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The crystallographic features of the orbital-ordered and charge-and-orbital-ordered states in Sr,_ Nd,MnOy4
have been investigated by in sifu observations, using a transmission electron microscope, in an attempt to
understand the distinct characteristics of their electronic states. In the orbital-ordered state with orthorhombic
symmetry, there exist four banded-domain-structure states, that is, two orthorhombic variant states (O;+ Oyy)
accompanying the C-type antiferromagnetic ordering at lower temperatures and (DT+0)) coexistence and
(O1+Oyy) states lacking magnetic ordering at higher temperatures, where DT represents the disordered tetrag-
onal state and O; and Oy; the two orthorhombic variants. On the other hand, the stability of the charge-and-
orbital-ordered state present for 0.25 <x=<0.43 is strongly suppressed when x>0.38. As a result of the strong
suppression, the charge-exchange-type charge-and-orbital-ordered state is absent for x=0.5. The important
features of the charge-and-orbital-ordered state are that it is basically characterized by incommensurate struc-
tural modulations and that round-shaped domains separated by disordered regions appear for 0.38 <x=<0.43
near the DT state. On the basis of these data, the origin of the appearance of the four banded-structure states
in the orbital-ordered state was attributed to a coupling between the local Jahn-Teller distortion and the
long-range distortions, including a dilational one. In addition, we propose a model for the ground-state change

between the orbital-ordered and charge-and-orbital-ordered states in terms of orbital degree of freedom.
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I. INTRODUCTION

The colossal magnetoresistance (CMR) in manganites,
observed as the drastic reduction of resistivity in a magnetic
field, is one of the fascinating phenomena found in strongly
correlated electron compounds.'~ The CMR effect is under-
stood to be directly associated with the coexistence of the
ferromagnetic metallic and antiferromagnetic insulating
phases, an occurrence of which has been explained on the
basis of several models, such as the random-interaction
model and the two-type-distortion model.*-® However, in
spite of these proposals, the origin of the effect in strongly
correlated manganites is still of central interest.

The Sr,_,Nd,MnO, (SNMO) system is one of the layered
perovskite manganites with the K,NiF,-type structure.’!!
This structure is characterized by the presence of a single
MnO, layer separating two neighboring NaCl-type block
layers. The single MnO, layer thus provides, basically, a
two-dimensional electronic system. In such a SNMO, the
end-oxide insulator Sr,MnQ, has an electronic configuration
of t%g for Mn** ions and exhibits a two-dimensional antifer-
romagnetic behavior.'> When the Sr?* ions are partially re-
placed by Nd** ions, e, electrons are doped into the system
via the introduction of Mn?* ions. Our preliminary work on
SNMO with 0.10=x=0.50, as a result, suggested the exis-
tence of an orbital-ordered (OO) state lacking charge order-
ing for 0.1=x=<0.25, an incommensurate charge-and-
orbital-ordered (ICOO) state for 0.25<x<0.43, and a
disordered tetragonal (DT) state for 0.43<x=<0.50.13
Among these states, the OO state with orthorhombic (O)
symmetry is distinguished by both the e,-electron occupation
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of the (3x>=r?) or (3y>—r?) orbital and the occurrence of
C-type antiferromagnetic (CAF) ordering at lower tempera-
tures. The points to note here are that the ICOO state in
SNMO features incommensurate modulations that include
higher-order commensurate ones and that the charge-
exchange-type charge-and-orbital-ordered (CECOO) state is
absent for x=0.5, unlike the case of Sr,_LaMnO,
(SLMO).'42% These facts indicate that the ICOO state prob-
ably has some relation to the OO state, rather than to the
CECOO. Although the detailed electronic features of the
ICOO state have so far been discussed in relation to the
presence of the CECOO state, it seems to us that a re-
examination of the crystallographic features of the ICOO
state is needed to clarify its distinct characteristics.

Our previous in situ transmission electron microscopy
(TEM) observations for the DT-to-OO transition in SLMO
and SNMO revealed that the formation of the OO state dur-
ing the cooling process from the DT state exhibited a unique
domain-structure evolution.'!%20 The notable feature of the
evolution is that the cooling from the DT state first results in
a (DT+0;) banded domain structure and then in a (O
+0y;) banded structure in the OO state. Here, O; and Oy
represent two O variants with different b/a values, that is,
each variant has a unique orthorhombicity. Among these re-
sults, the appearance of the (DT+0;) banded structure obvi-
ously provides direct evidence for the coexistence of the DT
and OO states. In other words, the coexistence of two states
appears in the formation of the OO state, just as in the case
of the CMR effect. As Ahn et al. have pointed out, this
coexistence has been presumed to be due to a coupling be-
tween the short-range Jahn-Teller (JT) distortion and the
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long-range distortion in the two-type-distortion model.%’
However, we believe that the essential origin of the coexist-
ence in the K,NiF,-type manganites is still an open question.

In summary, then, the detailed features of the OO and
ICOO states in SNMO appear to be insufficiently under-
stood. In this situation, our interest is focused on SNMO, in
particular, on a deeper understanding of both the OO state,
including the (DT+00) coexistence state, and the incom-
mensurate modulations in the ICOO state. Thus, we have
investigated, by transmission electron microscopy, the de-
tailed crystallographic features of both the DT-to-OO and
DT-to-ICOO transitions in SNMO samples with 0.10<x
=<(.50 between room temperature and 15 K. Based on the
collected experimental data, we discuss here the characteris-
tic features of the OO state including the coexistence of the
DT and OO states and propose a model for a ground-state
change between the OO and ICOO states in terms of the
orbital occupation of e, electrons.

II. EXPERIMENTAL PROCEDURE

In the present experiment, most of the homogeneous
SNMO samples with 0.10=<x=0.50 were prepared by a co-
precipitation technique using citric acid, with SrCO3, Nd,O3,
and MnCOj; initial powders. A number of SNMO samples
made by a solid-state reaction were also used to check the
reproducibility of the obtained experimental data. In the
preparation, sample powders obtained by coprecipitation
were first calcined at 1223 K for 12 h, and were then pressed
into pellets. Sintering of sample pellets was carried out at
1773 K for 24 h in an O, atmosphere. The crystallographic
features of the samples obtained were thus examined by
transmission electron microscopy. The in situ observations
were carried out between room temperature and 15 K, with a
JEM-3010-type transmission electron microscope equipped
with a liquid-He-cooling holder. An Ar-ion thinning method
was used to prepare thin samples for observation. Note that,
in this paper, crystallographic planes and directions and re-
flections in electron diffraction patterns were indexed in the
pseudotetragonal notation.

III. EXPERIMENTAL RESULTS

An electronic phase diagram of the Nd-poor portion of
SNMO, as determined by our preliminary and present inves-
tigations, is shown in Fig. 1, together with dark field images
of the OO (CAF), ICOO, and DT states at 15 K.'3 The im-
ages in (b), (c), and (d) were taken, respectively, from
samples with x=0.15, x=0.30, and x=0.45. As shown in the
diagram, when the temperature is lowered from the DT state,
the DT state is transformed into the OO state with CAF
ordering, via a magnetically disordered OO state, for 0.10
<x<0.25 and into the ICOO state for 0.27<x=<0.43. In
addition to these transitions, successive transitions take place
from the DT state to the ICOO state, and then to the OO
state, for 0.25=x=<0.27, while no transition occurs for
0.43<x=0.50. Because the DT-to-ICOO transition is
strongly suppressed for x>0.38, the CECOO state never ap-
pears for x=0.50, unlike the case of SLMO.!420 As for the
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FIG. 1. (Color online) Sr-rich portion of the experimentally de-
termined electronic phase diagram of Sr,_ Nd ,MnOy, together with
dark field images of the OO (CAF), ICOO, and DT states at 15 K.
In the diagram, the OO (CAF), OO (MD), ICOO, and DT states
represent the orbital-ordered state accompanying the C-type antifer-
romagnetic (CAF) ordering, the orbital-ordered state with magnetic
disordering (MD), the incommensurate charge-and-orbital-ordered
state, and the disordered tetragonal state, respectively. The images
in (b), (c), and (c) were, respectively, taken by using the 660 reflec-
tion for x=0.15, the 200 and surrounding satellite reflections for x
=0.30, and the 200 reflection for x=0.45, in the [001] electron
incidence.

microstructures of these electronic states, image (b) of the
x=0.15 sample exhibits a banded domain structure indicating
an alternating array of O and Oy bands with different b/a
values in the OO state. As in image (c), fringes with a spac-
ing of about 6.67d, basically pointing to an incommensu-
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FIG. 2. A series of dark field images indicating the domain-
structure evolution during the heating process for x=0.15. The
sample heating resulted in the reverse successive transitions from
the OO state with the CAF ordering to the OO state without mag-
netic ordering, and then to the DT state. The electron beam inci-
dence for all images was parallel to the [001] direction.

rate modulation, are arranged along the [110] direction in the
ICOO state. Note that d;, is the interplanar distance of the
(110) plane in the DT state. Furthermore, in spite of the
detection of a dotted contrast, no notable contrast, such as a
tweed pattern, is evident in image (d) of the DT state.

At this point, we turn to a detailed description of the
features of the domain-structure change during the transition
between the DT and OO states. Figure 2 shows a series of
dark field images indicating an OO-to-DT reverse transition
during the heating process from 15 K. These images were
obtained from the x=0.15 sample at 90 K for (a) and (a’),
170 K for (b) and (b"), 220 K for (c) and (¢’), and 250 K for
(d). In the figure, images (a), (b), and (c) on the left side were
taken using the 660 reflection due to the Oy variant, while
the 660 reflection due to the O; variant was used for the
images (a’), (b’), and (c’) on the right side. Image (d) was
also obtained using the 660 reflection of the DT state. Note
that, because the domain-structure relaxation occurred in this
transition, each image was taken after the sample had been
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FIG. 3. (Color online) Variation of the b/a values for two OO
variants, O; and Oy, with orthorhombic symmetry as a function of
temperature for x=0.15.

kept at an annealing temperature for more than 1 h. In addi-
tion, the notable change in the domain structures was found
to take place mainly above 90 K. Only a few thin bands
appeared between 15 and 90 K. Because of this, in Fig. 2, we
show the images obtained in the temperature range above
90 K.

The banded domain structure with the (110) boundary at
90 K is shown in image (a) and (a’). As mentioned above,
the banded structure in the OO state was not a usual O twin
structure but consisted of an alternating array of Oy and Oy
bands with different b/a values. When the temperature was
raised from 90 K, new thin Oy and Oy bands appeared in the
OO state, as seen in images (b) and (b’) at 170 K. This result
implies that, in the OO state, the band density, defined as the
number of bands per unit length, increases with rising tem-
peratures. That is, the band density of the (O;+Oy;) banded
structure seems to depend on the annealing temperature.
From images (c) and (c’) at 220 K, we noted that a further
heating resulted in the conversion of the Oy bands into DT
bands. A feature of the images at 220 K is that the tweed-
pattern contrast is evident in the DT bands; that is, the DT
and OO states coexist at around 230 K for x=0.15. In image
(d) at 250 K, after the reverse transition, we can finally de-
tect only the tweed-pattern contrast, a finding suggesting the
presence of JT clusters over an entire area of the sample.

In this study, the b/a values of the O; and Oy bands at
each temperature in the heating process were evaluated from
the locations of the 660 reflections due to the O; and Oy
variants in the electron diffraction pattern. The determined
values in the x=0.15 sample, kept at each temperature for
more than 1 h, are plotted as a function of temperature in
Fig. 3. The b/a values of the Oy and Oy; variants at 15 K, as
a starting state, were found to be 1.021 and 1.013, respec-
tively. An increase in temperature led to a decrease in the
b/a values for the Oy and Oy variants, which became zero at
about 225 K, Tj, for the Oy and at about 200 K, Ty, for the
Oy;. The most striking feature of the change in the b/a value
is that an anomaly occurs in both curves for the O; and Oy
variants, as indicated by the arrows. The temperatures at the
anomaly were about 110 K for the O; and about 90 K for the
Oy. As for the origin of the anomaly in the b/a value,
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FIG. 4. (Color online) Schematic diagrams of the four banded-
domain-structure states present in the OO state: (a) 7y=T= Ty, (b)
Ty=T>=Tap1 (a) Tari=T>Tap, and (a) Tpp,=T. Because e,
electrons can hop between Mn sites along the orbital-elongated di-
rections, these schematic diagrams should be snapshots of the four
banded-domain-structure states. In the O;(CAF) and Op(CAF)
bands, further, each thick arrow represents a direction of a local
magnetic moment in a Mn site.

Kimura et al. have already found that a CAF ordering in
SNMO accompanies an abrupt change in the a and b lattice
parameters of the O lattice.” This earlier result is indicative
of the fact that the CAF ordering appears at about 110 K,
Tap; for the O; band and at about 90 K, Tp,, for the Oy
band.

The change in the b/a values of the Oy and Oy bands
clearly attests that, in the OO state of SNMO, there exist four
unique states characterized by banded domain structures.
These four banded-domain-structure states are depicted in
Fig. 4. The (DT+0y) coexistence state lacking magnetic or-
dering is present in (a) 7= T= Ty, as the highest-temperature
region of the OO state. When the temperature is lowered in
the OO state, the conversion of DT bands into Oy bands
results in the (O;+0Oy) state without magnetic ordering for
(b) Tyy=T=Tap. These states in SNMO were also found in
the OO state of SLMO.!%?® The distinguishing mark of the
OO state in SNMO is thus the appearance of the following
two states with the CAF ordering. Concretely, the state for
(¢) Tap; =T = Tp, consists of a quasiperiodic array of the Oy
and Oy bands, and only the O; bands accompany the CAF
ordering. The ground OO state is then understood to be the
(O1+0Oy) banded-structure state having different b/a values
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FIG. 5. (Color online) Dark field images indicating the ICOO
state at 15 K for x=(a) 0.26 and (b) 0.28 near the OO (CAF)/ICOO
phase boundary, together with corresponding electron diffraction
patterns only around the 440 position. These two images were taken
using the 220 and surrounding satellite reflections. The intensity
profile through the 220 position along the [110] direction in the
inset for x=0.28 clearly indicates the presence of the second-order
satellite reflections suggesting a sinusoidal modulation. In the pat-
tern for x=0.26, the black, blue, and red arrows indicate the first-
order satellite reflections due to the ICOO state and the 440 reflec-
tions of the Oy and Oy variants in the OO state, respectively.

and different transition temperatures for the CAF ordering.
The ICOO state in SNMO is characterized mainly by the
presence of incommensurate and higher-order commensurate
structural modulations. Note that, before our study, only two
commensurate modulations with even-integer periodicities of
6d,,o and 8d,, were found in SNMO.!? Figure 5 shows two
dark field images of the ICOO state at 15 K near the OO/
ICOO boundary in the phase diagram of Fig. 1(a). The im-
ages were actually taken from SNMO samples with x=0.26
and 0.28, together with corresponding electron diffraction
patterns around the 440 position. We note both fringe-
contrast regions, indicating the ICOO state, and O; and Oy;
bands in the OO state in image (a) for x=0.26, that is, this
sample at 15 K consists of the (ICOO+00) coexistence
state. On the basis of the average spacing between two
neighboring fringes, the modulation in the fringe-contrast re-
gions was determined to have a periodicity of about 7.70d .
In the diffraction pattern, furthermore, there are the first-
order satellite reflections due to the modulation and the 440
reflections due to the Oy and Oy variants. The important fea-
ture is that, as indicated by the arrows, the locations of the
440 reflections due to the O; and Oy variants are asymmetric
with respect to the 440 position of the DT state, a situation
corresponding to different 5/a values. From these locations,
we estimated the b/a values of the O; and Oy variants to be
about 1.013 and about 1.005, respectively; in that case, the
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FIG. 6. (Color online) Dark field images and corresponding
electron diffraction patterns around the 440 position, indicating the
ICOO state at 15 K for x=(a) 0.38 and (b) 0.40 near the ICOO/DT
phase boundary. These two images were taken using the 200 and
surrounding satellite reflections. In the insets, the second-order re-
flections are clearly detected in the intensity profiles through the
440 position along the [110] direction. In the image for x=0.40, the
black curves are just guides to the eyes for the boundaries of round-
shaped domains distributed in the DT matrix.

CAF ordering should occur only in the O; bands. On the
other hand, in image (b) for the x=0.28 sample, we clearly
see uniform fringes with an average spacing of about
7.14d;,y. The second-order satellite reflection indicating a
sinusoidal modulation is also present in the diffraction pat-
tern. Note that the second-order reflection was not detected
in the x=0.26 sample.

As shown in the electronic phase diagram of Fig. 1(a), the
stability of the ICOO state is strongly suppressed for x
>0.38. To understand the characteristics of the suppression,
the crystallographic features of the ICOO state near the
ICOO/DT boundary were examined by transmission electron
microscopy. Figure 6 shows both the dark field images and
the corresponding electron diffraction patterns, indicating the
ICOO state, of the x=0.38 and 0.40 samples at 15 K. The
image in the x=0.38 sample exhibits uniform fringes with a
determined periodicity of about 5.24d;,,, and the second-
order reflections as well as the first-order reflections exist in
the pattern, suggesting a sinusoidal modulation. In the x
=0.40 sample, on the other hand, the ICOO state is found to
consist of small round-shaped domains with an average size
of about 20 nm, which are separated by disordered regions.
The notable features of these nanometer-sized domains are
that they basically have the same incommensurate periodic-
ity, about 5.24d,,, and that a certain phase shift between two
neighboring domains occurs in a disordered region. Further-
more, in order to confirm the presence of such domains in
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FIG. 7. (Color online) Nd-content dependence of an inverse
periodicity 1/n for the structural modulation in the ICOO state. The
inverse values for x=0.25 and 0.33, obtained by Nagai et al. (Ref.
10), are also plotted as the red squares in the figure.

the ICOO state, we examined the crystallographic features of
other samples near the ICOO/DT phase boundary and found
the same round-shaped domains for 0.38<<x=0.43. The
striking feature of such a domain is that a size of an indi-
vidual domain tends to decrease with increments in the Nd
content. In other words, the annihilation of the ICOO state
occurred around x=0.43 via the decrease in the domain size
in the (ICOO+DT) coexistence state.

Figure 7 shows the determined periodicity n of the modu-
lation in each sample with the ICOO state. It should be re-
marked that, because the periodicity is independent of tem-
perature in the entire ICOO state, the n values measured at
various temperatures are plotted in the figure. As indicated in
the figure, the inverse of the periodicity 1/n increases with
increments in the Nd content where 0.25<x=0.38 and be-
comes an almost constant value for 0.38 <x=0.43. The lin-
ear relation between 1/n and x in the former is confirmed,
just as in the SLMO case, and is expressed by 1/n=x/2.14-20
On the other hand, the constant value in the latter higher Nd
content region corresponds to an incommensurate periodicity
of n=5.24d,,y. In addition, the comparison with dark field
images indicates that round-shaped domains in the ICOO
state appear in the constant-periodicity region of 0.38 <x
=0.43. Because no change occurs in the periodicity, it is
suggested that an increase in the e,-electron concentration
per unit periodicity should occur in the 0.38<x<0.43
region.

IV. DISCUSSION

The present TEM observations of SNMO revealed that, in
the OO state, there existed four banded-domain-structure
states, including the (DT+Oy) coexistence state, and that in-
commensurate and higher-order commensurate modulations
occurred in the ICOO state. Another interesting feature is
that round-shaped domains appeared in the ICOO state near
the ICOO/DT phase boundary, a finding suggestive of the
presence of the (ICOO+DT) coexistence state. On the basis
of these results, we now discuss the origin of the appearance
of these four banded-structure states in the OO state and
propose an orbital-occupation model of the OO-to-ICOO
ground-state change as a function of the e,-electron concen-
tration.
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We start with a discussion of the appearance of the four
banded-structure states in the OO state. It is understood that
the DT-to-OO transition is characterized by the e,-electron
occupation of the (3x*>—r?) or (3y?—r?) orbital. The corre-
sponding structural order parameters in the transition can be
identified as local JT distortions, which are associated with
the two-dimensional E, irreducible representation of the O,
group in the Koster notation.”! In the D,;, group of the DT
state, however, this representation is a reducible representa-
tion; it then reduces to the A, and B, representations. This
implies that the local JT distortions should be coupled to two
types of long-range distortions: the dilational distortion of
(e tey,) and the O distortion of (e,,—ey,) in the MnO,
layer. Here, the following point should be remarked. Dila-
tional distortion, when induced by the presence of an OO
region, yields an expanded area that produces a contracted
area around it. In the contracted area, the development of a
ferro-orbital correlation among JT clusters is strongly sup-
pressed. It is thus suggested that the appearance of the (DT
+0y) coexistence state arises from a coupling between the
local JT and the long-range dilational distortions. In other
words, surprisingly, the structural order parameter associated
with the reducible representation seems to be a key factor for
the behavior of the DT-to-OO transition.

In addition to the [DT+0O;MD)] and [O;(MD)
+ 0y (MD)] banded-structure states, it was found that, in the
OO state of SNMO, there are two more states with the
[O{(CAF)+0y(MD)] and [O{(CAF)+Oy(CAF)] banded
structures, where MD denotes magnetic disordering. That is,
the latter states accompany the CAF ordering. It is obvious
that orbital ordering without charge ordering facilitates the
appearance of CAF ordering with parallel spins along the
orbital-elongated direction. It does so because the strong
transfer interaction of the e, electrons along the [100] direc-
tion can, for instance, be stabilized by the (3x*—r?) orbital. If
we accept the fact that CAF ordering occurs in SNMO, then
the appearance of the two states with that ordering results
from the difference in the transition temperature of the CAF
ordering between the Oy and Oy bands. As for the difference
in the transition temperature, the experimental data in Fig. 3
clearly indicate that the transition temperature of the CAF
ordering depends on the b/a value, that is, orthorhombicity,
reflecting a degree of orbital ordering. Because the long-
range distortion involves the two contributions of the dila-
tional A;, and orthorhombic B, distortions, as was men-
tioned above, the b/a value must be controlled by the spatial
distributions of the A, and B, distortions. In other words, it
is suggested that the transition temperature of the CAF or-
dering is directly associated with the interaction between
these two long-range distortions. In this scenario, the dila-
tional distortion may also play an essential role in the appear-
ance of the two low-temperature states with the CAF order-
ing, in addition to the (DT+0) coexistence state.

The ICOO state in SNMO was found to exist for 0.25
<x=0.43. Because the relation between the periodicity n
and the Nd content x is expressed by n=2/x, the ICOO state
must be basically characterized by incommensurate struc-
tural modulations. The important feature to note here is that
the structural modulation can be identified as a sinusoidal
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FIG. 8. (Color online) Schematic diagrams of the displacement
and distortion waves for the structural modulation with the incom-
mensurate periodicity of 6.7d;;o in the ICOO state. Based on the
fact that the satellite reflections in the diffraction patterns disappear
for a scattering vector parallel to a wave vector g of the modulation,
the displacement wave in (a) can basically be identified as a trans-
verse wave ¢ with ¢ll[££0] and ell[110]. As for atomic shifts in the
displacement wave, since our interest is focused on a structural
response to the orbital density wave (ODW), only the oxygen po-
sitions represented by the green circles are depicted in (b). Note that
the oxygen-ion displacements in this diagram are exaggerated for
clarity. The feature of the obtained positions is that a square shape
consisting of four oxygen ions is deformed into a rhombic shape
around the nodes of the displacement wave. Because the oxygen
positions with a rhombic shape should reflect a structural response
to the ODW, the distortion wave ®=d¢/dr as a direct response is
shown in (c). In order to clearly indicate the correspondence be-
tween the distortion wave and the ODW, the 6 axis is added in the
right side of (c). Based on this correspondence, the spatial variation
of the 6 value for the OO(CAF) and ICOO states is then depicted in
(d). When the Oy and Oy bands are, respectively, assumed to have
the 6 values of 477/3 and 27/3, the OO state can be expressed as a
square 6 wave. On the other hand, the # value in the ICOO state
continuously changes between 47r/3 and 27r/3. That is, the ICOO
state can be regarded as a modulated-structure state of the OO state
with respect to the 6 value.

transverse-displacement wave on the basis of both the pres-
ence of the second-order satellite reflection and the extinc-
tion rule of satellite reflections. In other words, because the
point group of the [110] symmetry line in the DT state is the
C,, group, the transition to the ICOO state is associated with
the X, irreducible representation in the Koster notation.?!
Thus, an incommensurate displacement wave ¢ with

gli[£20] and ell[110] and a corresponding distortion wave

given by ®=d¢/dr are depicted in Fig. 8 for the { value
corresponding to n=6.7d;;o. These diagrams tell us that the
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(3x*>=r?)- and (3y*>—r?)-like orbital orderings should occur,
respectively, around the two types of nodes specified by let-
ters the A and B. That is, the distortion wave ® is a structural
response to the orbital ordering, and ®> would reflect the
e -electron density. Here, it should be remarked that Nagai er
al. already found the presence of the ICOO state, including
incommensurate modulations, in Ca,_,Nd,MnO, and pro-
posed a charge-orbital density wave as a model of the state.??
According to their model, the orbital density wave
(ODW) can be expressed as [|d(6))=cos(0/2)|ds._2)
+sin( 6/ 2)|dxz_#z>, where 6 is a function of the position and
|ds,2_,2)=(1/\6)(2z2—x*~y?) and |dxz_y2>=(1/\e’2)(x2—y2).
The values of 6=2m/3, m, and 4m/3 correspond to the
(3y*=r?), (x*>=y?), and (3x*>—r?) orbital states, respectively,
and the ODW can be characterized by the 6 range of 27/3
< #<4/3. We believe that, because the distortion wave is
sinusoidal, their model must be appropriate for the ICOO
state in SNMO. In other words, the distortion wave should
be a direct structural response to the sinusoidal ODW, as
shown in Fig. 8(c). It is thus likely that the ICOO state in
SNMO is mainly characterized by the sinusoidal ODW,
whose structural response is the distortion wave derived
from the sinusoidal displacement wave found experimen-
tally. In addition, a charge density modulation may occur as
a charge density wave (CDW) in the ODW state, because &2
would reflect the eg-electron density. As the ODW model
allows disordering for the site occupation of e, electrons,
further, the increase in the eg-electron concentration per a
unit periodicity for 0.38 <x=0.43 can be easily explained as
an increase in the amplitude of the CDW.

When the eg-electron concentration increases in SNMO,
the ground state changes from the OO(CAF) state to the
ODW state at around x=0.25. In the ODW model, as men-
tioned above, the ICOO state is characterized by the 6 range
of 2m/3 < 6<4m/3, while §=2m/3 and 47/3 correspond to
two variants in the OO(CAF) state. This indicates that the
OO(CAF)-to-ICOO ground-state change can be expressed as
(6=27/3 or 47/3)— (2m/3 < §<4/3) with respect to the
0 value. Figure 8(d) depicts one-dimensional schematic dia-
grams of the OO(CAF) and ICOO states as a function of the
position. In the diagram, a vertical axis represents the 6
value, and the Oy and Oy; variants are assumed to have the 6
values of 47/3 and 27/3, respectively. As easily understood
from the diagrams, the ICOO state characterized by the sinu-
soidal ODW is just a modulated-structure state of the OO
state with respect to the 6 value. Based on the connection
between the orbital-ordered characteristics of the OO and
ICOO states, it seems to us that the OO-to-ICOO ground-
state change is a natural consequence for an increase in the
e -electron concentration in the two-dimensional electron
system.
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We finally compare the ODW model for the ICOO state
with that proposed by Kimura et al.’ In their model, the
ICOO state in SNMO, consisting of only two commensurate
modulations, is characterized by a zigzag ferromagnetic
chain. The short ferromagnetic chain arises from the orbital
ordering of the alternate (3x*>-r2)/(3y?~r?). The state in
their model then consists of an alternating array of two
nanometer-sized bands with (3x>—7%) and (3y>-—7?) orbital
orderings. In other words, their ODW model is based on a
square-wave modulation with a nanometer-sized wavelength.
Because the square ODW should result in a square distortion
wave as a structural response, the difference between the OO
and square ICOO states is only a width for the O; and Oy
bands. It is, however, obvious that the square ODW is not
compatible with the sinusoidal displacement wave found in
this study. Apparently, thus, the disagreement may rule out
the square ODW picture for the ICOO state in SNMO.

V. CONCLUSIONS

In the layered perovskite SNMO, the OO state exists for
0.10=x=0.27 and ICOO state for 0.25<x=0.43. An inter-
esting feature of the appearance of these states in the phase
diagram is that the DT state surrounds the region where the
OO and ICOO states are present. Based on this feature, we
believe that the electronic state in the ICOO state should be
related to that in the OO state. For these two states, we
should note the following details: the OO state consists of
the four banded-structure states including the (DT+0;) co-
existence state, and the ground state of the OO state is likely
to be the (O;+ Oy;) banded-structure state with CAF ordering.
On the other hand, the ICOO state can be characterized by a
sinusoidal transverse-displacement modulation, and the
(ICOO+DT)) coexistence state is present for 0.38<x
=(0.43. Because the relation between the periodicity n and
the Nd content x is expressed by n=2/x in the region of
0.25=x=0.38, the modulation is basically incommensurate.
Here, the point to note is that the sinusoidal, incommensurate
modulation should lead to a sinusoidal distortion wave as a
direct structural response to the orbital ordering in the ICOO
state. It is likely that the sinusoidal ODW accompanying the
charge density modulation is the most appropriate model for
the ICOO state. In this model, the ICOO state is a
modulated-structure state of the OO state with respect to the
0 value. It is thus understood that the OO-to-ICOO ground-
state change, which is produced by an increase in the
eg-electron concentration, should be associated with the in-
troduction of a modulated # wave into the OO state.
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