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Crystallographic analysis of orientational domain variants and charge-ordered domains
in La0.33Ca0.67MnO3
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We present a study on the origin of twinning and antiphase domains and their relationship to charge ordering
in La0.33Ca0.67MnO3. The evolution of these orientational and charge-ordered domains is attributed to the
reduction of the crystal symmetry due to the cubic to orthorhombic and, at the charge ordering temperatureTc ,
to low-temperature orthorhombic~LTO! phase transformations. The process was predicted by group theory
analysis and observed with transmission electron microscopy. In both orthorhombic phases the orientation
domain has six variants with 15 possible domain boundaries which can be classified as two types of reflection
twins, the 90°/m$100% and the 120°/m$110% twins. Two kinds of antiphase domains and their domain inter-
faces, associated with the loss of translation symmetry, with lattice shifts ofaco/3 andaco/2 also were predicted
and observed for the LTO phase. This work suggests that the twin domains, which occur well aboveTc , are
not caused by charge ordering. However, the antiphase domains, which can account for the observed smallcO

component of the incommensurate modulation at low temperature, are directly related to charge and orbital
ordering in La0.33Ca0.67MnO3. Our study clarifies the widespread misunderstanding of twinning being equiva-
lent to charge ordering in the system.

DOI: 10.1103/PhysRevB.63.144106 PACS number~s!: 68.37.Lp, 61.72.Mm
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I. INTRODUCTION

The fascinating physical properties of La12xCaxMnO3

perovskite oxides, including their colossal magnetoresista
and the associated rich fundamental physics, have been
tensively explored1–8 in recent years. The perovskite oxide
display structural transitions at various temperatures
doping levels, and exhibit intriguing paramagnetic, fer
magnetic, and antiferromagnetic behaviors that can be at
uted to the interplay between charge ordering, orbital ord
ing, and magnetic ordering. Compared with other exo
oxides, such as nickelates and cuprate superconductors
lattice displacement due to the Jahn-Teller distortion indu
by charge and orbital ordering is much larger for the man
nites; thus, they are ideal for understanding charge and
bital ordering behavior through the study of their crys
structures. Knowledge about the structure-properties r
tionship in La12xCaxMnO3 may open the door for under
standing charge ordering and stripe phases, and thus
mechanism for superconductivity in high-temperature sup
conductors.

Crystals of bulk La0.33Ca0.67MnO3 have an orthorhombic
Pnma symmetry with lattice parameters1 aO50.53812 nm,
bO50.75687 nm, andcO50.53864 nm at room temperatur
~RT!. The lattice parameters of this room-temperature ort
rhombic ~RTO! phase are related to the prototypical prim
tive cubic perovskite asuaOu5&uaPu, ubOu52uaPu, and
ucOu5&uaPu, where the subscriptsO andP denote the ortho-
rhombic and primitive cubic phase, respectively. The R
phase may be transformed from a high-temperature c
~HTC! perovskite with a space group ofPm3̄m. Below
0163-1829/2001/63~14!/144106~10!/$20.00 63 1441
ce
ex-

d
-
b-
r-
c
the
d
-
r-
l
a-

the
r-

-

ic

TCO'260 K, the RTO phase transforms into a charg
ordered low-temperature orthorhombic~LTO! phase of the
same space groupPnma, but with a tripled unit cell (aCO

'3aO , bCO5bO , andcCO5cO , the subscript CO denotes
charge-ordered state!.

Several issues associated with the detailed crystal st
tures’ symmetry, and charge and orbital ordering
La0.33Ca0.67MnO3 are currently under debate. Contradicto
experimental results and interpretations exist, based on e
tron, neutron, and synchrotron x-ray observations. For
ample, conflicting structural models, the bistripe model8 and
the Wigner-crystal model,1–3 have been proposed. Anothe
issue is related to domain structure, its origin and relation
charge and orbital ordering. Since the domains exist o
submicron scale, transmission electron microscopy~TEM! is
uniquely suited to study such localized structure. In the
erature, the twin domains observed in TEM at low tempe
tures have been characterized as charge-ordered dom
with a wave vector running parallel to bothaO and cO
axes.3–5 This is inconsistent with x-ray and neutro
experiments.1,7

To address the structural model issue, we recently c
ducted low-temperature studies on charge and orbital or
ing using quantitative energy-filtered electron-diffraction a
high-resolution imaging, incorporating charge in ima
simulation.9 Our observations are inconsistent with the b
tripe model, because the crystal symmetry, the localized
placement and the large difference in Mn31 and Mn41 stripe
spacing proposed by the model do not agree with our qu
titative electron diffraction, imaging and crystal symmet
analyses.9 Although our study supports the Wigner-cryst
©2001 The American Physical Society06-1
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model, detailed analysis suggests that there is additiona
commensurate charge modulation in many areas with an
eraged modulation wave vector ofq5(0.284,0,j) with uju
50.010 The small componentj along thec axis was not
observed by high-resolution x-ray or neutron diffraction. O
high resolution electron microscopic imaging revealed t
the incommensurate modulation ofaCO53.54aO consists of
mixed aCO53aO and aCO54aO modulations. However, the
physical origin of the small componentj along thecO axis is
not fully elucidated.

In this article, we report our results on the origin of twi
ning and its relation with charge ordering. We also addr
the cause of the smallj component of the charge modulatio
We note that in aPnmaorthorhombic perovskite, there ma
be several types of structural domains formed during a
placive phase transition from high-temperaturePm3̄m cubic
perovskite. Thus, we conducted a systematic group-the
analysis andin situ TEM experiments on the HTC-to-RTO
phase transition. We not only predicted the twinning wh
originates from the lowering of the crystal symmetry due
the phase transitions in the system, but also experimen
witnessed all possible orientational twinning variants p
dicted by the group theory. From our experimental and t
oretical work we conclude that charge-modulation only o
curs along theaO axis and is not the origin of the twin
related domains. Domains that originate from charge
orbital ordering, are antiphase domains as a result of the
of translation symmetry caused by the tripling of theaO axis
during the RTO-LTO transition. The origin of thecO com-
ponentj is due to the existence of the charge-ordered
tiphase domains.

II. GROUP-THEORY ANALYSIS

A. Symmetry degeneracy and domain variants

A fundamental approach to understanding crystal str
ture and the possible orientation variants formed durin
phase transition due to the symmetry change is to use g
theory.10–14 In the case of the HTC to RTO displacive tra
sition in La0.33Ca0.67MnO3, the crystal symmetry of the per
ovskite changes fromPm3̄m to Pnma, with the loss of both
translation elements and point symmetry elements. Base
Hermann’s theorem,11,14,15such a loss of symmetry results
an intermediate space groupZ which contains the spac
group Pnmaas ak subgroup~klassengleichesubgroup!; at
the same time it is also at subgroup~translationengleiche

subgroup! of the space groupPm3̄m. By analyzing the
group-subgroup relations, we found the intermediate sp
groupZ to beCmmm, and the maximal subgroup chain fro
Pm3̄m to Pnmacan be expressed as

Pm3̄m.@3#P4/mmm.@2#Cmmm

.@2#Cmcm~c852c!.@2#Pbnm~Pnma!. ~1!

Here, the number in brackets denotes the order of each
group in its supergroup. (c852c) indicates the relationship
of the basis vectorc8 of the space groupCmcmto the basis
14410
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vectorc of its supergroupCmmm, and~Pnma! is the conven-
tional short Hermann-Mauguin symbol of the space gro
Pbnm.15

The coset decompositions of each supergroup with
spect to its subgroup in Eq.~1! are as follows:

Pm3̄m5$I % 31@111# % 32@111#%P4/mmm, ~2!

P4/mmm5$I % 41@001#%Cmmm, ~3!

Cmmm5$I % t~0,0,12 !%Cmcm, ~4!

Cmcm5$I % t~ 1
2 , 1

2 ,0!%Pbnm, ~5!

whereI is the identity operation,% is addition of two opera-
tions, 31@111# and 32@111# designate point symmetry op
erations with 12p/3 and 22p/3 rotations, respectively

around the@111# axis.t(0,0,12 ) is a translation operation with
respect to the basis vectors of the space groupCmcmand

t( 1
2 , 1

2 ,0) a translation operation with respect to thePbnm.
Among these four decompositions, Eqs.~2! and~3! describe
the t subgroup relations, i.e., the related subgroup wh
loses point symmetry but retains all the translation ope
tions, while Eqs.~4! and ~5! describe thek subgroup rela-
tions in which some translation operations are also lost.
combining Eqs.~2! and ~3! we obtain the coset decompos
tion of the space groupPm3̄m with respect to itst subgroup
Cmmm:

Pm3̄m5$I % 41@001# % 32@111# % 42@100# % 31@111#

% 2@101#%Cmmm. ~6!

The six cosets in Eq.~6! correspond to six orientational var
antsK (K5A, A8, B, B8, C, andC8) for both the RTO8 and
the LTO-orthorhomicPnmaperovskite. The geometric rela
tion between orientational variants and their prototypic cu
perovskite are shown in the@001#P projection of a stereo-
graphic diagram, Fig. 1~a!, where the subscriptP denotes the
primitive cubic perovskite indexing,aK , bK , andcK are the
unit-cell orthogonal directions of the variantK, and K/K8
denotes the trace direction of theK andK8 domain-boundary
planes which also are schematically depicted in Figs. 1~b!
and 1~c!. The geometric relation between domains due to
HTC-RTO phase transition is characterized as the ort
rhombic bO axis being parallel to one of the equivale
@100#P , @010#P , and @001#P primitive cubic axes. For
eachbO there are two additional domains generated with
interchange ofaO andcO axes. For instance, from domainA
we can generate domainA8 with aA52bP1cP , bA52aP ,
cA5bP1cP ; aA85bP1cP , bA852aP , cA85bP2cP . Math-
ematically, the basis vectorsaK , bK , andcK of the six vari-
antsK can be related to those ofaP , bP , andcP of the cubic
perovskite by

F aK

bK

cK

G5MKF aP

bP

cP

G ,
6-2
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whereMK is a transformation matrix for variantK (K5A,
A8, B, B8, C, andC8),

MA5F 0 21 1

2 0 0

0 1 1
G , MA85F 0 1 1

2 0 0

0 1 21
G ,

MB5F 1 0 21

0 2 0

1 0 1
G , MB85F 1 0 1

0 2 0

21 0 1
G ,

MC5F 21 1 0

0 0 2

1 1 0
G , MC85F 1 1 0

0 0 2

1 21 0
G .

FIG. 1. Crystallographic relationship of the six orthorhomb
orientation-domainsA, A8, B, B8, C, andC8 and their boundaries
with respect to the parent cubic-perovskite phase.~a! @001#P stereo-
graphic projection diagram. All indices with the subscriptP are for
the primitive cubic perovskite.aK , bK , andcK are basis vectors o
the variantK (K5C8, C, B8, B, A8, or A!. ~b! Schematics showing
orientation relations of 120° domainsA, B, andC, viewed along the
@111#P direction. The boundaries arem$110% type of twin-
boundaries, and theaO axis ofA, B, andC ~or thecO axis ofA8, B8,
andC8) rotates 120° across the boundary.~c! Schematics showing
orientation relations of 90° domainsA andA8 (B/B8 andC/C8 are
equivalent!, viewed along the@100#P direction, parallel tobA and
bA8 . The boundaries arem$100% type of twin boundaries. The crys
tallography of the two types of boundaries are also indicated in~a!.
14410
With this formulation, we can easily index the diffractio
patterns for each variant and understand the relative cry
lographic relations, and relationship to the parent cu
phase.

Table I lists all essential symmetry operations~excluding
translation operations! in the cosets for these six variants.
complete set of operations of each coset can be obtaine
multiplying the essential symmetry operations with the tra
lation operations of the subgroup under the space grou
Cmmm. We also note that for these six variants there are
possible variant boundaries (C6

256(621)/2!). Among them
only 5 are independent such asC8/C, C8/B8, C8/B, C8/A8,
and C8/A, represented by the five cosets, except the sp
groupCmmmof the variantC8 itself, listed in Table I.

In short, the symmetry degeneracy of the HTC pha
gives rise to six orientational variants~A, A8, B, B8, C, and
C8) from the RTO phase in La0.33Ca0.67MnO3. DomainA, or
B, or C corresponds to the orthorhombicbO direction being
parallel to theaP , or bP , or cP direction of the cubic proto-
type perovskite, respectively, while the domainsA8, B8, and
C8 correspond to the interchange of theiraO andcO axes of
the A, B, andC domains, respectively.

B. The crystallography of domain boundaries

We now explore the crystallography of the possible d
main boundaries in light of our symmetry analysis of the
six domain-variants. Based on group theory,14 the necessary
and sufficient condition for two domain boundariesI lm
~boundary between variantsVl and Vm) and I ln ~boundary
between variantsVl and Vn) to be equivalent is either~1!
there is a symmetry operation in the subgroupH (H
5Cmmmin our case! which transformsVm into Vn or ~2!
there is a symmetry operationh in the cosetVm whose in-
verse operationh21 belongs to the cosetVn . From Table I
we note that the operations in cosets 32@111#Cmmm,
42@100#Cmmm, 31@111#Cmmm, and 2@101#Cmmmcan
be transformed from one coset to another by symmetry
erations in the subgroupCmmm. For example, the operatio
32@111# in the coset 32@111#Cmmmis transformed into the
operation 32@ 1̄ 1̄1# in the coset 42@100#Cmmmby the op-
eration 2@001#. The operation 32@ 1̄ 1̄1# in the coset
42@100#Cmmm itself is transformed into the operatio
31@111# in the coset 31@111#Cmmm by the operation
2@110#. And the operation 31@111# is transformed into the
operation 31@ 1̄ 1̄1# in the coset 2@101#Cmmmby the op-
eration 2@001#. Here, the 2@001#, 2@110#, and 2@101# are op-
erations of Cmmm. Therefore, the boundaries ofC8/B8,
C8/B, C8/A8, and C8/A are equivalent, and we can lab
them, according to the convention suggested by Guym
et al.12 and Guymont,13 as m(01̄1), m(011), m(1̄01), and
m(101) twin boundaries~HTC setting!, respectively. These
boundaries have their twinning planes parallel to one of

$110%P types exceptm(1̄10) andm(110). Namely, among
the sixm$110% type operations,m(1̄10) andm(110) opera-
tions should be excluded since they are symmetry operat
of the Cmmmsubgroup. This type of boundary features
@100#O or @001#O axis rotating 120° across the bounda
6-3
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TABLE I. Orientational variants and the essential operations in cosets corresponding to these var

Variant Coset Essential Operations in coset

VC8 Cmmm I 2@ 1̄10# 2@110# 2@001#

1̄ m@ 1̄10# m@110# m@001#

VC 41@001#Cmmm 41@001# 2@100# 2@010# 42@001#

4̄1@001# m@100# m@010# 4̄2@001#
VB8 32@111#Cmmm 32@111# 2@01̄1# 41@100# 32@11̄1̄#

3̄2@111# m@01̄1# 4̄1@100# 3̄2@11̄1̄#

VB 42@100#Cmmm 42@100# 32@ 1̄11̄# 32@ 1̄1̄1# 2@011#

4̄2@100# 3̄2@ 1̄11̄# 3̄2@ 1̄1̄1# m@011#

VA8 31@111#Cmmm 31@111# 2@ 1̄01# 42@010# 31@ 1̄11̄#

3̄1@111# m@ 1̄01# 4̄2@010# 3̄1@ 1̄11̄#

VA 2@101#Cmmm 2@101# 31@ 1̄1̄1# 31@11̄1̄# 41@010#

m@101# 3̄1@ 1̄1̄1# 3̄1@11̄1̄# 4̄1@010#
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@Fig. 1~a!#. This crystal geometry may be clearly demo
strated when observed along the cubic@111#P direction@Fig.
1~b!#. On the other hand, the coset 41@001#Cmmmcorre-
sponding to the variantC cannot be transformed into othe
cosets by any operations in the subgroupCmmm. The inverse
operation of any operation in the coset still belongs to t
coset, so that no other coset contains an inverse operatio
the operations in the coset 41@001#Cmmm. Therefore, this
type of boundary, sayC8/C, is clearly distinct from the
abovementioned fourm$110%P type of boundaries, and ca
be labeled asm(100) or m(010) twin-boundary with twin-
ning plane of$100%. This type of boundary features a@100#O
or @001#O axis rotating 90° across the boundary@Fig. 1~a!#,
i.e., with a parallelbO axis but interchangedaO andcO axes
of the two neighboring domains. This situation may
clearly demonstrated when observed along the cubic@100#P
direction @Fig. 1~c!#.

Thus, we can classify the interface between any two
entational domains in the orthorhombic La0.33Ca0.67MnO3
into two types of twin boundaries. One is them$110% type.
In the cubic perovskite, there are six$110% lattice planes.
Two belong to the domainsJ and J8, and two belong to
domainsK andK8 ~HereJ andJ8 or K andK8 are assigned
to A andA8, or B andB8, or C andC8 described above with
JÞK). The remaining two$110% planes are the domai
boundariesJ/K ~or J8/K8) andJ/K8 ~or J8/K). The second
type is m$100%. There are three$100% lattice planes in the
cubic perovskite; one belongs to the domainsJ andJ8, and
the other two are the domain boundariesJ/J8. The above
analysis is generally valid for any crystal system which
involved in transformation from the space groupPm3̄m to
Pnma.

III. OBSERVATIONS AND DISCUSSIONS

A. Experimental

The in situ observations of electron diffraction and hig
resolution imaging of domain variants and domain bou
aries before, during, and after the phase transformations w
14410
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conducted with a JEM 3000F field-emission transmission
electron microscope~TEM! operated at 300 kV. For the
heating and cooling experiments we used Gatan heating
liquid He2/N2 cooling stages with a temperature range
15–1300 K. Most observations were recorded on film ne
tives; for quantitative analysis imaging plates and CCD ca
era were also used. TEM samples were prepared via stan
processes of mechanical polishing, dimpling, and ion m
ing. The procedures of sample fabrication and character
tion using synchrotron x-ray of polycrystallin
La0.33Ca0.67MnO3 were reported previously.9

B. The HTC-RTO transition

To verify the symmetry analyses associated with the hi
temperature cubic~HTC! to orthorhombic ~RTO! phase
transformation, we conductedin situ experiments by heating
samples in the microscope and dynamically observing s
metry changes in diffraction pattern of the crystal. Figure
shows the morphology of three grains in La0.33Ca0.67MnO3
with the left grain being viewed along the@100#O or @011#P
direction. Before the sample is heated, the diffraction patt
of the grain is similar to Fig. 2~d!, displaying the orthorhom-
bic (011)O type of reflection, which is forbidden for the cu
bic phase. When the temperature reaches is.1073 K, the
$011%O type of reflections disappear. Figures 2~a! and~b! are
a bright-field ~BF! image and a diffraction pattern of th
same area, recorded at 1073 K in which the (011)O reflection
is completely extinct. During cooling, the fundamental r
flections of the HTC remain the same, but the superlat
reflections of the (011)O type reappear, as shown in Fig. 2~d!
after a thermal cycle. Figure 2~c! is a corresponding BF im-
age taken at RT from the same area shown in Fig. 2~a!. To
determine the transformation temperature for th
La0.33Ca0.67MnO3 crystals, we examined different areas
several samples. We found that the average phase tran
mation temperature is about;1073 K, which is very similar
to the recent x-ray observation from powder samples.16 The
transition temperature is much higher than we anticipa
from extrapolating theaO-, bO-, and cO-lattice-parameter
6-4
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change (aP5cP for HTC! as a function of temperature from
160–300 K measured by synchrotron x rays in the LT
powder of La0.33Ca0.67MnO3.

1

C. Distinguishing between theaO and cO axis of the RTO
and LTO phases

As mentioned in the Introduction, one debate in the stu
of charge and orbital ordering in La0.33Ca0.67MnO3 is
whether the charge ordering occurs along theaO axis,1 or
both aO and cO axes.3 The latter suggestion was based
TEM observations that two charge-ordered superlattices
ten have a 90° orientation with a twinning symmetry belo
TCO. Thus, the twinning domains have been referred to
charge-ordered domains originating from charge and orb
ordering. Based on our symmetry analysis described in S
II, twinning may develop in the RTO phase as it transfor
from the HTC phase. Since the space groupPnma is un-
changed for the RTO and LTO phases, the charge orde
below Tc does not alter the symmetry of the crystal, b
induces charge modulations in the crystal structure wh
makes twinning readily visible in electron diffraction. Dis
tinguishing theaO and cO axes in the RTO phase is no
trivial. Since the difference in lattice parameters is less th
0.1% (aO50.53812 nm andcO50.53864 nm), the splitting
of diffraction spots due to twinning is hardly detectable
diffraction. In conventional bright-field and dark-field~DF!
imaging, such a small difference in lattice parameters yie
a commensurate small difference in the excitation error
tween neighboring domains; thus they can be easily mis
However, we can take advantage of the different extinct
rules of Pnma for the (0k1) and the (hk0) reflections to
differentiate the(100)O* and (001)O* diffraction projection.
Figure 3 is the schematics of the RTO(001)O* and (100)O*

FIG. 2. In situ TEM observations of the cubic to orthorhomb
~HTC-RTO! phase transition in La0.33Ca0.67MnO3. ~a! BF image
taken at 1073 K;~b! the corresponding diffraction pattern of th

(011̄)P* zone from the left grain in~a!; ~c!–~d! BF image and the

corresponding diffraction pattern of the (10̄0)O* zone from the same
area in~a! taken at room temperature showing the presence of
(011)O type of reflections.
14410
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diffraction pattern, together with the corresponding(011)P*
pattern for the HTC phase@Fig. 3~a!#, from which the
(001)O* and (100)O* are transformed during the HTC t
RTO transition. In the(001)O* orientation @Fig. 3~b!, as-
signed as domain variantA# the spots of (2100)A ,
(2110)A , and (2120)A types are forbidden owing to th
reflection condition of (h k 0) beingh52n even when mul-
tiple scattering effect is considered. Although spots
(010)A type are not allowed due to the reflection conditi
of (0k1) beingk1152n, they may be generated throug
double diffraction. In contrast to the(100)O* orientation@Fig.
3~c!, assigned as variantA8#, the spots of types(010)A8 ,
(001)A8 , (021)A8 , and (012)A8 , are not present because
the reflection condition of (0k1) beingk1152n. Thus, we
can identify theaO andcO axis of the crystal in the diffrac-
tion pattern by tilting the sample so that the@001#O or
@100#O direction is parallel to the beam direction, provide
that the beam size is smaller than the domain size, i.e., u
a single-domain electron-diffraction condition. Since bo
the @001#O and @100#O directions are transformed from
cubic^011&P direction, they coexist as orthogonal directio
across the boundary. Figure 4 shows diffraction patterns u
to determine the modulation direction of charge-ordering
an adjacent pair ofA and A8 type domains. A rectangula
mesh pattern with an edge-length ratio of 2& @Fig. 4~a!#

e
FIG. 3. Schematics of diffraction patterns showing different e

tinction rules of the (001)O* and (100)O* zone of the orthorhombic
~RTO! phase, together with its parent cubic~HTC! phase in the
same orientation (011)P* . ~a! the (011)P* zone of the cubic phase
~b! (001)O* ; and ~c! (100)O* of the orthorhombicPnmaphase. The
large black dots denote the primitive cubic fundamental reflectio
and the small ones denote the additional reflections for the or
rhombic Pnmaphase. The symbol3 represents forbidden reflec
tions, while ^ represents reflections that are forbidden but gen
ated through multiple scattering.
6-5
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indicates the@001#O orientation in the domainA. When the
temperature is lowered, we observe sharp but weak supe

tice reflections of a modulation wave vectorq5( 2
3 00), Fig.

4~c!. In contrast, the neighboring domainA8 shows a face-
centered mesh at RT@Fig. 4~b!#, indicating a non-@001#O
orientation, or the@100#O zone axis, in the areaA8. When
temperature is lowered, no superlattice reflections were
served from domainA8, as shown in Fig. 4~d!. Our study of
two dozen cases gave the same results. These experim
reveal that charge-ordering modulation is along theaO , but
not thecO , direction, the same conclusion having been ma
based on high-resolution synchrotron x-ray powd
diffraction.1,7 Hence the twin-related domains observed
low temperature3–5 cannot be formed during charge orderin
In the next section we will show that these twin-related d
mains indeed exist in the RTO phase and originate from
HTC to RTO phase transition.

D. Twin-related orientational domains in the RTO
and LTO phases

An intriguing observation in the cubic (Pm3̄m) to ortho-
rhombic ~Pnma! phase transformation in La0.33Ca0.67MnO3
perovskite is the formation of orientational variants or tw
related domains at temperatures much higher than
charge-ordering temperatureTCO. The observation of room
temperature twin-related domains is consistent with
group-theory analysis, but largely unnoticed by the scient
community. These twin-related domains become charge
dered belowTCO. The configuration and shape of the d
mains remain essentially the same after repeated the
cycles. Figure 5 shows a typical example of two variantsA
andB viewed along the@111#P direction of the HTC phase

FIG. 4. In situ observations of orientational variant of a neig
boring domainA andA8 along the cubic@011#P axis, or the@001#
and @100# axes of the orthorhombic phases, in determining
modulation direction of charge-ordering.~a! Selected area diffrac
tion pattern from domainA at RT; ~b! from domainA8 at RT; ~c!
from domainA at 85 K; and~d! from domainA8 at 85 K. Sharp, but

weak, superlattice reflections ofq5( 2
3 00)O are clearly visible

in ~c!.
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FIG. 5. Orientational domainsA and B in orthorhombic
La0.33Ca0.67MnO3 observed at room temperature along the cu
@111#P direction. ~a! BF image excited with the reflectiong
5(011̄)P5(2̄00)A5(121̄)B Note, theA/B domain boundary is

parallel to the (1̄10)P plane.~b! DF image by selecting the reflec

tion gSA5(21̄2)P1(011̄)P/25(2̄43̄)A which is a superlattice re-

flection of domainA; ~c! DF image by selectinggSB5(302̄)P

1(101̄)P/25(362̄)B which is a superlattice reflection of domai
B; ~d!–~f! Selected area diffraction patterns from an area consis
of domainsA1B ~d!, A ~e!, and B ~f!. ~g! Corresponding lattice
fringe image showing the 120° rotation of the (100)A and
(100)B-lattice fringes across theA and B domain boundary. The
inset is a high-resolution image from a thin region of the domainB
viewed along@012#B .
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~or the@012#O of the RTO phase!. Figure 5~a! is a BF image

by exciting the(011̄)p fundamental reflection~RTO setting!,
as seen in the diffraction pattern@Fig. 5~d!#, taken from both
A and B domains. Figures 5~b! and ~c! are DF images for

domainsA and B using gSA5(21̄2̄)P1(011̄)P/2 and gSB

5(032̄)P1(101̄)P/2, respectively, and their correspondin
diffraction patterns are shown in Figs. 5~e! and 5~f! ~RTO
setting!. The diffraction patterns display, in addition to fun
damental reflections relevant to HTC, the weak spots
(01̄1)P/2 types in ~d!, ~e!, and ~f! which are reflections
unique to the RTO phase. Note that the (100)A and the
(100)B reflections of the domainA @Fig. 5~e!# and the do-
main B @Fig. 5~f!# are derived from the reflections of th
(01̄1)P/2 and the (101̄)P/2, respectively, of the cubic per
ovskite during the HTC to RTO transition. The symmetry
the diffraction patterns suggests that the domainsA andB are
twin related with (1̄10)P as the twinning plane. From Fig.
we can see that the domain boundary@marked by DB in Fig.
5~a!# is parallel to the (1̄10)Pi(1̄2̄1)Ai(1̄21̄)B plane. Fur-
thermore, theaO axis of theA andB domains rotates abou
120° across the domain boundary. There are 12 such dom
boundaries (A/B, A8/B8, B/C, B8/C8, C/A, C8/A8, A/B8,
A8/B, B/C8, B8/C, C/A8, and C8/A) in the system, and
their orientation relationship with the parent cubic phase
sketched in Fig. 1~b! when observed along the@111#P direc-
tion. The 120° rotation can be clearly seen from the (100O
lattice fringe image of the domainsA andB @Fig. 5~g!# with
local faceting along the boundary. The inset of Fig. 5~g! is a
high-resolution image from domainB.

The morphology of domain boundariesA/A8, B/B8, and
C/C8 are quite different from the 120° boundaries, sin
they are formed by the interchange of theaO and cO axes,
with bO axes of the domains remain unchanged. Figure 6
typical example of such anA/A8 boundary viewed along the
@100# direction. Figure 6~a! is a DF image recorded at R
with the (01̄3)P/25(201)A5(102̄)A8 , reflection excited.
The domain boundary contrast is barely visible. Figure 6~b!
is the corresponding diffraction pattern of~a!, where no
twinning splitting of (h01)O diffraction spots is visible in the
first-order Laue zone@Fig. 6~b!#. Twinning becomes eviden
when the temperature falls belowTCO at which the charge-
ordering along theaO axis occurs for the LTO phase. Figure
6~c! and ~d! are the selected area diffraction patterns~RTO
setting! taken from domainsA8 andA, respectively, showing
superlattice reflections with a modulation wave vectorq
'(h00)O/3, consistent with the interchange of theaO andcO
axes across the (001)Pi(101)A domain boundary. A high-
resolution image of the boundary region taken at 85 K
shown in Fig. 6~e!, where the 90° orthogonally orientate
charge stripes with a spacing of 3aO51.62 nm across the
boundary are clearly visible. The fringes reveal that the
mainA andA8 have a reflection-twinning geometry with th
(101)A as their twinning planes, as predicted by the grou
theoretical considerations described in Sec. II. The dom
boundary is not sharp and may have local interpenetratio
the (100)O lattice from the neighboring domains, which
quite different from the 90° twin boundary i
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YBa2Cu3O7-d.17 On the other hand, when domainsA andA8
are observed along cubic@011#P axis, theA/A8 boundary,
(010)P or (001)P plane, will be 45° inclined, as evident i
Fig. 1~a!, and their diffraction patterns will be along@001#A
axis for domainA and@100#A8 axis forA8 with the samebO
axis but interchangedaO andcO axes, as experimentally ob
served in Figs. 4~a! and 4~b!, respectively.

E. Antiphase domains and antiphase boundaries in the RTO
and LTO phases

The formation of antiphase domains and domain bou
aries often results from the loss of translation symmetry o

FIG. 6. Orientational domainsA and A8 in orthorhombic
La0.33Ca0.67MnO3 at 300 and 85 K.~a! DF image recorded at 300 K

using reflection(201)A5(102̄)A8 , ~b! Corresponding diffraction at
the same temperature. Note, the domain interface is parallel to
(001)P plane. ~c!, ~d! Diffraction patterns at 85 K from the do
mains A8 and A, respectively, marked in~a!, showing ;3aO

charge-ordering modulation in two orthogonal directions inA8 and
A. ~e! HREM image of the area at 85 K, showing 90° rotation of t
tripled (100)O lattice fringes across the domain boundary.
6-7
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crystal. In our group-theory consideration, the coset dec
positions@Eqs.~4! and~5!# suggest that there may also ex
antiphase domain boundaries with a lattice translation

t(0,0,12 ), or t( 1
2 , 1

2 ,0), or t( 1
2 , 1

2 , 1
2 ) ~Pbnmsetting! due to the

enlarged unit cell of the RTO phase, i.e., a reduced tran
tion symmetry compared with the HTC phase. By combin
the coset decomposition Eqs.~4!, ~5!, and ~6!, we can also
predict the existence of translation twins
La0.33Ca0.67MnO3. The existence of such translation
symmetry-related domains and domain boundaries in
RTO phase can be verified using high-resolution TEM, a
will be discussed in a separate paper.

Here, we focus on the translation-symmetry-related
main and domain boundary of the LTO phase since it
directly associated with charge and orbital ordering, and m
be of significant importance in understanding the unus
physical properties of the material. When the temperat
drops below the charge order-disorder transition temperat
the crystal unit cell along theaO-axis triples, leaving the
crystal point symmetry unchanged. Based on our symm
analysis, the enlargement of the unit cell along theaO axis
would introduce antiphase boundaries~APBs!. The most
common one is the antiphase domain with a displacemen
R561/3@100#CO ~or the equivalent displacementR
562/3@100#CO) when across an APB. Another possib

FIG. 7. Schematic drawing of atomic structures of two types
antiphase boundaries~APBs! associated with the charge and orbit
ordering. The rectangular boxes indicate the unit cell projected o
the aCO-cCO plane. Mn41 and Mn31 ions are designated, respe
tively, by plain circles and solid dots with orbitals. There is a latt
translation of aO5aCO/350.54 nm across APB1, andaCO/2
50.81 nm across APB2.
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translational displacement of the antiphase domain isR
561/2@100#OCO. Both structures involve symmetry broke
induced by charge or orbital ordering in the crystal, as
picted in Fig. 7. For APB1 in Fig. 7, the Mn41 ~open circles!
and Mn31 ~solid circles with orbital! sublattice has an
aO-lattice shift across the antiphase boundary, while,
APB2, the sublattice remains the same but the orientatio
the orbital ordering is reversed. Thus APB1 is essentiall
charge-ordered domain boundary while APB2 is an orbi
ordered domain boundary. Note that the model for APBs
Fig. 7 established only the possible displacement vectors,
the orientations of the boundary planes, which may be p
allel, or inclined, or even perpendicular toaCO.

The predicted antiphase domains and domain bounda
in the LTO phase were experimentally observed using lo
temperature HRTEM. Figure 8 shows a high-resolution i
age of such antiphase domains recorded at 85 K with a s
of the black and white (100)O lattice fringes across the an
tiphase domain boundary; the superlattice contrast wit
3aO periodicity is clearly visible. Line scans of the intensi
of the top and bottom domains from the boxed areasA1 and
A2 ~averaged along the vertical direction! indicate a relative
phase shift between the two with a displacementR
5 1

3 @100#CO'0.54 nm.
Figure 9 is another type of anti-phase domain show

(200)O lattice fringes. The white~or black! fringes running
from the bottom to the top of the image change their co
trast. The line scans of the two boxed areasB1 andB2 sug-
gest a half unit cell lattice translation (R5 1

2 @100#CO
'0.81 nm) between the domains. We note that in both ca
the aO direction lattice shift extends a few dozen unit-ce
lengths along thecO axis, implying an inclined boundary or
very broad interface~marked as APB in Figs. 8 and 9! be-
tween the antiphase domains. Such broad antiphase bo
aries, observed in Bi/2212 superconductors, were assoc
with incommensurate modulation.18

f

to

FIG. 8. High-resolution image recorded at 85 K showing tw
antiphase domains with a gradual lattice shift ofaCO/350.54 nm
across the boundary~denoted as APB!, as determined by the inten
sity scans of the image from the boxed areasA1 andA2. The fringe
spacing corresponds toaO50.54 nm.
6-8
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The observation of the anti-phase domains withR
5 1

3 @100#CO may be of importance in accounting for th
small cO-component in the incommensurate charge modu
tion in La0.33Ca0.67MnO3. As clearly seen in Fig. 10~a!, the
superlattice reflections; 1

3 (h00)O ~RTO setting! associated
with charge ordering at low temperature are not aligned
actly along theaO axis, but rather are tilted;2° away from
the aO axis. The averaged wave vector we observed waq
5(0.284,0,j) with uju50.010. The breaking of symmetr
due to this small component has not been previously
served by high-resolution x-ray or neutron powder diffra
tion, since it likely reflects the charge-ordered structure
submicrometer scale. Figure 10~b! is a lattice image of a
large area in La0.33Ca0.67MnO3 taken at 85 K with strong
contrast of 3aO lattice fringes. Line-scan analysis, as show
in Fig. 8, indicates a displacement when across antiph
boundaries. The average dimension of antiphase dom
along thec axis is about 1033aCO516 nm. The shift of 0.54
nm across the boundaries and the 16 nm domain size
served in HRTEM are consistent with the;2° tilt
@ tan21(0.54/16)'2°# from the aO axis of the modulation
wave vector observed in diffraction@Fig. 10~a!#. We note
that the charge-ordered structure in La0.33Ca0.67MnO3 is quite
complex, especially thej component. It can take either sig
and its magnitude varies with location in the sample, rang
from 20.015<j<0.015, depending on the area. Thus, fo
relatively large area, typical dimension of;500 mm, the
contribution of thecO componentj to x-ray diffraction may
be averaged out to zero. This once again points out the
nificance of TEM in revealing the localized structure of
complex material.

IV. CONCLUSION

In conclusion, we theoretically predicted and experime
tally observed six possible domain variants~A, A8, B, B8, C,

FIG. 9. High-resolution image recorded at 85 K showing tw
antiphase domains with a gradual lattice displacement ofaCO/2
50.81 nm across the boundary~denoted as APB!, as determined by
the intensity scans of the image from the boxed areasB1 andB2.
The fringe spacing corresponds toaCO/65aO/250.27 nm.
14410
-

-

-
-
t

se
ins

b-

g

ig-

-

andC8) in the orthorhombic La0.33Ca0.67MnO3 ~the RTO and
LTO phases! as a result of lowering in symmetry from it
parent cubic perovskite~the HTC phase!. There are 15 do-
main boundaries which can be classified into two categor
m$100% and m$110%; both are twin related. The former i
associated with neighboring domains with theirbO axes par-
allel butaO andcO axes interchanged. Such 90° twin-relat
domains exist at temperatures far above the charge-orde
temperatureTCO. Thus, the charge-ordered domains r
ported in the literature3–5 are not domains with two orthogo
nal modulation wave-vectors along theaO and cO axes.
Rather they are preexisting twins, with charge-ordering
veloping only along theaO axis ~not cO axis! in each do-
main. On the other hand, the observed antiphase domain
HRTEM, which are associated with the charge and orb
ordering and with the tripling of theaO-lattice constant, can
explain the observed incommensurate charge modula
with a smallcO componentj in electron diffraction.
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FIG. 10. ~a! (010)O* zone diffraction pattern at 85 K, revealin
an incommensurate modulation with a wave vectorq5(0.284,0,
20.010) ~RTO setting!. Note, the (h00)CO superlattice reflections
do not exactly align along theaO axis ~as marked by the arrows!,
but are tilted;2° away from it, suggesting a small compone
along thecO axis of the modulation wave vector. The average p
riodicity of the modulation isaCO53.54aO . ~b! Lattice fringe im-
age of a large area taken at 85 K, showing antiphase domains
wavy domain boundaries~the vertical and horizontal directions o
the image are parallel to thecO and aO axes, respectively!. The
average domain size along the@001#O direction is about 16 nm.
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