
Pm3m-to-R3̄c one.

Calculated free-energy curves forR3̄c andPbnmphases
are shown in Fig. 8. The free-energy terms were calcula
up to fourth-order ones, in order to reduce the number
adjustable parameters. Values ofA, BR , D, E, K0 , K1 , TR* ,
and TM* were actually assumed to be 1, 1, 1, 1, 0.2, 0.4
and 0.6, respectively. It should be noted that the adoption
the terms up to the fourth-order ones does not change
essential features of theR3̄c-to-Pbnmtransition. As is seen
in Fig. 8, the free-energy curve of theR3̄c phase intersects
that of thePbnmone aroundT/TR* 50.2. This indicates tha
the present theory can well reproduce the first-order str
tural transition. It is concluded that theR3̄c-to-Pbnmstruc-
tural phase transition is characterized by the intersection
these two free-energy curves. This is a characteristic fea
of the typical first-order transitions such as the marten
transition in Fe-Ni alloys.

FIG. 8. Calculated free-energy curves of theR3̄c and thePbnm
phases, represented by solid and dashed lines, respectively.
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Finally, we briefly discuss the effect of a magnetic fie
on theR3̄c-to-Pbnmtransition. In order to consider this e
fect, the magnetization vector (Mx , M y , Mz) is taken into
account as a magnetic order parameter. The magnetiza
vector is obviously an axial vector, which can be transfer
by symmetry operations as the basis of theT1g irreducible
representation of theOh point group. As was pointed out b
Slonczewski and Thomas,10 the normal coordinates of th
R25 displacement, (QRx , QRy , QRz), are also transferred
with respect to point-group operations like the compone
of the axial vector. Therefore there should exist a linear c
pling term between them in the free-energy expression. T
coupling term would make the free energy lower. It shou
be noted here that theR25

x , R25
y , andR25

z displacements are

involved in theR3̄c structure, while there are only theR25
x

andR25
y displacements in thePbnmstructure. Based on thi

fact, the free-energy gain due to the magnetic field should
larger for theR3̄c phase than for thePbnmphase. That is,
the R3̄c phase is more stabilized by the magnetic field th
vit

,

Ch
ion
d

ts
-
is

e

n

the Pbnmone. We believe that this stabilization would be
physical origin of the magnetic-field-induced structur
phase transition.

V. CONCLUSION

TheR3̄c-to-Pbnmstructural phase transition is characte
ized by changes in the rotational displacement and in
crystal system. The present study indicated that the for
change results in the appearance of the antiphase boun
with respect to theM3 rotational displacement and that th
latter produces the$110% and $112% twin structures. In addi-
tion, it was found that the present Landau theory can rep
duce the first-orderR3̄c-to-Pbnmstructural transition. It was
also noted that a magnetic field has a more stabilizing ef
on theR3̄c phase than on thePbnmphase. The difference in
the free-energy gains between theR3̄c and Pbnm phases
results in the magnetic-field-induced structural transition.
.
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