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Transmission-electron-microscopy measurements characterizing the structure and charge-ordered states in
LaSr2Mn2O7 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 along the@110# direction. This superstructure is
interpreted in terms of the charge ordering of Mn31 and Mn41 associated with thedz2 orbital ordering of Mn31.
Possible ordering models are proposed.@S0163-1829~98!50906-X#

The discovery of colossal magnetoresistance~CMR! in
perovskite manganitesR12xAxMnO3 ~R and A being triva-
lent rare-earth and divalent alkaline-earth ions, respectively!
has stimulated considerable interest in the study of physical
and structural properties of the related systems.1–3 Recently,
distinct phases in the layered perovskite family
(La,Sr!n11MnnO3n11 with n51, 2, and` have been pre-
pared and studied. The basic structure in this homologous
series appears to be based on alternate stacking of rock-salt-
type block layers (La,Sr!2O2 and MnO2 sheets along the
c-axis direction. Higher members in this family can be ob-
tained by intercalation of the (La,Sr!O-MnO2 bilayers. The
measurements of magnetic susceptibility and electronic
transport revealed a number of special phenomena in this
system,4,5 e.g., a very high CMR effect was observed in
~La0.4Sr0.6!3Mn2O7 with a nominal hole concentrationx
50.4, and a charge-ordering~CO! transition was evident in
LaSr2Mn2O7 (x50.5).6 In fact, the interplay of charge, lat-
tice, and spins in the layered system has attracted substantial
attention in present studies. In this Communication, we re-
port the structural properties and the charge-ordered states in
LaSr2Mn2O7 as revealed by transmission electron micros-
copy.

Single crystalline samples of La222xSr112xMn2O7 were
melt-grown by the floating-zone~FZ! 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 0.3<x<0.4 as reported previously.
However, from the measurements of transport and magnetic
susceptibility, a CO transition was evident in LaSr2Mn2O7
with x50.5. The resistivity data shows a jumplike increase
at the transition temperatureTco'210 K. X-ray diffraction
measurements showed that the single crystalline samples
have the tetragonal structure with the space groupI4/mmm
at room temperature. Furthermore, the quality of
La222xSr112xMn2O7 (0<x<0.5) single crystalline samples
were checked by inductively coupled plasma atomic emis-

sion spectroscopy; the results indicated that they are nearly
stoichiometric. Thin samples for electron diffraction and
high-resolution electron microscopy~HREM! studies were
prepared simply by crushing the LaSr2Mn2O7 material into
fine fragments with CCl4, which were then dispersed on Cu
grids coated with wholly carbon support films. A Hitachi
H-1500 transmission-electron microscope equipped with a
low-temperature sample stage was used for the present stud-
ies.

The LaSr2Mn2O7 single-crystalline sample was first char-
acterized at room temperature. The resultant HREM and
electron diffraction data indicated that the LaSr2Mn2O7
phase has a well-defined 327-type layered structure. Figure 1
shows a HREM image taken along the@100# zone-axis di-
rection. This image was obtained from a thin region of the
crystal under the defocus value around the Scherzer defocus
~;260 nm!. The metal atom positions are therefore recog-
nizable as dark dots. The layered structure of the

FIG. 1. High resolution image of LaSr2Mn2O7 taken along the
@100# direction. A simulated image is superimposed onto the experi-
mental image.
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LaSr2Mn2O7 phase along thec direction can be clearly read
out in this macrograph. Image calculations based on the
structural models proposed previously4,5 were carried out by
varying the crystal thickness from 2 to 5 nm and the defocus
value from250 to 265 nm. A calculated image for a defo-
cus value of260 nm and a thickness of 2.5 nm, superim-
posed onto the image, appears to be in good agreement with
the experimental one. It should be noted that in this single-
crystal sample no intergrowth of the other phases, such as
La~Sr!MnO2 and La~Sr!2MnO4, has been found, while such
intergrowth defects were commonly observed in polycrystal-
line samples.

We now focus on the low-temperature investigation of the
CO transition in the LaSr2Mn2O7 material. The diffraction
evidence for a CO transition is given by the presence of
additional superstructure reflections in the diffraction pat-
terns obtained at low temperatures. Figures 2~a! and 2~b!
show the @001# zone-axis electron diffraction patterns of
LaSr2Mn2O7 taken, respectively, at room temperature and
110 K. The diffraction pattern at room temperature has been

indexed with the knownI4/mmm tetragonal structure with
lattice parametersa5b50.385 nm andc51.98 nm. The
most striking feature revealed in Fig. 2~b! 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 asq5a* @ 1
4 , 1

4 ,0#(a•a* 51). 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
the present case. Sometimes, two sets of superstructure re-
flections appear around each basic Bragg spot as shown in
Fig. 2~c!, in which two sets of superstructure reflections are
indicated byq1 andq2 , respectively. These two sets of su-
perstructure spots are considered to originate from the twin
domains where the superstructure vectors are rotated by 90°
with respect to one another. This kind of twin domain was
previously observed and reported in other related systems.7,8

The temperature dependence of the superstructure reflections
has also been investigated from room temperature~300 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* 1b* direction are shown in Fig. 2~d!, 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-
bility, the CO transition has been assumed to be induced at
around 210 K. In Fig. 2~e!, a typical result of measurements
of the temperature dependence of the resistivity is described,
in which an anomalous behavior at around 210 K is clearly
evident. The detection of the superstructure reflections at low
temperatures provides a direct structural evidence for this
CO transition. We now proceed to determine the basic char-
acteristics of the superstructure modulation in the
LaSr2Mn2O7 phase. It was found that the satellite spots at
(h6 1

4 ,h6 1
4 ,0) were very weak in some cases, and their in-

tensities decreased very rapidly as the sample was tilted
away from the@001# zone axis. A typical diffraction pattern
taken along the@1̄11# zone-axis direction is shown in Fig.
2~f! in which the superlattice spots at the systematic posi-
tions (h,h,0)6mq almost disappear. This observation indi-
cates that the superlattice reflections at (h,h,0)6mq posi-
tions are caused by double reflection. Careful study of
diffraction patterns with various orientations indicates that
the superstructure reflections are absent in the~110!* section
of the reciprocal space. This fact suggests that a pure trans-
verse lattice distortion has been induced in the LaSr2Mn2O7
crystal lattice by the CO transition.9

In LaSr2Mn2O7 there are as many Mn41(3d3) as
Mn31(3d4) ions, and therefore the CO model, originally pro-
posed by Goodenough10 for the cubic perovskite
La0.5M (II !0.5MnO3, can be used in principle to explain our
experimental results. In Goodenough’s model, the CO be-
tween Mn31 and Mn41 is accompanied by the ordered ar-
rangements of thedz2(Mn31) orbital orientations to form the
zigzag chains in the basic plane. In the present case, the

FIG. 2. @001# zone-axis electron diffraction patterns of
LaSr2Mn2O7 obtained at~a! 300 K and~b! 110 K, respectively. The
presence of superlattice reflections at low temperature is evident.~c!
Diffraction pattern exhibiting the presence of 90° twin domain at
110 K. ~d! Microphotometric density curves along thea* 1b* di-
rection showing the temperature variation of the superlattice reflec-
tions. ~e! Temperature dependence of the resistivity of
LaSr2Mn2O7. ~f! @1̄11# zone-axis diffraction pattern~i.e., tilted
about 15° from the@001# zone axis!. Note that the satellite spots
along the principal@hh0# direction are almost absent.
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LaSr2Mn2O7 phase has a layered structure with the space
groupI4/mmm, which results in a relative shift between the
neighboring layers in the CO patterns. In Figs. 3~a! and 3~b!,
two models of ionic ordering of Mn41(3d3) and Mn31(3d4)
are shown, both of which are in agreement with the charge-
ordered states observed at low temperature. In addition to
Mn41-Mn31 ionic ordering, the superstructure with the peri-
odicity of L54d110 along thea* 1b* direction is produced
by the orientational ordering of thedz2(Mn31) orbital. It
should be noted that the structural model in Fig. 3~a! only
represents the projection of the charge-ordered state in
LaSr2Mn2O7 along the@001# direction, with a stacking vector

R5( 1
2 ,2 1

2 ,0) as indicated by an arrow. The stacking of the
successive charge~orbital! ordered arrangements between
the layers could also be offset by several other stacking vec-

tors, e.g.,R5( 1
2 , 1

2 ,0). Here we only present those models
which appear to be experimentally acceptable. Figure 3~b!
shows the model of a typical 90° twin domain, which is
assumed to be induced by the rotation of the CO modulations
between the neighboring layers and frequently observed in
the electron diffraction investigations, as mentioned above.
In this case the twin boundary is located in the plane between
the La~Sr!-O layers. For checking the correctness of our
models, we have carried out theoretical simulations. Unfor-
tunately, so far no neutron diffraction data has been reported
about the structural changes with the CO transition in the
LaSr2Mn2O7 phase. Based on our results in combination with
the neutron diffraction data for La0.5Ca0.5MnO2 ~Ref. 11! and
La0.5Sr1.5MnO4 ~Ref. 12!, we have obtained qualitative re-
sults, which result in the diffraction patterns with reflection
conditions in agreement with the experimental ones. How-
ever, the intensity of the satellite spots was found to be very
sensitive to the displacement of Mn41 ions, therefore better
results can be expected from theoretical simulations based on
the neutron diffraction results on this CO transition.

In addition to the CO transition, the CO incommensura-
bility is another main question investigated in manganites.7

In fact, the electron diffraction observation revealed at low
temperature that the structural modulation is incommensu-
rate in some grains. Figure 4~a! shows a typical electron

diffraction pattern exhibiting an incommensurate modulation
along thea* 1b* direction. The wave vector of the CO
modulation in the present case can be expressed asq
'( 3

14 , 3
14 ,0);(1/4d110)(120.14), which results in the in-

commensurability parameterd50.14. Figure 4~b! shows the
microphotometric density curve along thea* 1b* direction,
in which the incommensurate peaks are clearly indicated. It
is also found that the incommensurability parameter does not
change distinguishably with increasing of temperature, until
the superstructure reflections become invisible at around 200
K. Hence, the incommensurability in the present case is
probably due to the local inhomogeneity of chemical com-
position, e.g., the inhomogeneous distribution of Sr as well
as O ions in the sample.

Considering the large intensity of the superstructure spots
at low temperature~below 140 K!, we can conclude that the
local structure in the charge-ordered phase significantly de-
viates from the average structure. Analyses of the diffraction
patterns and the satellite spots obtained for various tempera-
ture ranges indicate that at low temperature the structure of
LaSr2Mn2O7 is one-dimensionally modulated. The average
structure has an orthorhombic~or pseudotetragonal! unit cell,
with the lattice parametersa0>b050.545 nm and c0
>1.96 nm. For analyzing the CO modulation in the way
suggested by De Wolffet al.,13 we require four basis vectors
in the reciprocal space to describe both the main spots and
the satellite spots. Therefore, a fourth indexm and the cor-
responding reciprocal basis vectorQ5aa0* (a50.52«)
have been introduced. The reciprocal lattice vectorH for the
CO phase can then be expressed asH5Ha0* 1Kb0* 1Lc0*
1mQ, whereH, K, L, andm are integers.

The systematic extinction conditions associated with this
one-dimensionally modulated structure is observed to beH
1L1K52n in general;H52n (K52n) for (HK0); K
1L52n for (0KL); L1H52n for (H0L).

From the general reflection condition verified by all of the
reflections, we can conclude that the four-dimensional super-

FIG. 3. Schematic representations of possible charge- and
orbital-ordered states projected along the@001# direction. In order to
simplify the drawing, only the Mn31 and Mn41 ions are shown:~a!

a model with the stacking translation vectorR5( 1
2 ,2 1

2 ,0) as indi-
cated by an arrow;~b! a typical 90° twin domain.

FIG. 4. ~a! Electron diffraction pattern obtained at 110 K; the
presence of incommensurate satellites is evident.~b! Microphoto-
metric density curve along thea* 1b* direction clearly shows the
incommensurability of the satellite reflections.

RAPID COMMUNICATIONS

57 R3207STRUCTURAL PROPERTIES AND CHARGE-ORDERING . . .



space group belongs to the Bravais classP
111̄

Immm
~No. 12!.13

Whereas the other special conditions are nonprimitive, the
superspace group of the CO phase in LaSr2Mn2O7 can be
determined uniquely asP

11̄1

Imma
. This would result in the

space group for the average structure asImma, choosing the
origin as proposed in Ref. 14.

In summary, the crystal structure of the LaSr2Mn2O7
phase has been identified by HREM as a well-defined 327-
type layered structure. At low temperature, electron diffrac-
tion observations directly reveal the presence of extra super-
structure reflections distributed along thea* 1b* direction.
In most grains this superstructure modulation is found to be

commensurate, with a wave vectorq5@ 1
4 , 1

4 ,0#, which can be

understood in terms of charge and orbital ordering in
LaSr2Mn2O7. The possible ordering schemes, based on the
separation of Mn31 and Mn41 into two interpenetrating com-
mensurate sublattices and accompanied by adz3(Mn31) or-
bital ordering, have been proposed as the possible interpre-
tations of our observations. The superspace group of charge-
ordered state in LaSr2Mn2O7 is determined uniquely as
P

11̄1

Imma
.
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