PHYSICAL REVIEW B, VOLUME 63, 144106

Crystallographic analysis of orientational domain variants and charge-ordered domains
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We present a study on the origin of twinning and antiphase domains and their relationship to charge ordering
in Lag 3:Ca ¢MnO;3. 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 temperature
to low-temperature orthorhombi@. TO) 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°{110 twins. Two kinds of antiphase domains and their domain inter-
faces, associated with the loss of translation symmetry, with lattice shiftg/8fanda.,/2 also were predicted
and observed for the LTO phase. This work suggests that the twin domains, which occur welTahare
not caused by charge ordering. However, the antiphase domains, which can account for the obseregd small
component of the incommensurate modulation at low temperature, are directly related to charge and orbital
ordering in Lg 3Ca& ¢MnO,. Our study clarifies the widespread misunderstanding of twinning being equiva-
lent to charge ordering in the system.
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. INTRODUCTION Tco~260K, the RTO phase transforms into a charge-
ordered low-temperature orthorhomkicTO) phase of the

The fascinating physical properties of 13CaMnO;  same space groupnma but with a tripled unit cell &co
perovskite oxides, including their colossal magnetoresistance 3a,, bco=bg, andcco=cg, the subscript CO denotes a
and the associated rich fundamental physics, have been egharge-ordered state
tensively exploreti®in recent years. The perovskite oxides  Several issues associated with the detailed crystal struc-
display structural transitions at various temperatures angires’ symmetry, and charge and orbital ordering in
doping levels, and exhibit intriguing paramagnetic, ferro-| a, ,{a, ;MnO; are currently under debate. Contradictory
magnetic, and antiferromagnetic behaviors that can be attritexperimental results and interpretations exist, based on elec-
uted to the interplay between charge ordering, orbital ordertron, neutron, and synchrotron x-ray observations. For ex-
ing, and magnetic ordering. Compared with other exoticample, conflicting structural models, the bistripe m&deid
oxides, such as nickelates and cuprate superconductors, thge Wigner-crystal modéf;® have been proposed. Another
lattice displacement due to the Jahn-Teller distortion inducegsye is related to domain structure, its origin and relation to
by charge and orbital ordering is much larger for the mangacharge and orbital ordering. Since the domains exist on a
nites; thus, they are ideal for understanding charge and okybmicron scale, transmission electron microsod@sM) is
bital ordering behavior through the study of their crystaluniquely suited to study such localized structure. In the lit-
structures. Knowledge about the structure-properties relagrature, the twin domains observed in TEM at low tempera-
tionship in Lg_,CaMnOz; may open the door for under- tyres have been characterized as charge-ordered domains
standing charge ordering and stripe phases, and thus, th@th a wave vector running parallel to both, and co
mechanism for superconductivity in high-temperature superayes3-5 This is inconsistent with x-ray and neutron
conductors. experiments:’

Crystals of bulk Lg;dCa ¢MnO; have an orthorhombic  To address the structural model issue, we recently con-
Pnmasymmetry with lattice parametérsio=0.53812nm,  gycted low-temperature studies on charge and orbital order-
bo=0.75687 nm, an¢to=0.53864 nm at room temperature jng using quantitative energy-filtered electron-diffraction and
(RT) The lattice parameters of this r00m-tempel’ature Orthohigh_reso|uti0n imaging, incorporating Charge in image
rhombic (RTO) phase are related to the prototypical primi- simulation® Our observations are inconsistent with the bis-
tive cubic perovskite agao|=v2|ap|, |bo|=2|ap|, and  tripe model, because the crystal symmetry, the localized dis-
|co| =v2|ap|, where the subscrip® andP denote the ortho-  placement and the large difference in #Mrand Mrf stripe
rhombic and prlmltlve cubic phase, reSpeCtiVEIy. The RTOSpaC|ng proposed by the model do not agree with our guan-
phase may be transformed from a high-temperature cubigtative electron diffraction, imaging and crystal symmetry
(HTC) perovskite with a space group ¢fm3m. Below analyses. Although our study supports the Wigner-crystal
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model, detailed analysis suggests that there is additional intectorc of its supergroufcmmm and(Pnma is the conven-
commensurate charge modulation in many areas with an ational short Hermann-Mauguin symbol of the space group
eraged modulation wave vector gf=(0.284,0¢) with |¢]  Pbnm®

=0.010 The small componerit along thec axis was not The coset decompositions of each supergroup with re-
observed by high-resolution x-ray or neutron diffraction. Ourspect to its subgroup in E@l) are as follows:

high resolution electron microscopic imaging revealed that

the incommensurate modulation af,=3.54a, consists of Pm3m={l&3*[111]&3 [111]}P4/mmm 2
mixed aco=3ap and aco=4ay modulations. However, the
physical origin of the small compone&tlong thecy axis is P4/mmm={l®4"[001]}Cmmm (©)]
not fully elucidated.

. In this grtlcle, we report our results on the origin of twin- Ccmmm={I&t(0,04)}Cmem (4)
ning and its relation with charge ordering. We also address
the cause of the smajlcomponent of the charge modulation. 11

Cmcm={l&t(5,3,00}Pbnm (5)

We note that in @nmaorthorhombic perovskite, there may

be several types of structural domains formed during a disyhere| is the identity operationg is addition of two opera-
placive phase transition from high—temperatE’rmSm cubic  tions, 3"[111] and 3°[111] designate point symmetry op-
perovskite. Thus, we conducted a systematic group-theongrations with +27/3 and —2x/3 rotations, respectively,
analysis andn situ TEM experiments on the HTC-to-RTO g thg111] axis.t(0,0,3) is a translation operation with

phase transition. We not only predicted the twinning which .
. , respect to the basis vectors of the space grGapcmand
originates from the lowering of the crystal symmetry due to

the phase transitions in the system, but also experimentallifz:2.0) @ translation operation with respect to thenm
witnessed all possible orientational twinning variants pre-Among these four decompositions, E¢®) and(3) describe
dicted by the group theory. From our experimental and thethe t subgroup relations, i.e., the related subgroup which
oretical work we conclude that charge-modulation only oc-/0ses point symmetry but retains all the translation opera-
curs along theay axis and is not the origin of the twin- tions, while Eqs.(4) and (5) describe thek subgroup rela-
related domains. Domains that originate from charge andons in which some translation operations are also lost. By
orbital ordering, are antiphase domains as a result of the loggmbining Egs(2) and (3) we obtain the coset decomposi-
of translation symmetry caused by the tripling of tiiggaxis  tion of the space group m3m with respect to its subgroup
during the RTO-LTO transition. The origin of thgy com- Cmmm

ponenté is due to the existence of the charge-ordered an- o

tiphase domains. Pm3m={l&4*[001]®3 [111]®4 [100]&3*[11]]

®2[101}Cmmm (6)
Il. GROUP-THEORY ANALYSIS

The six cosets in Eq6) correspond to six orientational vari-
antsK (K=A, A’, B,B’, C, andC’) for both the RTO and

A fundamental approach to understanding crystal structhe LTO-orthorhomidPnmaperovskite. The geometric rela-
ture and the possible orientation variants formed during aion between orientational variants and their prototypic cubic
phase transition due to the symmetry change is to use groygerovskite are shown in thg01], projection of a stereo-
theory’®~**In the case of the HTC to RTO displacive tran- graphic diagram, Fig. (&), where the subscrig? denotes the
sition in La 34Ca 6MNO;, the crystal symmetry of the per- primitive cubic perovskite indexinggy , by, andcy are the
ovskite changes fror®m3m to Pnma with the loss of both  unit-cell orthogonal directions of the variakt, and K/K’
translation elements and point symmetry elements. Based alenotes the trace direction of tkeandK’ domain-boundary
Hermann's theorerht***%such a loss of symmetry results in Planes which also are schematically depicted in Figb) 1
an intermediate space group which contains the space and Xc). The geometric relation between domains due to the
group Pnmaas ak subgroup(klassengleichesubgroup; at ~ HTC-RTO phase transition is characterized as the ortho-
the same time it is also &subgroup(translationengleiche "hombic by axis being parallel to one of the equivalent

subgroup of the space groufPm3m. By analyzing the L[100lp. [010]p, and [OQ.l]P primitiv_e cubic axes. I_:or
grogp—supbgroup relzltions? wep?ound theyinternz/edigte spac,%aCth there are two additional dqmalns generated with the
groupZ to beCmmm and the maximal subgroup chain from Ntérchange oo andco axes. For instance, from domatn
P3m to Prmacan be expressed as we can generate domai’ with a,=—bp+cp, bpy=2ap,
CA:bp+ Cp; aA/:bp+Cp, bAr:2ap, CAr:bp_Cp. Math'

_ ematically, the basis vectoex , bk, andck of the six vari-
PmM3mD[3]P4/mmnD[2]Cmmm antsK can be related to those af, bp, andce of the cubic

D[2]Cmemc’ =2¢c)D[2]PbnmPnma). (1) perovskite by

A. Symmetry degeneracy and domain variants

Here, the number in brackets denotes the order of each sub- ak ap
group in its supergroup.c(=2c) indicates the relationship by | =My| bp |,
of the basis vectoc’ of the space grougmcmto the basis Ck Cp
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FIG. 1. Crystallographic relationship of the six orthorhombic
orientation-domain#\, A’, B, B’, C, andC’ and their boundaries
with respect to the parent cubic-perovskite ph&aj.001], stereo-
graphic projection diagram. All indices with the subscifipare for
the primitive cubic perovskiteay , bk , andcg are basis vectors of
the variantk (K=C’, C, B’, B, A’, or A). (b) Schematics showing
orientation relations of 120° domairs B, andC, viewed along the
[111], direction. The boundaries aren{110} type of twin-
boundaries, and the, axis ofA, B, andC (or thecy axis ofA’, B’,
andC') rotates 120° across the boundafg). Schematics showing
orientation relations of 90° domaifsandA’ (B/B’ andC/C' are
equivalent, viewed along th¢ 100], direction, parallel tdb, and
b, . The boundaries ama{100} type of twin boundaries. The crys-
tallography of the two types of boundaries are also indicatéd)in

whereM is a transformation matrix for varian€ (K=A,
A’, B,B’, C, andC’),

-1 1 0 1 1
Ma=|2 0 0|, My=|2 O ,
o 1 1] 0 1 —1]
[1 0 —1] [ 1]
Mg=|0 2 0], Mg=| 0 2 0,
L1 0 1] L—-1 0 1]
-_1 1 - - -
MC: 0 2, Mcr— 2
| 1 1 O] 11 -1 O]
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With this formulation, we can easily index the diffraction
patterns for each variant and understand the relative crystal-
lographic relations, and relationship to the parent cubic
phase.

Table | lists all essential symmetry operatidescluding
translation operationsn the cosets for these six variants. A
complete set of operations of each coset can be obtained by
multiplying the essential symmetry operations with the trans-
lation operations of the subgroup under the space group of
Cmmm We also note that for these six variants there are 15
possible variant boundarieé:éz 6(6—1)/2!). Among them
only 5 are independent such@s/C, C'/B’, C'/B, C'/A’,
and C'/A, represented by the five cosets, except the space
group Cmmmof the variantC’ itself, listed in Table I.

In short, the symmetry degeneracy of the HTC phase
gives rise to six orientational variand, A’, B, B’, C, and
C') from the RTO phase in lg{a ¢MnOz. DomainA, or
B, or C corresponds to the orthorhombldig, direction being
parallel to theap, or bp, or cp direction of the cubic proto-
type perovskite, respectively, while the doma#fs B', and
C' correspond to the interchange of thag andcy axes of
the A, B, andC domains, respectively.

B. The crystallography of domain boundaries

We now explore the crystallography of the possible do-
main boundaries in light of our symmetry analysis of these
six domain-variants. Based on group thettyhe necessary
and sufficient condition for two domain boundariég,
(boundary between variant$, andV,,) andl,, (boundary
between variant¥/, and V,) to be equivalent is eithefl)
there is a symmetry operation in the subgrokp (H
=Cmmmin our cas¢ which transformsv,, into V,, or (2)
there is a symmetry operatidnin the cosetV,, whose in-
verse operatiom ! belongs to the cosét,. From Table |
we note that the operations in cosetS[311]Cmmm
47[100|]Cmmm 3" [111]Cmmm and Z101]Cmmmcan
be transformed from one coset to another by symmetry op-
erations in the subgroupmmm For example, the operation
37[111] in the coset 3[111]Cmmmis transformed into the
operation 3[111] in the coset 4[100]Cmmmby the op-
eration 2001]. The operation 3[111] in the coset
47[100|]Cmmm itself is transformed into the operation
3*[111] in the coset 3[111]Cmmm by the operation
2[110]. And the operation 8[111] is transformed into the
operation 3[111] in the coset R101]Cmmmby the op-
eration 2001]. Here, the P001], 2110], and 2101] are op-
erations of Cmmm Therefore, the boundaries &'/B’,
C’/B, C'IA’, andC'/A are equivalent, and we can label
them, according to the convention suggested by Guymont
et al}? and Guymont? asm(011), m(011), m(101), and
m(101) twin boundariesHTC setting, respectively. These
boundaries have their twinning planes parallel to one of the
{110, types excepm(110) andm(110). Namely, among
the sixm{110 type operationsm(110) andm(110) opera-
tions should be excluded since they are symmetry operations
of the Cmmmsubgroup. This type of boundary features a
[100]po or [001]p axis rotating 120° across the boundary
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TABLE I. Orientational variants and the essential operations in cosets corresponding to these variants.

Variant Coset Essential Operations in coset
Ve Cmmm | 2[110] 2[110] 2[001]
1 m[110] m[110] m[001]
Ve 4*[001)Cmmm 4*[001]  2[100] 2[010] 4-1001]
4*[001] m([ 100 m[010] 47[001]
Vg 37[111Cmmm 371111 2[011] 4*[100] 37[111]
37[11]] m[011] 4*[100] 37[111]
Vg 47[100|Cmmm 47[100] 37[111] 37[111] 2[011]
47[100]  37[111] 37[111] m[011]
Var 3*[117Cmmm 3*[117] 2[101] 47[010] 3*[111]
371111 m[101] 471010] 3*[111]
Va 2[1011Cmmm 2[101] 3*[111] 3*[111] 4*[010]
m[101] 3*[111] 3*[111] 4*[010]

[Fig. 1(@]. This crystal geometry may be clearly demon- conducted with a JEM 3000 field-emission transmission
strated when observed along the cubid 1], direction[Fig.  electron microscopdTEM) operated at 300 kV. For the
1(b)]. On the other hand, the coset [D01JCmmmecorre- heating and cooling experiments we used Gatan heating and
sponding to the varian€ cannot be transformed into other liquid He,/N, cooling stages with a temperature range of
cosets by any operations in the subgr@mpmm The inverse  15-1300 K. Most observations were recorded on film nega-
operation of any operation in the coset still belongs to thidives; for quantitative analysis imaging plates and CCD cam-
coset, so that no other coset contains an inverse operation efa were also used. TEM samples were prepared via standard
the operations in the coset f001]Cmmm Therefore, this processes of mechanical polishing, dimpling, and ion mill-
type of boundary, sayC'/C, is clearly distinct from the ing. The procedures of sample fabrication and characteriza-
abovementioned foum{110Q, type of boundaries, and can tion using synchrotron x-ray of polycrystalline
be labeled asn(100) orm(010) twin-boundary with twin-  Lag 34Ca ¢MnO; were reported previousfy.

ning plane of100. This type of boundary featureq &400],

or [001], axis rotating 90° across the bound4fig. 1(a)], B. The HTC-RTO transition

i.e., with a parallebg axis but interchanged, andcy axes . . . .
of the two neighboring domains. This situation may be To verify the symmetry analyses associated with the high-

clearly demonstrated when observed along the cubdf]p temperature CubigHTC) o othorhompic (RTO) phas_e
direction[Fig. 1(c)]. transformation, we conducted situ experiments by heating

samples in the microscope and dynamically observing sym-
metry changes in diffraction pattern of the crystal. Figure 2
shows the morphology of three grains ingldCa ¢ MNO;
with the left grain being viewed along th&00], or [011]p

Thus, we can classify the interface between any two ori
entational domains in the orthorhombic (l58Ca ¢MNO;
into two types of twin boundaries. One is th§110 type.

In the cubic perovskite, there are sf%10; lattice planes. A ; : :
Two belong to the domaind and J’, and two belong to direction. Before the sample is heated, the diffraction pattern

; / / / : of the grain is similar to Fig. @), displaying the orthorhom-
K K" (H K K . . SE .

?oo;\ngg\ds A,ar:;: B a;d%r?\lo?lzzd;ndo(r:, daer:iribe?jrzsos\?ég:viﬂ bic (011), type of reflection, which is forbidden for the cu-
J#K). The remaining two{110 planes are the domain bic phase. When th? temperature regche91§)73 K, the
boundaries)/K (or J'/K’) andJ/K’ (or J'/K). The second {01]}0 type of refle'ctlons d|sappear. F|gl_Jre(sa)2and(b) are
type ism{100. There are thre¢100} lattice planes in the a bright-field (BF) image and a dlffr_actlon pattern o_f the
cubic perovskite; one belongs to the domainandJ’, and same area, recorded at 1073 K in which the (@LEflection
the other two arye the domain boundaribs’. The ébove is completely extinct. During cooling, the fundamental re-
analysis is generally valid for any crystal system_which iserct|ons of the HTC remain the same, but the superlattice

_ . ) reflections of the (011 type reappear, as shown in Figd?
involved in transformation from the space groBp3m t0  4fier a thermal cycle. Figure(@ is a corresponding BF im-
Pnma

age taken at RT from the same area shown in Fig).. 20

determine the transformation temperature for thin
[1l. OBSERVATIONS AND DISCUSSIONS Lag 3LCa ¢ MNO; crystals, we examined different areas in
several samples. We found that the average phase transfor-
mation temperature is abowt1073 K, which is very similar

Thein situ observations of electron diffraction and high- to the recent x-ray observation from powder sampfeBhe

resolution imaging of domain variants and domain bound+transition temperature is much higher than we anticipated
aries before, during, and after the phase transformations wefeom extrapolating theag-, bp-, and co-lattice-parameter

A. Experimental

144106-4



CRYSTALLOGRAPHIC ANALYSIS OF ORIENTATIONA. . .. PHYSICAL REVIEW B 63 144106

(a) (LT, (100}, ' Tuh;y
(011)p
- ®
1D, ©00) ©in,

(b) @0, (20, 0,4 20, ’fm) A
(001);

din, aw, OO, Tag, oo,

» - Xz " ‘
LN @00 , €100) , (0‘0’0) (100) , 200,

* (100)% (c)

FIG. 2. In situ TEM observations of the cubic to orthorhombic  {100)%
(HTC-RTO) phase transition in Lg{a ¢MnO;. (a) BF image
taken at 1073 Kjb) the corresponding diffraction pattern of the
(OlT)’F*, zone from the left grain ifa); (c)—(d) BF image and the
corresponding diffraction pattern of tthQ)g zone from the same
area in(a) taken at room temperature showing the presence of the
(011), type of reflections. FIG. 3. Schematics of diffraction patterns showing different ex-

tinction rules of the (00%) and (100§ zone of the orthorhombic
change &p=cp for HTC) as a function of temperature from (RTO) phase, together with its parent culfidTC) phase in the
160-300 K measured by synchrotron x rays in the LTOsame orientation (01}). (a) the (011} zone of the cubic phase;
powder of Lg 34Cay sMn05.1 (b) (001)g; and(c) (100)g of the orthorhombidPnmaphase. The
large black dots denote the primitive cubic fundamental reflections,
and the small ones denote the additional reflections for the ortho-
rhombic Pnmaphase. The symbok represents forbidden reflec-
tions, while ® represents reflections that are forbidden but gener-

As mentioned in the Introduction, one debate in the studyated through multiple scattering.
of charge and orbital ordering in hada gMnNO; is
whether the charge ordering occurs along #heaxis® or  diffraction pattern, together with the correspondif@l 1)
both ag and ¢y axes® The latter suggestion was based onpattern for the HTC phasg¢Fig. 3@], from which the
TEM observations that two charge-ordered superlattices off001)5 and (100§ are transformed during the HTC to
ten have a 90° orientation with a twinning symmetry belowRTO transition. In the(001)§ orientation [Fig. 3(b), as-
Tco. Thus, the twinning domains have been referred to asigned as domain varianA] the spots of (100),,
charge-ordered domains originating from charge and orbita|—110),, and (—120), types are forbidden owing to the
ordering. Based on our symmetry analysis described in Seceflection condition of fl k0) beingh=2n even when mul-

I, twinning may develop in the RTO phase as it transformstiple scattering effect is considered. Although spots of
from the HTC phase. Since the space grddmmais un-  (010), type are not allowed due to the reflection condition
changed for the RTO and LTO phases, the charge orderingf (Ok1) beingk+1=2n, they may be generated through
below T, does not alter the symmetry of the crystal, butdouble diffraction. In contrast to thHe.00) orientationFig.
induces charge modulations in the crystal structure whiclg(c), assigned as variam'], the spots of typeg010),.,
makes twinning readily visible in electron diffraction. Dis- (001),,, (021),/, and (012),,, are not present because of
tinguishing theag and ¢, axes in the RTO phase is not the reflection condition of (K1) beingk-+1=2n. Thus, we
trivial. Since the difference in lattice parameters is less thaan identify theag andc, axis of the crystal in the diffrac-
0.1% (ap=0.53812nm andt,=0.53864 nm), the splitting tion pattern by tilting the sample so that the01], or

of diffraction spots due to twinning is hardly detectable by[100], direction is parallel to the beam direction, provided
diffraction. In conventional bright-field and dark-fiel®F)  that the beam size is smaller than the domain size, i.e., under
imaging, such a small difference in lattice parameters yieldg, single-domain electron-diffraction condition. Since both
a commensurate small difference in the excitation error bethe [001]0 and[loo]o directions are transformed from a
tween neighboring domains; thus they can be easily misse@ubic(011) direction, they coexist as orthogonal directions
However, we can take advantage of the different extinctioracross the boundary. Figure 4 shows diffraction patterns used
rules of Pnmafor the (k1) and the (kO) reflections to  to determine the modulation direction of charge-ordering of
differentiate the(100)5 and (001} diffraction projection. an adjacent pair oA and A’ type domains. A rectangular
Figure 3 is the schematics of the RTO01)§ and (100§ mesh pattern with an edge-length ratio af22[Fig. 4(a)]

2 . N Q1) 0 (022) 5

«’% X(ol()) e % x(uli)‘,

X: o X: -
1 (000) (00) . (002) o

Xo1,.

002) ,.

C. Distinguishing between theag and ¢ axis of the RTO
and LTO phases
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FIG. 4. In situ observations of orientational variant of a neigh-
boring domainA andA’ along the cubi¢011], axis, or the[001]
and [100] axes of the orthorhombic phases, in determining the
modulation direction of charge-orderin@) Selected area diffrac-
tion pattern from domaii at RT; (b) from domainA’ at RT; (c)
from domainA at 85 K; and(d) from domainA’ at 85 K. Sharp, but

weak, superlattice reflections 01=(§00)O are clearly visible
in (c).

PHYSICAL REVIEW B63 144106
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indicates thd 001], orientation in the domair. When the
temperature is lowered, we observe sharp but weak superla

tice reflections of a modulation wave vectp+ (300), Fig.
4(c). In contrast, the neighboring domaii shows a face-
centered mesh at RJFig. 4(b)], indicating a norj-001],
orientation, or thg 100]5 zone axis, in the areA’. When
temperature is lowered, no superlattice reflections were ob
served from domaii\’, as shown in Fig. @). Our study of
two dozen cases gave the same results. These experimer
reveal that charge-ordering modulation is along @he but

not thecy, direction, the same conclusion having been made
based on high-resolution synchrotron x-ray powder
diffraction!’ Hence the twin-related domains observed at
low temperatur& > cannot be formed during charge ordering.
In the next section we will show that these twin-related do-
mains indeed exist in the RTO phase and originate from the
HTC to RTO phase transition.

D. Twin-related orientational domains in the RTO

and LTO phases FIG. 5. Orientational domainsA and B in orthorhombic

Lay 34Ca& ¢MnO; observed at room temperature along the cubic

An intriguing observation in the cubid@m3m) to ortho-  [111]p direction. () BF image excited with the reflectiog
rhombic (Pnma phase transformation in ba{a¢MnO;  =(011)p=(200)4=(121)g Note, theA/B domain boundary is
perovskite is the formation of orientational variants or twin- parallel to the (10), plane.(b) DF image by selecting the reflec-
related domains at temperatures much higher than thgon gs,=(212)p+(011)p/2=(243), which is a superlattice re-
charge-ordering temperatulle,o. The observation of room  fiection of domainA; (c) DF image by selectingysg=(302)p
temperature twin-related domains is consistent with our, (1g7)_j2—(362), which is a superlattice reflection of domain
group-theory analysis, but largely unnoticed by the scientifiGs. (q)—(f) Selected area diffraction patterns from an area consisting
community. These twin-related domains become charge 0fsf domainsA+B (d), A (e), andB (f). (g) Corresponding lattice
dered belowTco. The configuration and shape of the do- fringe image showing the 120° rotation of the (1Q0Rnd
mains remain essentially the same after repeated thermgdoo),-lattice fringes across th& and B domain boundary. The
cycles. Figure 5 shows a typical example of two variahts inset is a high-resolution image from a thin region of the donfin
andB viewed along thg¢ 111], direction of the HTC phase viewed along 012]g.
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(or the[012], of the RTO phase Figure %a) is a BF image

by exciting the(0 1?) » fundamental reflectiofRTO setting,
as seen in the diffraction pattefRig. 5d)], taken from both
A and B domains. Figures (b) and (c) are DF images for
domainsA and B using gsx=(212)p+(011)p/2 and gsg
=(032)p+(101)p/2, respectively, and their corresponding
diffraction patterns are shown in Figs(eb and §f) (RTO
setting. The diffraction patterns display, in addition to fun-
damental reflections relevant to HTC, the weak spots of
(011)p/2 types in(d), (e), and (f) which are reflections
unique to the RTO phase. Note that the (10@nd the
(100)g reflections of the domaid [Fig. 5€)] and the do-
mzﬂn B [Fig. 5f)] are_derived from the reflections of the Rl s . o
(011)p/2 and the (10)p/2, respectively, of the cubic per- (20004 1
ovskite during the HTC to RTO transition. The symmetry of ’ .o @ - ‘
the diffraction patterns suggests that the domaiasidB are A
twin related with (1L0)p as the twinning plane. From Fig. 5 LR D R
we can see that the domain boundEmarke_d by DB in Fig. . ((%\.

L »

7(2()*\
' B

5(@)] is parallel to the (10)pll(121)41(121) plane. Fur-
thermore, theagy axis of theA and B domains rotates about -
120° across the domain boundary. There are 12 such domai€ s
boundaries A/B, A’'/B’, B/C, B'/C’, C/A, C'/A’, AIB’,
A’IB, B/IC', B'IC, C/A’, andC'/A) in the system, and
their orientation relationship with the parent cubic phase is
sketched in Fig. () when observed along thd11], direc-
tion. The 120° rotation can be clearly seen from the (£00)
lattice fringe image of the domains and B [Fig. 5(g)] with
local faceting along the boundary. The inset of Figg)5s a
high-resolution image from domaid.

The morphology of domain boundarié¢A’, B/B’, and
C/C' are quite different from the 120° boundaries, since
they are formed by the interchange of thg and ¢y axes,
with by axes of the domains remain unchanged. Figure 6 is ¢
typical example of such aA/A’ boundary viewed along the
[100] direction. Figure €) is a DF image recorded at RT
with the (013)p/2=(201),=(102)4:, reflection excited.
The domain boundary contrast is barely visible. Figuite) 6 FIG. 6. Orientational domain# aqd A’ in orthorhombic
is the corresponding diffraction pattern ¢&), where no L@.3C.sMnO; at 300 and 85 K(a) DF image recorded at 300 K
twinning splitting of (101),, diffraction spots is visible in the ~ using reflectior(201),=(102),., (b) Corresponding diffraction at
first-order Laue zongFig. 6(b)]. Twinning becomes evident the same temperature. _Note,_the domain interface is parallel to the
when the temperature falls beldVigg at which the charge- (001)e plane.(c), (d) Diffraction patterns at 85 K from the do-
ordering along they, axis occurs for the LTO phase. Figures Mains A’ and A, respectively, marked ina), showing ~3a,

6(c) and (d) are the selected area diffraction pattetRTO charge-order_lng modulation in two orthogona_ll dlreitlonﬁ_rnand
setting taken from domaing’ andA, respectively, showing A (6) HREM image of .the areaat 85K, Show'.ng 90° rotation of the
. - . . tripled (100}, lattice fringes across the domain boundary.

superlattice reflections with a modulation wave vectpr

~(h00)o/3, consistent with the interchange of thg andco  YBa,Cu;0,-8.17 On the other hand, when domaiAsand A’
axes across the (004)(101), domain boundary. A high- are observed along cubf®11]p axis, theA/A’ boundary,
resolution image of the boundary region taken at 85 K is(010), or (001) plane, will be 45° inclined, as evident in
shown in Fig. ), where the 90° orthogonally orientated Fig. 1(a), and their diffraction patterns will be alod@01],
charge stripes with a spacing oBg=1.62nm across the axis for domainA and[100],, axis forA’ with the samédg
boundary are clearly visible. The fringes reveal that the doaxis but interchanged, andcgy axes, as experimentally ob-
mainA andA’ have a reflection-twinning geometry with the served in Figs. @) and 4b), respectively.

(101), as their twinning planes, as predicted by the group-

theoretical considerations described in Sec. Il. The domainE: Antiphase domains and antiphase boundaries in the RTO
boundary is not sharp and may have local interpenetration of and LTO phases

the (100), lattice from the neighboring domains, which is  The formation of antiphase domains and domain bound-
quite different from the 90° twin boundary in aries often results from the loss of translation symmetry of a
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FIG. 8. High-resolution image recorded at 85 K showing two
antiphase domains with a gradual lattice shiftagfy/3=0.54 nm
across the boundarglenoted as APB as determined by the inten-
sity scans of the image from the boxed arédsandA2. The fringe
spacing corresponds = 0.54 nm.

A AVAAN Sa
Z NN N

translational displacement of the antiphase domairRis
=+1/4100]pco. Both structures involve symmetry broken
induced by charge or orbital ordering in the crystal, as de-
FIG. 7. Schematic drawing of atomic structures of two types ofpicted in Fig. 7. For APBL in Fig. 7, the M (open circley
antiphase boundari¢&PBs) associated with the charge and orbital and M+ (solid circles with orbital sublattice has an
ordering. The rectangular boxes indicate the unit cell projected onta-lattice shift across the antiphase boundary, while, for
the acorCo plane. MA* and Mr#* ions are designated, respec- APB2, the sublattice remains the same but the orientation of
tively, by plain circles and solid dots with orbitals. There is a lattice the orbital ordering is reversed. Thus APB1 is essentially a
translation of ap=acg/3=0.54nm across APB1, andico2  charge-ordered domain boundary while APB2 is an orbital-
=0.81nm across APB2. ordered domain boundary. Note that the model for APBs in
Fig. 7 established only the possible displacement vectors, not
crystal. In our group-theory consideration, the coset decomthe orientations of the boundary planes, which may be par-
positions[Egs.(4) and(5)] suggest that there may also exist allel, or inclined, or even perpendicular &go.
antiphase domain boundaries with a lattice translation of The predicted antiphase domains and domain boundaries
t(0,02), ort(%,3,0), ort(3,%,2) (Pbnmsetting due to the in the LTO phase were experimentally observed using low-
enlarged unit cell of the RTO phase, i.e., a reduced transldemperature HRTEM. Figure 8 shows a high-resolution im-
tion symmetry compared with the HTC phase. By combiningage of such antiphase domains recorded at 85 K with a shift
the coset decomposition Eq@l), (5), and (6), we can also  of the black and white (109) lattice fringes across the an-
predict the existence of translation twins in tiphase domain boundary; the superlattice contrast with a
LagsLCa ¢MNnO;. The existence of such translation- 32 periodicity is clearly visible. Line scans of the intensity
symmetry-related domains and domain boundaries in thef the top and bottom domains from the boxed ardasand
RTO phase can be verified using high-resolution TEM, andA2 (averaged along the vertical directjondicate a relative
will be discussed in a separate paper. phase shift between the two with a displacemdnt
Here, we focus on the translation-symmetry-related do= £[100]co~0.54 nm.
main and domain boundary of the LTO phase since it is Figure 9 is another type of anti-phase domain showing
directly associated with charge and orbital ordering, and may200), lattice fringes. The whitéor black fringes running
be of significant importance in understanding the unusualfrom the bottom to the top of the image change their con-
physical properties of the material. When the temperaturdrast. The line scans of the two boxed ar&sandB, sug-
drops below the charge order-disorder transition temperaturgest a half unit cell lattice translationRE 3[100]co
the crystal unit cell along theg-axis triples, leaving the ~0.81nm) between the domains. We note that in both cases
crystal point symmetry unchanged. Based on our symmetrthe a5 direction lattice shift extends a few dozen unit-cell
analysis, the enlargement of the unit cell along #heaxis  lengths along theg axis, implying an inclined boundary or a
would introduce antiphase boundariésPBs). The most very broad interfacémarked as APB in Figs. 8 and ®e-
common one is the antiphase domain with a displacement dfveen the antiphase domains. Such broad antiphase bound-
R==*1/3100]cc (or the equivalent displacemenR aries, observed in Bi/2212 superconductors, were associated
=+2/3100]co) When across an APB. Another possible with incommensurate modulatidf.

Cco=Co
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FIG. 9. High-resolution image recorded at 85 K showing two

antiphase domains with a gradual lattice displacemena@f2 FIG. 10. (a) (010)5 zone diffraction pattern at 85 K, revealing
=0.81 nm across the boundaigenoted as APB as determined by an incommensurate modulation with a wave vedaer(0.284,0,
the intensity scans of the image from the boxed ai&hsandB2. —0.010) (RTO setting. Note, the h00)co superlattice reflections
The fringe spacing correspondsdgy/6=ay/2=0.27 nm. do not exactly align along thay axis (as marked by the arrows

but are tilted ~2° away from it, suggesting a small component
The observation of the anti-phase domains wkh qlon.g. thecy axis of the.moqmation wave vector. The average pe-
=1[100]co may be of importance in accounting for the riodicity of the modulation isaco=3.5480 s (b) La_ttlce fringe im-
small co-component in the incommensurate charge modula29e of a large area taken at 85 K, showing antiphase domains and
tion in Lay 3<Ca s MNOs. As clearly seen in Fig. 16), the wavy domain boundarieghe vertical and horizontal directions of
superlattice reflections- £(h00), (RTO setting associated " 'magg are pa'.ra”ellto trfb "’_}LndZQ a)t(.es’ .reSEeCt'Vlegy The
with charge ordering at low temperature are not aligned ex26r29¢ domain size along the0l], direction is about 16 nm.
actly along theag axis, but rather are tilted-2° away from
the ag axis. The averaged wave vector we observed gvas
=(0.284,0¢) with |£|=0.010. The breaking of symmetry andC’) in the orthorhombic Lgs{Ca, ¢MnO; (the RTO and
due to this small component has not been previously obrTO phases as a result of lowering in symmetry from its
served by high-resolution x-ray or neutron powder diffrac-parent cubic perovskitéhe HTC phase There are 15 do-
tion, since it likely reflects the charge-ordered structure apain houndaries which can be classified into two categories,
f{;gg"';gg‘?;ergcg; 7FI\I/|gnu(;e (g)(;] ZtlaSthE m&gitgng m{100} and m{110}; both are twin related. The former is
85V 6; 8 : associated with neighboring domains with tHejy axes par-
contrast of &g lattice fringes. Line-scan analysis, as Shownallel butag, andc,, axes interchanged. Such 90° twin-related

In Fig. 8 indicates a dlspla_cemerjt when across antlpha_s omains exist at temperatures far above the charge-ordering
boundaries. The average dimension of antiphase domalr%s

along thec axis is about 1& 3aco=16 nm. The shift of 0.54 €mperatureTco. Thus, the charge-ordered domains re-

. . _5 . .
nm across the boundaries and the 16 nm domain size ofpPrted in the literaturE™ are not domains with two orthogo-

served in HRTEM are consistent with the-2° filt nal modulation wave—ye_ctors _along_thig, and co axes.
[tan 1(0.54/16)=2°] from the a, axis of the modulation Rathgr they are preexisting t_wms, with charge-ordering de-
wave vector observed in diffractioffig. 10@]. We note  Veloping only along theao axis (not co axis) in each do-
that the charge-ordered structure inLaCa sMnOs is quite ~ Main. On thg other hand, t_he obsgrved antiphase domalr)s in
complex, especially thé component. It can take either sign, HRTEM, which are associated with the charge and orbital
and its magnitude varies with location in the sample, rangingrdering and with the tripling of thao-lattice constant, can
from —0.015< ¢<0.015, depending on the area. Thus, for ae)_<pla|n the observed incommensurate char_ge modulation
relatively large area, typical dimension ef500 um, the  With a smalico component in electron diffraction.
contribution of thec, component to x-ray diffraction may
be averaged out to zero. This once again points out the sig-
nificance of TEM in revealing the localized structure of a ACKNOWLEDGMENTS
complex material.
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