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Structural properties and charge-ordering transition in LaSr,Mn,0,
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Transmission-electron-microscopy measurements characterizing the structure and charge-ordered states in
LaSpMn,0; are presented. The crystal structure of this phase has been identified as a well-defined 327 layered
structure by high-resolution electron microscopy and image simulation. Electron diffraction reveals at low
temperature the presence of additional superstructure spots alofgjliiedirection. This superstructure is
interpreted in terms of the charge ordering of Mand Mrf* associated with the,2 orbital ordering of MA™.

Possible ordering models are proposeiD163-18208)50906-X]

The discovery of colossal magnetoresistaf€MR) in sion spectroscopy; the results indicated that they are nearly
perovskite manganiteR; _,A,MnO; (R and A being triva-  stoichiometric. Thin samples for electron diffraction and
lent rare-earth and divalent alkaline-earth ions, respectivelyhigh-resolution electron microscopfHREM) studies were
has stimulated considerable interest in the study of physicgirepared simply by crushing the LgBmn,0,; material into
and structural properties of the related systémigecently, fine fragments with CG| which were then dispersed on Cu
distinct phases in the layered perovskite familygrids coated with wholly carbon support films. A Hitachi
(La,SPp+1MN,03,41 With n=1, 2, and~ have been pre- H-1500 transmission-electron microscope equipped with a
pared and studied. The basic structure in this homologou®w-temperature sample stage was used for the present stud-
series appears to be based on alternate stacking of rock-saiks.
type block layers (La,350, and MnQ, sheets along the The LaSgMn,0; single-crystalline sample was first char-
c-axis direction. Higher members in this family can be ob-acterized at room temperature. The resultant HREM and
tained by intercalation of the (La,®-MnQ, bilayers. The electron diffraction data indicated that the Lg®@n,0O;
measurements of magnetic susceptibility and electroniphase has a well-defined 327-type layered structure. Figure 1
transport revealed a number of special phenomena in thishows a HREM image taken along thE00] zone-axis di-
system*® e.g., a very high CMR effect was observed in rection. This image was obtained from a thin region of the
(Lag 4Srp g3Mn,0O, with a nominal hole concentratiox  crystal under the defocus value around the Scherzer defocus
=0.4, and a charge-orderif@O) transition was evident in (~—60 nm. The metal atom positions are therefore recog-
LaSKLMn,O, (x=0.5) 8 In fact, the interplay of charge, lat- nizable as dark dots. The layered structure of the
tice, and spins in the layered system has attracted substantial
attention in present studies. In this Communication, we re- i
port the structural properties and the charge-ordered states in
LaSrLMn,O; as revealed by transmission electron micros-
copy.

Single crystalline samples of La,,Sr . »,Mn,O; were .
melt-grown by the floating-zoné~Z) method. The detailed
process of the sample preparation has been described in Refs.
4—6. At low temperature, the samples were found to be con- ;
ducting ferromagnets for 0s8x<0.4 as reported previously. o
However, from the measurements of transport and magnetic
susceptibility, a CO transition was evident in Lg8n,0,
with x=0.5. The resistivity data shows a jumplike increase
at the transition temperaturg,;,~210 K. X-ray diffraction
measurements showed that the single crystalline samples %
have the tetragonal structure with the space gristipmmm
at room temperature. Furthermore, the quality of FIG. 1. High resolution image of Lagvin,O, taken along the
Lay,— 5, St 1 2xMN,0; (0=<x=<0.5) single crystalline samples [100] direction. A simulated image is superimposed onto the experi-
were checked by inductively coupled plasma atomic emismental image.
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indexed with the knowr 4/mmmtetragonal structure with
lattice parametera=b=0.385 nm andc=1.98 nm. The
most striking feature revealed in Fig(l2 is the appearance
of a series of sharp satellite spots in addition to the funda-
mental Bragg reflections. The wave vector of this structural

modulation was found to be commensurate and can be writ-

ten asq=a*[%,5,0](a-a*=1). Upon cooling from room

temperature, the superstructure reflections normally become
visible just below~200 K. Because of the heating effect and
due to the dynamical nature of the electron scattering, a pre-
cise measurement of the transition temperature is difficult in
110K the present case. Sometimes, two sets of superstructure re-
flections appear around each basic Bragg spot as shown in
140K Fig. 2(c), in which two sets of superstructure reflections are
indicated byqg; andq,, respectively. These two sets of su-
180K perstructure spots are considered to originate from the twin
domains where the superstructure vectors are rotated by 90°
200K with respect to one another. This kind of twin domain was

) : ) previously observed and reported in other related systéms.
The temperature dependence of the superstructure reflections
has also been investigated from room temperat@6® K)
down to 110 K. Normally, the weak satellite reflections be-
come visible at around 200 K, and then the intensities of the
superstructure spots increase progressively with decreasing
temperature. The microphotometric density curves measured
along thea* +b* direction are shown in Fig. (&), which
clearly demonstrates the increase of the intensities of the
superstructure peaks at lower temperature. No significant
change of the periodicity of the CO modulation with tem-
perature has been found in our experiments.

From measurements of transport and magnetic suscepti-
LaSKMn,0, obtained ata) 300 K and(b) 110 K, respectively. The bility, the CO transition has been assumed to be induced at

presence of superlattice reflections at low temperature is eviggnt. around 210 K. In Fig. @), a typical result of measurements
Diffraction pattern exhibiting the presence of 90° twin domain atOf the temperature dependence of the resistivity is described,

110 K. (d) Microphotometric density curves along ta& +b* di-  in Which an anomalous behavior at around 210 K is clearly
rection showing the temperature variation of the superlattice reflecevident. The detection of the superstructure reflections at low
tions. (¢) Temperature dependence of the resistivity of temperatures provides a direct structural evidence for this
LaSpMn,0,. (f) [111] zone-axis diffraction patterri.e., tilted  CO transition. We now proceed to determine the basic char-
about 15° from thg001] zone axi$. Note that the satellite spots acteristics of the superstructure modulation in the
along the principal hhO] direction are almost absent. LaSrLMn,O; phase. It was found that the satellite spots at
(h=%,h=%.0) were very weak in some cases, and their in-

LaSKLMn,0; phase along the direction can be clearly read tensities decreased very rapidly as the sample was tilted
out in this macrograph. Image calculations based on theway from the{001] zone axis. A typical diffraction pattern
structural models proposed previodstyvere carried out by taken along thd111] zone-axis direction is shown in Fig.
varying the crystal thickness from 2 to 5 nm and the defocu(f) in which the superlattice spots at the systematic posi-
value from—50 to —65 nm. A calculated image for a defo- tions (h,h,0)=mq almost disappear. This observation indi-
cus value of—60 nm and a thickness of 2.5 nm, superim- cates that the superlattice reflections hth(0)=mq posi-
posed onto the image, appears to be in good agreement wittons are caused by double reflection. Careful study of
the experimental one. It should be noted that in this singlediffraction patterns with various orientations indicates that
crystal sample no intergrowth of the other phases, such abe superstructure reflections are absent in(11€)* section
La(SnhMnO, and L4Sn,MnO,, has been found, while such of the reciprocal space. This fact suggests that a pure trans-
intergrowth defects were commonly observed in polycrystalverse lattice distortion has been induced in the L8O,
line samples. crystal lattice by the CO transitich.

We now focus on the low-temperature investigation of the In LaSkpMn,O; there are as many Mni(3d®%) as
CO transition in the LaSMn,0, material. The diffraction Mn3*(3d?) ions, and therefore the CO model, originally pro-
evidence for a CO transition is given by the presence oposed by Goodenough for the cubic perovskite
additional superstructure reflections in the diffraction pat-LagsM (Il)sMnO3, can be used in principle to explain our
terns obtained at low temperatures. Figuréa) 2nd 2Zb) experimental results. In Goodenough’s model, the CO be-
show the[001] zone-axis electron diffraction patterns of tween Mr#* and Mrf* is accompanied by the ordered ar-
LaSKpMn,0, taken, respectively, at room temperature andrangements of thd,2(Mn*) orbital orientations to form the
110 K. The diffraction pattern at room temperature has beemigzag chains in the basic plane. In the present case, the

Intensity(arb.unit)

FIG. 2. [001] zone-axis electron diffraction patterns of
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FIG. 3. Schematic representations of possible charge- and * *

orbital-ordered states projected along {h@1] direction. In order to
simplify the drawing, only the M#A™ and Mrf™ ions are shown(a) -
a model with the stacking translation vec®# (3, — 3,0) as indi- ) 9=7d,,,(1014)
cated by an arrow(b) a typical 90° twin domain.

FIG. 4. (a) Electron diffraction pattern obtained at 110 K; the
LaSrLMn,0; phase has a layered structure with the spaceresence of incommensurate satellites is evidémtMicrophoto-
groupl4/mmm which results in a relative shift between the metric density curve along the* +b* direction clearly shows the
neighboring layers in the CO patterns. In Fig&)3nd 3b), incommensurability of the satellite reflections.
two models of ionic oro_lerlng Of Mt (3d°) and Mr?+(3d4) diffraction pattern exhibiting an incommensurate modulation
are shown, both of which are in agreement with the chargeémng thea* +b* direction. The wave vector of the CO
ordered states observed at low temperature.

MR -MNn®* ionic ordering. th ot I_?ha;ﬁdition. thodulation in the present case can be expressed) as
n**-Mn** ionic ordering, the superstructure with the peri- _ 3 s 5 (1/44 (1 014), which results in the in-

odicity of L=4d,,,along thea* +b* direction is produced ‘14’14’ " )
by the orientational ordering of thd,2(Mn®") orbital. It commensurability paramete=0.14. Figure 4b) shows the

g microphotometric density curve along th& +b* direction,
should be noted that the structural model in Figa) nly .in which the incommensurate peaks are clearly indicated. It

represenis the projection .Of the ch.arge-orde.red state i 5150 found that the incommensurability parameter does not
LaSpMn;0; along the[001] direction, with a stacking vector ., nqa gistinguishably with increasing of temperature, until
R=(3,—3,0) as indicated by an arrow. The stacking of thethe superstructure reflections become invisible at around 200
successive chargéorbital) ordered arrangements betweenK. Hence, the incommensurability in the present case is
the layers could also be offset by several other stacking vegrobably due to the local inhomogeneity of chemical com-
tors, e.g.,R=(%,3,0). Here we only present those models position, e.g., the inhomogeneous distribution of Sr as well
which appear to be experimentally acceptable. Figut® 3 as O ions in the sample.
shows the model of a typical 90° twin domain, which is  Considering the large intensity of the superstructure spots
assumed to be induced by the rotation of the CO modulationat low temperaturébelow 140 K, we can conclude that the
between the neighboring layers and frequently observed ifpcal structure in the charge-ordered phase significantly de-
the electron diffraction investigations, as mentioned aboveviates from the average structure. Analyses of the diffraction
In this case the twin boundary is located in the plane betweeRatterns and the satellite spots obtained for various tempera-
the LaSn-O layers. For checking the correctness of ourture ranges indicate that at low temperature the structure of
models, we have carried out theoretical simulations. UnforLaSpMn;0; is one-dimensionally modulated. The average
tunately, so far no neutron diffraction data has been reportegtructure has an orthorhombiier pseudotetragonidinit cell,
about the structural changes with the CO transition in thévith the lattice parameters,=b=0.545 nm andc,
LaSrMn,0, phase. Based on our results in combination with=1.96 nm. For analyzing the CO modulation in the way
the neutron diffraction data for kaCa, sMnO, (Ref. 1) and ~ Suggested by De Wolft al,** we require four basis vectors
Lap St MnO, (Ref. 12, we have obtained qualitative re- in the reciprocal space to describe both the main spots and
sults, which result in the diffraction patterns with reflection the satellite spots. Therefore, a fourth indexand the cor-
conditions in agreement with the experimental ones. Howfesponding reciprocal basis vect@®@=aag(a=0.5—¢)
ever, the intensity of the satellite spots was found to be verjrave been introduced. The reciprocal lattice vettdor the
sensitive to the displacement of Kions, therefore better CO phase can then be expressedHasHag + Kb +Lcg
results can be expected from theoretical simulations based ohmQ, whereH, K, L, andm are integers.
the neutron diffraction results on this CO transition. The systematic extinction conditions associated with this
In addition to the CO transition, the CO incommensura-one-dimensionally modulated structure is observed téibe
bility is another main question investigated in manganites. +L+K=2n in general;H=2n (K=2n) for (HKO0); K
In fact, the electron diffraction observation revealed at low+ L=2n for (OKL); L+H=2n for (HOL).
temperature that the structural modulation is incommensu- From the general reflection condition verified by all of the
rate in some grains. Figure(@ shows a typical electron reflections, we can conclude that the four-dimensional super-
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space group belongs to the Bravais cla’él"%"m(No_ 1213  understood in terms of charge and orbital ordering in

Whereas the other special conditions are nonprimitive, thé_aSrzMn207. The+ p035|ble+qrder|ng _schemes, b"’?sed on the
superspace group of the CO phase in LEBLO, can be Separation of MA" and Mrf™" into two interpenetrating com-
a This would result in the mensurate sublattices and accompanied flyz6Mn®*) or-

determined uniquely a®, . _ bital ordering, have been proposed as the possible interpre-
space group for the average structurérasna, choosing the  tations of our observations. The superspace group of charge-

origin as proposed in Ref. 14. ordered state in Lagvin,O, is determined uniquely as
In summary, the crystal structure of the Lg®n,0; Imma

phase has been identified by HREM as a well-defined 327- 111

type layered structure. At low temperature, electron diffrac-  The authors would like to express many thanks to C. Tsu-

tion observations directly reveal the presence of extra supefyta for his assistance. The work reported here was in part
structure reflections distributed along ta&+b* direction.  gypported by the COE project organized by the Science and
In most grains this superstructure modulation is found to berechnology Agency, and by the New Energy and Industrial

commensurate, with a wave vectpe[ 7,%,0], which canbe  Technology Development OrganizatidNEDO), Japan.
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