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When Sr?* ions in Sr,MnQ, containing only Mn** ions were partially replaced by La**, a new phase having
orthorhombic symmetry appeared around an La content of x=0.15 between the tetragonal 14/mmm (T) phase
and the charge and orbital ordered (COO) phase, accompanying the introduction of Mn3* ions. Our in situ
observation using a transmission electron microscope revealed that the orthorhombic (O) phase could be
identified as an orbital ordered state without charge ordering, and that its microstructure is characterized by an
alternating array of two banded-shape variants with different orthorhombicities, Oy and Oy;. It was also found
that the 7-to-O phase transition exhibited a unique evolution of domain structures, which resulted in the
above-mentioned banded microstructure. In particular, the domain-structure evolution consisted of three steps:
the appearance of the (7+0;) and then the (O;+Oy;) coexisting states, followed by the annihilation of the
interface between the O; and Oy; variants. The evidence suggests that this unique pattern of evolution is due to
coupling between the short-wavelength Jahn-Teller (JT) distortion, associated with the Mn3* ion, and the

long-wavelength O distortion.
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I. INTRODUCTION

Among the family of strongly correlated electron com-
pounds, manganites with a simple perovskite structure ex-
hibit a variety of interesting phenomena, including colossal
magnetoresistance (CMR).'= An important characteristic of
these materials is the coexistence of two competing phases,
with nanometer and micrometer scales, in the vicinity of a
phase boundary between them. The CMR effect is, in fact,
associated with a spatially inhomogeneous state with meso-
scopic length scale near a boundary between the ferromag-
netic metallic (FM) and antiferromagnetic charge and orbital
ordered (COO) phases.®!! It was pointed out that the appear-
ance of the inhomogeneous state originates from the random
interaction produced by, for instance, quenched disorder.'%!!
In the COO phase, on the other hand, there are incommen-
surate COO (ICOO) structures, including higher-order com-
mensurate COO (CCOQ) structures, whose modulation
modes involve an array of Mn** stripes and a Jahn-Teller
(JT) distortion. As for the ICOO and higher-order CCOO
structures, their origins have been explained as being due to
competing interactions, as was pointed out in the axial next
nearest neighbor Ising (ANNNI) model.'>!3 Because of the
importance of the JT distortion in the COO phase, there
should be competition between the ferrodistortive (FD) and
antiferrodistortive (AFD) interactions; that is, the interac-
tions between two neighboring JT clusters.5 !4 The pres-
ence of the ICOO structures and the AFD state has also been
reported in the layered perovskite Sr,_JLa MnO, with the
K,NiF,-type structure, which is dealt with in this study.

Sr,MnO, containing only Mn** ions is an insulator with
an electronic configuration of 7,5 When Sr** ions are
partially replaced by La** ions in Sr,_,La,MnO,, Mn3* ions
are introduced into the system by doping e, electrons. Ac-
cording to the previous work of Larochelle et al.,'®!° the
ICOO structures, including higher-order CCOO structures,
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exists in the region 0.3 <x<0.5 and the AFD state appears
in x=0.5 as the CCOO structure with a periodicity of 4d,
where d, is the interplanar distance of the (110) plane. The
important feature of the COO phase is that the inverse { of
the periodicity shows a linear relation with the La content x
as {=x/2. In other words, the inverse of an average distance
between two neighboring Mn3* stripes increases linearly
with increasing x. In addition to the COO phase, the ortho-
rhombic (O) phase with space group of Immm has been re-
ported around x=0.2 in layered manganites such as
Sr2_deanO4.20’2l

The appearance of the ICOO structures in Sr,_,L.a,MnO,
presumably arises from the competition between the FD and
AFD interactions, just as in other manganites. This suggests
that the ICOO state, including higher-order CCOO struc-
tures, in the COO phase must exist between the FD and AFD
states in a phase diagram. It is understood that the FD state is
stabilized by an indirect interaction between JT clusters via a
phonon field, while a direct interaction results in the AFD
state. Since the ICOO and AFD states were respectively re-
ported in the region 0.3<x<0.5 and x=0.5 in
Sr,_,La,MnOQO,, the FD state would be present at smaller La
contents, presumably around x=0.2. In other words, the O
phase, reported in Sr,_,Nd,MnO, around x=0.2, might be
identified as the FD state.?’->

To probe these issues, we have investigated the crystallo-
graphic features of Sr,_ LLa MnO, with 0=<x=0.5 by trans-
mission electron microscopy. As a result, the O phase was
actually found around x=0.15 between the tetragonal
14/mmm (T) and ICOO states. There is also an ICOO state in
the 0.2=<x=0.3 region as well as for 0.3<x<<0.5. The lin-
ear relation between ¢ and x was confirmed to be satisfied
over the whole COO region of 0.2<x=<0(.5. Furthermore,
we found both an interesting domain structure in the O phase
to be the FD state and a unique evolution of the domain
structure in the T-to-O phase transition around x=0.15. In
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this paper, we then describe the details of the experimental
data on the layered perovskite Sr,_,L.a,MnO,, which were
obtained mainly by low-temperature in situ observation us-
ing a transmission electron microscope (TEM).

II. EXPERIMENTAL PROCEDURE

Sr,_,LaMnO, samples with 0<x=<0.5 were prepared by
the coprecipitation technique using citric acid. We did not
use a solid-state-reaction after discovering that samples made
by this method contained micron-scale inhomogeneities in
chemical composition. The detailed sample preparation pro-
cedure involved calcining initial sample powders obtained by
coprecipitation from SrCOj3, La,0O3, and MnCO; powders at
1123 K for 12 h. After the powders were pressed into pellets,
they were sintered at 1773 K for 24 h in an O, atmosphere.
The crystallographic features of the samples obtained in this
way were examined by x-ray powder diffraction and trans-
mission electron microscopy. The x-ray diffraction experi-
ments were conducted to examine the change in average
structures in the temperature range between room tempera-
ture and 10 K. The x-ray apparatus used in this study was a
Rigaku-RINT-TTR with a low-temperature stage, operated at
50 kV and 300 mA. Both the domain structure and the
domain-structure evolution in the O phase were examined by
low-temperature in-situ observation using a JEM-3010 type
transmission electron microscope equipped with a liquid He-
cooled holder. Note that the lowest temperature obtained in
the TEM studies was 12 K. Thin specimens for transmission
electron microscopy observation were prepared by the Ar-ion
thinning method.

III. EXPERIMENTAL RESULTS

Figure 1 shows the phase diagram on the La-poor side,
determined on the basis of our experimental data obtained by
x-ray powder diffraction and transmission electron micros-
copy. A schematic diagram of the FD and AFD states is also
depicted. The FD state exists in 0.10<x=0.20 region, the
ICOO state for 0.20<x<0.5, and the AFD state at x=0.5. At
that point, the FD and AFD states are detected as, respec-
tively, the O phase and the CCOO structure with a 4d,
periodicity in the COO phase. As is shown in the inset, the
inverse ¢ of the periodicity n satisfies a linear relation with
respect to the La content x in the COO phase. It is known
that the AFD state has a 2d;,, periodicity of the array of
Mn** stripes as charge ordering and a 4d,,, periodicity for
the JT distortion corresponding to the alternate array of the
(3x*>—r?) and (3y?—7r?) orbitals. On the other hand, our ex-
perimental data indicate that the FD state is a charge disor-
dered (CD) state characterized only by the (3x*>-r%) or
(3y*>—r?) orbital. In other words, the ferro-orbital FD state
results in the orthorhombic distortion. The magnitude of
orthorhombic distortion should depend on the degree of or-
bital ordering. The experimental evidence for this distinct
characteristic of the O phase will be described below.

Dark field images exhibiting the microstructures of the 7,
FD, and ICOO states at 15 K are shown in Fig. 2, together
with their 200 profiles in x-ray powder diffraction patterns.
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FIG. 1. (Color online) (a) La-poor portion of the phase diagram
for Sr,_,LLa,MnO,, which was obtained on the basis of our experi-
mental data, and (b) schematic diagrams indicating the ferrodistor-
tive (FD) and antiferrodistortive (AFD) states. Note that the La
content in the phase diagram corresponds to the e, electron concen-
tration; that is, the Mn>* content. In the phase diagram, there exist
the high-symmetry tetragonal (7) state for x=<0.10, the FD state for
0.10=x=<0.20, the incommensurate charge and orbital ordered
(ICOO) state for 0.20<x<0.50, and the AFD state for x=0.5. The
FD, and FD, variants in the ferro-orbital FD state are characterized
by the (3x2=r2) and (3y2—r?) orbital orderings for the Mn3* ions.

The images of these states were actually obtained from the
x=0.08, 0.15, and 0.23 samples by using the respective 200,
660, and 200 and surrounding satellite reflections. In the T’
state exhibiting a single 200 peak in the powder pattern, first
we see the tweed pattern in the image. The tweed pattern in
this case is ascribed to a strain field produced by the presence
of local O regions with lower symmetry in the 7" matrix. That
is, there is a precursor state of the 7-to-O phase transition
even at x=0.08. Because of the orthorhombic symmetry in
the O phase, the microstructure of the O phase as the FD
state is a banded structure, and the 200 peak is split into two
in its XRD profile. It seems that the banded structure can be
identified as a twin structure consisting of two O variants
with the same orthorhombicity b/a, resulting from the
T-t0-O transition. But, the present study indicated that the
banded structure in the O state was characterized by an al-
ternate array of two kinds of O bands with different b/a
values, as will be clarified later. In the image of the x=0.23
sample in the ICOO state, fringes with a periodicity of about
8.7d,,, are observed along the [110] direction, corresponding
to the periodicity of the JT distortion as a response of the
lattice system to the (3x>—r?)/(3y?=r?) orbital ordering.
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FIG. 2. (Color online) Dark field images showing the micro-
structures of the 7, FD, and ICOO states at 15 K, together with their
corresponding 200 reflections in x-ray powder diffraction profiles.
The T, FD, and ICOO images were taken from the x= (a) 0.08, (b)
0.15, and (c) 0.23 samples, respectively. The electron incidence of
these images was parallel to the [001]; direction, where the sub-
script T denotes the T state.

Note that, because of their weak intensities, the superlattice
peaks produced by the modulation from the JT distortion are
not detected in the powder pattern.

Before describing the unique evolution of the domain
structure in the 7-to-O phase transition, we report the char-
acteristic of the O phase as the FD state, which was obtained
by using the ICOO-to-O transition. Figure 3 shows the
change in electron diffraction patterns in the vicinity of the
660 position in reciprocal space during the ICOO-to-O tran-
sition of the x=0.20 sample, together with intensity profiles

along the [110] direction through the 660 position. The pat-

tern and profile at 190 K, where the sample is in the ICOO
state exhibit the 660 fundamental reflection due to the T
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FIG. 3. (Color online) Change in electron diffraction patterns
around the 660 position in reciprocal space during the ICOO-to-O
transition, together with their intensity profiles along the [110];
direction through it. The electron incidence of these patterns is par-
allel to the [001]; direction. The patterns in (a), (b), (c), and (d)
were taken, respectively, from the x=0.20 sample at 190 K (ICOO),
150 K (ICOO+FD), 130 K (ICOO+FD), and 90 K (FD). In the
pattern, a white broken line is a visual guide for the 660 position in
reciprocal space. The reflections and peaks due to the Oy and Oy
variants in the O state are denoted by the blue and red arrows.

state, and the first satellite reflections M:[l/ 10,1/10,0],
and the second reflections at g=[1/5,1/5,0]. The satellite
reflections originate from the modulation for the JT distor-
tion, and the presence of the second harmonics is direct evi-
dence that the modulation is sinusoidal. The periodicity of
the modulation is determined to be 10d; o from the location
of the first satellite reflection, which satisfies the linear rela-
tion of {=x/2 for x=0.20. When the temperature is lowered
to 150 K, two reflections indicated by the red and blue ar-
rows appear in the pattern, in addition to the 660 fundamen-
tal and satellite reflections. The crucial feature of the new
reflections is that their locations are asymmetric with respect
to the 660 fundamental reflection. This implies that two O
variants with b/a=1.016 and 1.009 are nucleated in the
ICOO state. Note that these b/a values were calculated from
angles given by the shifts of intensity peaks indicated by the
blue and red arrows with respect to the fundamental 660
reflection. On further cooling, the reflection with the small
b/a value is shifted to the larger value, while the location of
the latter remains almost unchanged, as is shown in the pat-
tern and profile at 130 K. Finally, at 90 K, the 660 funda-
mental and satellite reflections disappear and only two O
reflections exist, indicating the existence of a single O phase.
The notable feature of the O phase is that the locations of
these two reflections are still asymmetric. The import of all
these observations is that the domain structure in the O phase
as the FD state consists of two O variants with different b/a
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values, and that the ICOO-to-O phase transition occurs via
the two-phase state.

Dark field images of the x=0.20 sample in the two-phase
state were taken to examine the positional relation between
the ICOO and two O variants. Figure 4 shows three dark
field images at 190 K, 130 K, and 90 K, taken using the 200
fundamental and surrounding reflections. When the x=0.20
sample was cooled from the single ICOO state, fine bands
indicating a charge disordered (CD) region appeared locally
along the fringes representing the modulation in the ICOO
state, indicated by the blue arrows in the image at 190 K.?3
This CD band is here called the CD; region. The image at
130 K also indicates that these CD; regions develop with
decreasing temperature, and that the microstructure is char-
acterized by the alternate array of the ICOO and CD; bands.
In addition, an interesting feature is that new fine CD bands,
labeled as the CDy region, are also nucleated along the
fringes in the interior of the ICOO bands, shown by the red
arrows. Dark field images not shown here, taken using the
red and blue reflections in the 130 K pattern of Fig. 3, con-
firm that the CD; and CDy; bands have different b/a values.
In other words, the x=0.20 sample at 130 K consists of the
ICOO state and two O variants. On subsequent cooling, the
banded structure characterizing the O phase as the FD state is
finally formed by the annihilation of the ICOO regions, as is
seen in the image at 90 K. A series of these images clearly
show that the microstructure of the FD state consists of two
O variants with different b/a values, and that the O distor-
tion of the FD state reflects the local distortion of the ICOO
state; that is, the JT distortion.

As for the ICOO-to-O transition shown in Figs. 3 and 4,
the following thing should be remarked. When the specimen
was cooled down from the ICOO state, the transition oc-
curred in slightly higher temperature in thicker areas. That is,
the alternating array of the O; and Oy bands were already
formed even at 130 K in such areas. In Fig. 4(b), the speci-
men thickness in the left side is slightly larger than that in the
right side, and an Oy; variant developed from the CDy; region
can actually be detected in the left side, as indicated by the
double arrow. Because the diffraction pattern was taken from
a wide region of about 1 um, the same intensities of the
peaks between 150 K and 90 K, marked by the blue and red
arrows in Fig. 3, reflects the presence of the alternating array
of the Oy and Oy bands in thicker areas. In other words, a
transition temperature of the ICOO-to-O transition seems to
be very sensitive to a specimen thickness, which should be
associated with the relaxation of a strain field produced by
the transition.

As the above-mentioned experimental data clarify the dis-
tinct characteristic of the FD state, we here focus on the
crystallographic features of the 7-to-O phase transition oc-
curring around x=0.15. We first describe the detailed change
in the b/a values of two O variants during the transition. The
change in the b/a values for the x=0.15 sample is shown in
Fig. 5, together with corresponding electron diffraction pat-
terns in the vicinity of the 660 position. When the tempera-
ture is lowered from the T phase, first the value of just the
variant Oy deviates from zero at 7, =270 K, while the other
Oy variant has a nonzero value below 7,=~240 K. Hence,
the (T+0O;) two-phase state characterized by only one O
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FIG. 4. (Color online) A series of dark field images showing the
change in the microstructures during the ICOO-to-O transition. The
images were taken from the x=0.20 sample at 190 K (ICOO),
130 K (ICOO+0y), and 90 K (O;+Oyy), using the 200 fundamental
and its satellite reflections. Two kinds of very thin charge-
disordered regions, CD; (Oy) and CDy; (Oyy), are seen, as is indi-
cated by the blue and red arrows.

variant exists in the temperature range 240 K<7'<270 K.
Further cooling then leads to an increase in the b/a values of
the Oy and Oy variants, but these values never become equal
even at a temprature as low as 12 K. Apparently, the
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FIG. 5. (Color online) Variation of the b/a values of the O; and
Oy variants during the 7-to-O phase transition in the x=0.15
sample. Parts of the electron diffraction patterns at 293 K (7),
250 K (T+0y), and 12 K (O;+0Oy) are also shown in the insets. In
each pattern, the white dashed line is a visual guide for the 660
position, and the green, blue, and red reflections are due, respec-
tively, to the 7 phase, and the Oy and Oy variants. The b/a values of
the O; and Oy variants plotted here were determined from the lo-
cations of the Oy and Oy reflections at each temperature.

x=0.15 sample below T, is in a state consisting of two O
variants with different b/a values, just as in the case of the
x=0.20 sample. It is also understood that the difference in
the b/a values for two O variants comes from the fact that
the temperature 7, for the appearance of the Oy variant is
lower than T, for the Oy variant.

The evolution of the domain structure during the 7-to-O
phase transition, corresponding to the change in the b/a val-
ues shown in Fig. 5, was examined by taking the series of
dark field images of the x=0.15 sample shown in Fig. 6,
using the 660 reflections of the O; and Oy variants. The
images in the left and right sides of the figure were, respec-
tively, taken using the reflections of the T phase or the Oy
variant, and the Oy variant. In the images at 280 K in the T
phase, the tweed pattern is seen in (a). It is obvious that the
tweed pattern is an indication of the precursor state for the
T-to-0 transition, as was described for the x=0.08 sample in
Fig. 2. That is, local O regions are involved in the 7 matrix.

When the temperature is lowered from that where the T
phase exists, the image (b’) at 250 K in the (T+Oy) two-
phase state shows the appearance of the O; variant having the
thin banded shape. The tweed structure reflecting the average
T symmetry is still observed in the bright-contrast bands of
the image (b). Then, the (T+0O;) — O change takes place on
subsequent cooling to around 240 K. At 160 K in the O
phase, we then see the thin bands in both the (c) and (c')
images. This implies that the Oy variant is converted from
the 7 bands exhibiting the tweed pattern, and that the micro-
structure at 160 K consists of an alternating array of the Oy
and Oy bands. The major features of the microstructure are
that the interface of the banded structure is basically parallel
to the (110) plane, and that the average distance between two
neighboring O; bands is about 10 nm. On further cooling in
the O phase, some thinner O; and Oy bands are annihilated,
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as is seen in the images at 90 K, (d) and (d’). As a result of
the annihilation, the average distance of the O; bands be-
comes longer and is estimated to be about 50 nm. Note that
the O; and Oy variants at 90 K have the values of b/a
=1.016 and 1.005, respectively. These results show that the
evolution of the domain structure in the O phase occurs in
three steps: the formation of two kinds of the banded struc-
tures, 74+ O; and O;+Oy;, and the subsequent annihilation of
some thinner O; and Oy bands. It seems that this unusual
pattern of evolution has some similarity to that of chemical
composition in a spinodal decomposition.?*>

IV. DISCUSSION

Both our experimental XRD and TEM data on the layered
perovskite Sr,_,L.a,MnO,, revealed that the O phase exists in
the 0.10=x=0.20 composition region and is characterized
by the CD state with the O distortion. Because the O distor-
tion directly reflects the local symmetry of the COO state,
the JT distortion, the O phase without charge ordering is
identified as the FD state having the (3x*-r?) or (3y*—r?)
orbital ordering. Figure 7 shows a schematic diagram for the
appearance of the FD state in the ICOO matrix on the basis
of the dark field image at 90 K in Fig. 4. The nucleation of
the local FD state can easily occur by the melting of a one-
dimensional array of e, electrons in a Mn** stripe. The im-
portant point is that orbital ordering remains unchanged after
the melting of charge ordering. This implies that the instabil-
ity of a Mn** stripe in the ICOO state should strongly depend
on the concentration of e, electrons.

Based on the characteristic of the FD state just mentioned,
the 7-to-O phase transition characterized by the appearance
of orbital ordering accompanies the introduction of both the
JT and O distortions. Hence, the coupling between the JT
and O distortions may be responsible for the unique behavior
of the phase transition, as was pointed out by Ahn and
coworkers.®= Our observation have added to the understand-
ing of this transition by tracing the interesting evolution of
the O variants during the transition. Figure 8 depicts a one-
dimensional schematic diagram indicating the evolution of
the domain structures during the 7-to-O phase transition. The
upper and lower sides of the vertical axis in this diagram
represent the b/a values of the Oy and Oy variants, shown
previously in Fig. 5. The b/a value in the T phase, shown in
Fig. 7(a), first has an average value, over the whole position,
of zero, although the tweed pattern suggesting the presence
of local O regions was observed in the dark field image. In
the (T+Oy) two-phase state, which was then obtained by
cooling from the T phase, the O; regions are pseudoperiodi-
cally arranged at an average interval of about 10 nm along
the [110] direction in the 7 matrix. When the temperature is
further lowered, the T region is changed into the Oy region,
together with the widening of the Oj regions. Finally, the
width of the O; and Oy; regions becomes larger through the
annihilation of some thinner regions. With respect to Fig. 8,
the 7-to-O phase transition is characterized by both the spa-
tial modulation of the O distortion and the subsequent anni-
hilation of interfaces between the O; and Oy; variants, which
are produced by the development of the b/a values. In par-
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FIG. 6. A series of dark field images showing the domain-structure change during the 7-to-O phase transition in the x=0.15 sample. The
images in (a), (b) and (b’), (c) and (c’), and (d) and (d’) were taken, respectively, at 280 K (7), 250 K (7T+0y), 210 K (O;+Oyy), and 90 K
(O1+0Oyp). The electron incidence of all images is parallel to the [001] direction.
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FIG. 7. (Color online) Schematic diagram showing the nucle-
ation of a fine CDy region in the ICOO matrix. The CD; region
indicated by the red area has orthorhombic symmetry, reflecting the
(3x2—r?)-type orbital ordering. The appearance of the CD; region is
directly associated with the melting of a one-dimensional array of
e, electrons in the Mn* stripe.

ticular, there are two types of the modulation modes, T+O;
and Oy+Oy, for this strain modulation. As far as we know,
this domain-structure evolution is probably the first observed
in condensed matter.

The intrinsic order parameter of the 7-to-O phase transi-
tion is obviously the orbital ordering of the Mn** ions. The
(3x?=7?)- and (3y>—r?)-type orderings result in the FD, and
FD, states depicted in Fig. 1. The JT distortion should be a
structural order parameter as a response of the lattice system
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FIG. 8. (Color online) One-dimensional schematic diagram
showing the domain-structure evolution during the 7-to-O phase
transition. In the diagram, the b/a values of the Oy variant at 250 K
in Fig. 5, and the O; and Oy variants at 210 K and 92 K are used,
respectively, as those in (b) (T+Oy), (c) (O;+Oy), and (d)
(O1+0Oyp). When the temperature is lowered from that where the T
phase exists, the banded (O;+Oy;) microstructure in the O phase is
produced via the banded (7+0O;) microstructure. In addition, coars-
ening of the O; and Oy bands occurs at lower temperatures in the O
phase by means of the annihilation of some thin bands.
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to orbital ordering via the strong electron-lattice coupling.
Because the JT distortion is also coupled to the O distortion,
this coupling is presumably one of the possible origins for
the unique evolution of the domain structures during this
transition. Recently, Ahn and coworkers pointed out that the
inhomogeneity seen in manganites could be explained as be-
ing due to the coupling between the short- and long-
wavelength distortions.>” In the case of the O phase in
Sr,_,La,MnO,, the short- and long-wavelength distortions
are, respectively, identified as the JT and O distortions.
Based on this correspondence, our experimental data seem to
be entirely consistent with their calculated results. In particu-
lar, in addition to accounting for the appearance of the tweed
pattern, the (T+0O;) two-phase state is predicted as the alter-
nating array of the undistorted and distorted regions in the
case that their proposed energy landscape has a deep local
minimum with respect to the short-wavelength distortion. It
should be remarked at this point that their calculation dealt
with the situation where the sample is kept at a certain tem-
perature. In our study, the annihilation of the O; and Oy
bands could actually occur in such a situation, but the
T— (T+0;)— (0O;+0y) state change needed the sample
cooling. Our experimental data in Figs. 5 and 6 were, in fact,
obtained after the sample was kept at each temperature for
about 1 hr. Further, the strain relaxation may occur in the
thin samples for TEM observation. These factors should be
taken into account in formulating a better understanding of
the unique evolution of the domain structures during the
T-t0-O transition. Although the thermal path experienced by
a sample plays a crucial role in the domain-structure evolu-
tion, the coupling between the JT and O distortions is most
probably the main origin of the unique behavior found in this
transition.

V. CONCLUSIONS

Our low-temperature in sifu observation using the trans-
mission electron microscope revealed that in Sr,_,LLa, MnO,
the O phase present in the 0.10=<x=<0.20 composition re-
gion was identified as the FD state characterized by orbital
ordering without charge ordering. The microstructure of the
O phase was found to consist of two O variants with differ-
ent b/a values, not the usual twin structure of two variants
having the same b/a value. The most interesting phenomena
observed is that the evolution of these two O variants during
the 7-to-O phase transition occurs in three steps: the appear-
ance of the (T+0O;) and then (O;+Oy;) microstructures, fol-
lowed by the annihilation of some O; and Oy regions at
lower temperatures in the O phase. Because the (T+0) and
(O;+Oyy) microstructures can be regarded as two modulation
modes for the strain modulation, the domain-structure evolu-
tion during the 7-to-O phase transition seems to have some
similarity to the phenomenon occurring in the spinodal de-
composition for the modulation of chemical composition.
But the presence of these microstructures is obviously the
distinct characteristic of this strain modulation, resulting
from the coupling between the JT and O distortions, the im-
portance of which was recently pointed out by Ahn and
coworkers.®”?
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