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Ndl_xsr1+anO4 (X=2/3, ?/4)

T. Nagail® T. Kimura? A. Yamazaki® T. Asaka® K. Kimoto,® Y. Tokura? and Y. Matsut
!Department of Resources and Environmental Engineering, Waseda University, Tokyo 169-8555, Japan
2Department of Applied Physics, University of Tokyo, Tokyo 113-8656, Japan
SAdvanced Materials Laboratory, National Institute for Materials Science, Tsukuba, Ibaraki 305-0044, Japan

(Received 30 July 2001; published 24 January 2002

The crystallographic superstructures of the charge-orbital ordered phases were investigated for layered
manganites, Nd ,Sr, , ,MnO, (x=2/3, 3/4, by high-resolution electron microscopyfREM) at low tempera-
ture. Transverse and sinusoidal structural distortion giving rise to the superstructure were successfully observed
in HREM images at 80 K. We also performed the simulations of electron diffraction patterns and HREM
images, which support the transverse modulations. The observation implies that a new kind of “Wigner-
crystal” model—accompanied with a charge-density wa@BW) of e, electrons—best explains the charge-

orbital ordered state in the manganites.
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There has been growing recognition that the interplay ofwas conducted with a Hitachi HF-3000 field-emission trans-

charge, spin, and orbital degrees of freedom should be inmission electron microscope,

equipped with a low-

portant for understanding various interesting phenomena itemperature sample holdé®xford Instruments and oper-
transition-metal oxides, such as metal-insulator transitiorated at 300 kV. The HREM specimens were prepared by
and colossal magnetoresistaridenumber of studies related crushing the single crystals. Image simulations based on dy-
to the charge-orbital ordering have been performed so fanamic electron-diffraction theory were carried out with

especially, in perovskite-type manganites. In order to deterMacTempas software.

mine real-space ordering patterns of charge and orbital, the The formation of superstructure accompanied by charge-
crystallographic superstructure has been investigated by difrbital ordering is revealed by the appearance of additional
electron microscopy, efc:1°Recently, the charge-orbital or- 10W Tco (~270 K) in the present Nd ,Sr_,MnO, (x
dering in La_,CaMnO; (x=2/3) has attracted much f2/3, 3/4 crystal;. Figure 1 show901] zone-axis diffrac-
attention? 2 since there exists the striking descrepancy intion patterns obtaine@) at 300 K forx=2/3, (b) at 80 K for

the Crysta”ographic Superstructures betweer?(:2/3, and(C) at 80 K forx=3/4. The patternS obtained at
“Wigner-crysta|” 5 and “bi-stripe”7 models. While |Ongitu- 300 K for both thex=2/3 andx=23/4 CryStalS are indexed

dinal displacement of atoms was suggested by the “bi-
stripe” model, Radaellet al® and Wanggt al1° proposed the
“Wigner-crystal” charge-orbital arrangement in which the
displacement of atoms is transverse to the modulation wave
vector. However, it was difficult to directly observe the trans-
verse modulation in real space mainly because the atomic
displacement is very smaf.

In this paper, we present direct observation of the trans-
verse modulation in charge-orbital ordered manganite crys-
tals, Nd_,Sr.MnO, (x=2/3, 3/4, by high-resolution
electron microscopy(HREM) at low temperature. The
single-layered manganite crystals were found to show
charge-orbital ordering transitionl ¢o~270 K) in our pre-
vious study*® these crystals give relatively strong first-order
superlattice reflections in electron diffraction, corresponding
to long modulation period of @&;;¢ (x=2/3) or 815 (X
=3/4). From this observation, we deduce that, belbyy,
the crystals of Ng ,Sr,,MnO, (x=2/3, 3/4 undergo a
sinusoidal transverse modulation so as to arrange as far apart
as possible for most distorted MgGtripes and have the

crystallographic superstructures consistent with both the fgiG.

diffraction  patterns  of

Wigner-crystal charge-orbital arrangement and a chargend, _,Sr, . ,MnO, crystals(a) at 300 K forx=2/3, (b) at 80 K for
density wave(CDW) of e, electrons. x=2/3, and(c) at 80 K for x=3/4. [The pattern at 300 K fox
Single crystalline samples of Nd,Sr,,MnO, were  =3/4is almost identical t¢a).] The presence of superlattice reflec-

melt-grown by the floating-zone method. HREM observationtions at low temperature is evident.
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FIG. 2. Lattice images taken at 80 K along fl®1] direction
for (a) x=2/3 and(b) x=3/4, showing the superlattice fringes with
the period of @l,,¢ (Xx=2/3) or 8d,1¢ (x=3/4).

with 14/mmm tetragonal structuréK,NiF, type structurg
with a=0.3832nm, ¢=1.2368nm k=2/3), a
=0.3821 nm,c=1.2380 nm &=3/4). It is clearly visible
that diffraction patterns taken at 80 K show a series of sharp,
strong satellite spots around the fundamental Bragg reflec-
tions. The satellite spots reflect a modulation giving rise to
superstructure. The wave vector of this structural modulation
can be described ag=a*[1/6,=-1/6,0] (a-a*=1) for x
=2/3, and q=a*[1/8,+1/8,0] for x=3/4. Upon cooling
from room temperature, the weak satellite reflections appear
around 270 K, and the intensity of the reflections increases
progressively with decreasing temperature. Around 270 K,
both crystals exhibit anomalous behaviors implying charge-
orbital ordering transition, such as a steep rise of resistivity
with current parallel to the MnQlayers® and a suppression g 3. High-resolution images taken along {i8®1] direction
of magnetic susceptibility toward lower temperatures. (a) at 300 K forx=2/3, (b)— (b') at 80 K forx=2/3, and (3-(c')
The observed s_uperlattic_e patterns are indicati_ve of thg; gg K forx=3/4. (1) and (¢) are diagonallyalong the| 110]
daxz—r2/day2_2 orbital ordering of Mi* accompanied by direction streched images. Superlattice fringes and “sinusoidal

. 4+ . . )
the real-space ordering of MA/Mn _species along the di- transverse modulation” of the crystal structure at low temperature
agonal direction in the-b plane, which has been observed gre clearly shown.

for other charge-orbital ordered manganité$:** We now
determine the basic characteristics of the superstructurgction (a) at 300 K for x=2/3, ()-(b’) at 80 K for x
modulation. Figure 2 shows the lattice images taken at 80 Ig2/3’ and (3-(c') at 80 K for x=23/4. [(b') and (¢) are
along the{001] direction for(a) x=2/3 and(b) x=3/4.1tcan  yiayonally stretched imagdsNormal KoNiF, structure is
be seen that the c.harge.—orbltal ordergd crystals consist Qhown in the image taken at 300 K-(To). The images at
doLnams with one-dimensional modulation along [th&0] or 80 K (<Tgo) show clearly superlattice fringes and “trans-
[110] direction, and that the Superlattice reflections ShOWing/erse modulation” of the Crysta| structure, with the same
[110] modulation and those showirjd 10] modulation in  period of 6,y (X=2/3) or 8410 (x=3/4). The observed
the electron diffraction come from the different areas of thesinusoidal modulation is in good agreement with invisibility
crystals. It was also found that the superlattice spots at thef high-order superlattice reflections in the diffraction pat-
positions 6,h,0)+m(1/6,1/6,0) for x=2/3, or (h,h,0) terns(Fig. 1). We propose the structure model given by a
+m(1/8,1/8,0) forx=3/4, disappear when the crystal is sinusoidal transverse modulation on the basis of this obser-
tilted far away from thg001] zone axis. This observation vation, and show them in Fig. 4. The transverse displacement
indicates that the superlattice reflections in the (¥18¢c- is described af\y=bgsin(2mxy) (by: maximum displace-
tion of the reciprocal space are caused by the multiple scatnhent,x,: fractional coordinates along the direction of modu-
tering of the electron beam, and that local areas of the crystdation (ag) in the superstructure unit cgllwhere the atoms
have slight deviation from the exa@01] zone axis orienta- located at the coodinates &f=0 are Mn. The experimen-
tion when the pattern shown in Fig.(t) or (c) is observed. tally observed electron diffraction patterns correspond with
The absence of superlattice reflections in the (f1€gction  the simulated ones whel®, is less than~0.03. The simu-
is suggestive of lattice distortion transverse to the0], the lated HREM images also well reproduce the experimentally
direction of the modulation. observed stripe featurggig. 3). We display in Fig. 5 the

In order to clarify the superstructure modulation, we ob-images simulated when the crystal (i thin: thicknesst
served the high-resolution superstructure images. Figure 32 nm, and(ll) thick: t=10 nm. The simulated images
shows the high-resolution images taken along[0@1] di-  when the crystal is thick exhibit superlattice fringes with the
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FIG. 5. Simulated HREM images fofa x=2/3 and (b) x
(b) =3/4, using the proposed superstructure models. The simulations
were conducted for the two case, that the crystdl)ighin: thick-
nesst=2 nm, and(ll) thick: t=10 nm. All the simulations were
carried out under the condition, defocust = — 560 nm and crystal

tilt: h=k=30 mrad.
Cs/2 stacking
vectr

charge-orbital ordered Nd,Sr; . ,MnO, (x=2/3, 3/4 crys-
tals give relatively strong superlattice reflection whereas the
modulation period is long, &, (x=2/3) or 815 (X
=3/4). The diffraction simulation shows that the intensity of
[170] T the superlattice reflection increases as the atomic displace-
: ment increases. Additionally, the high symmetry of the fun-
‘ damental structure, tetragona@/mmm perhaps contributes
[110] to the achievement. In three-dimensional perovskites with
orthorhombic Pnma fundamental structure, such as
FIG. 4. Proposed superstructure models @rx=2/3 and(b)  La, ,CaMnO,, direct observation of the structural modu-
x=3/4. In order to simplify the drawing, only one of Ma@lane is  |ation seems to be difficult for tilting of Mn§octahedrd®
shown, and the transverse displacement of atoms is exaggerated in The gbserved images indicate that the amplitude of the
the figure. The stacking translation vector alongelle=c) axis in - 5iomjc transverse displacement changes smoothly against the
the models is described &-=bg2. The space group of the super- ,sition along the direction of modulation, and that the entire
(Skt);ucﬁjgi 4'SAcam(N°' 64 for (a) x=2/3, andAmam(No. 63 for oy ta| Undergoes a sinusoidal transverse modulation. There-
X= ol fore, we constructed the superstructure model, taking ac-
count of the sinusoidal modulation of oxygen atoms as well
as cation atoms. Superstructure models which have been pro-
posed by Radaellet al*® and Wanget al!° for charge-
orbital ordered manganites include an assumption that the
Hmplitude of the displacement of oxygen atom is equal to

That of neighboring Mn atom. It should be noted that this
atom is located at the coordinatesxf=0, orx;=1/2 in the ¢ g

s . . == _sinusoidal modulation of oxygen atoms brings about the
proposed models, and that the direction of distortion is d'f'aforementioned feature which is not shown in the models
ferent betweerxs=0 andxs=1/2 MnQ; octahedra; the one roposed by them: modulation of amplitude of Mn@stor-
direction is at ne_arly right gngle; to the other. This &gmﬂcantﬁon along the direction of superstructure modulation.
feature concerning andlstortlo.n leads to an agreement |, conclusion, we have presented direct observation of the
between our models and the Wigner-crystal modehere

. iy X sinusoidal transverse modulation in charge-orbital ordered
Jahn-Teller-distorted Og stripes are arranged as far manganite crystals, Nd,Sr,,,MnO, (x=2/3, 3/4, by

apart as possible to minimize the Coulomb repulsion energy,jq resoution electron microscopy. The observation and the

Moreover, in our models, the successive change in the amsm ation study support that the charge-orbital ordered state
plitude of MnQ; distortion with the positiorxs is suggestive ¢ explained by a Wigner-crystal-type model, which is ac-

of the modulation of the manganese valence—a CDWof companied with a charge-density wavesgfelectrons.
electrons—or the fluctuation @&, electrons around the po-
sition of x;=0 andxs=1/2. The authors would like to thank K. Hatsuda and C. Tsu-

Direct observation of transverse modulation in charge+uta for their collaboration and helpful discussion. This work
orbital ordered manganite crystals seems to be achieved witltas supported by the MultiCore Project and Special Coordi-
the help of the large atomic displacement in the crystals. Theation Funds of the MEXT, Japan.

period of &d,9 (Xx=2/3) or 819 (x=3/4), and are almost
identical with the experimental onéBig. 3). In addition, the

simulation study confirmed the sliding of the fringes by vary-
ing defocus, which is experimentally observed. It can be see
that MnQ; octahedra are most distorted where the central M

060405-3



RAPID COMMUNICATIONS

T. NAGAI et al. PHYSICAL REVIEW B 65 060405R)
IM. Imada, A. Fujimori, and Y. Tokura, Rev. Mod. Phy&), 1039 rero, Phys. Rev. B9, 1277(1999.

(1998. 9P. G. Radaelli, D. E. Cox, L. Capogna, S.-W. Cheong, and M.
2Y. Moritomo, Y. Tomioka, A. Asamitsu, Y. Tokura, and Y. Matsui, Marezio, Phys. Rev. B9, 14 440(1999.

Phys. Rev. B51, 3297(1995. 1R, Wang, J. Gui, Y. Zhu, and A. R. Moodenbaugh, Phys. Rev. B
3C. H. Chen and S.-W. Cheong, Phys. Rev. L&6.4042(1996. 61, 11 946(2000.
“P. G. Radaelli, D. E. Cox, M. Marezio, and S.-W. Cheong, PhysilT Mutou and H. Kontani, Phys. Rev. Le8&3, 3685(1999.

Rev. B55, 3015(1997. 12T, Hotta, Y. Takada, H. Koizumi, and E. Dagotto, Phys. Rev. Lett.
5C. H. Chen, S.-W. Cheong, and H. Y. Hwang, J. Appl. P8fs. 84, 2477(2000.

4326(1997. 13T, Kimura, K. Hatsuda, Y. Ueno, R. Kajimoto, H. Mochizuki, H.

6 . . -
J. Q. Li, Y. Matsui, T. Kimura, and Y. Tokura, Phys. Rev.58, Yoshizawa, T. Nagai, Y. Matsui, A. Yamazaki, and Y. Tokura,

R3205(1998. .
. Phys. Rev. B(to be publishef
7 - t®
847'2?;'9;; H. Chen, and S.-W. Cheong, Natdt@ndor) 392 14y, Murakami, H. Kawada, H. Kawata, M. Tanaka, T. Arima, Y.

8M. T. Fernandez-Diaz, J. L. Martinez, J. M. Alonso, and E. Her- Moritomo, and Y. Tokura, Phys. Rev. Le80, 1932(1998.

060405-4



