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A series of Ruddlesden—Popper compounds with » =2 and
stoichiometry La,_, Ca,,, Mn,0, were synthesized by a citrate
gel technique and studied by TEM for the composition range
0.8<x<1.0. In situ experiments and analysis of substruc-
ture/twins identified structural changes of the I4/mmm phase at
low temperatures (200-350°C). Reciprocal space analysis identi-
fied superlattice reflections (not previously detected by X ray)
and possible space groups. The low-temperature phase belongs to
the noncentrosymmetric Cmc2, or Ama2 space group, and the
transient Cmcm space group is also possible. These structural
transitions do not coincide with the magnetic transitions, which
occur below room temperature. A structural model based on
tilting of almost-rigid octahedra is suggested for Cmcm and
Cmc2,. The proposed model for the low-temperature Cmc2,
phase has a ®OY,/®P®Y, combination of tilts, while the
transient Cmcm has a @®0/®®0 combination of tilts. © 2001
Academic Press

Key Words: La,_, Ca,, , Mn,0,; manganates; TEM; crystal-
lography; phase transition.

1. INTRODUCTION

Perovskite-based manganates have been the subject of
intense research because of their complex magnetic and
electric transport properties, especially colossal mag-
netoresistance (CMR) (1). In these materials the A-site
cations (ideally 12-coordinated) of perovskite ABO; are
usually a mixture of cations with 3 + (rare earth) and
2 + (alkaline earth) valences (e.g., La®** and Sr?*), which
produces mixed-valence manganese (Mn** and Mn**) in
the octahedrally coordinated B-site. The search for mater-
ials with larger CMR effects has led to the study of layered
manganates, and in particular Ruddlesden-Popper (RP)
structures with (40) (4BOs), (n = 1, 2, and 3) stoichiomet-
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ries (2). Indeed, the RP phases with n =2, Ln,_,.Srq 4,
Mn,0O, (0 < x < 0.4), have shown strong CMR (3). The
structures of the RP phases are comprised of perovskite-like
blocks n octahedra thick separated by rock salt AO layers,
Fig. 1. Similar to the three-dimensional (3D; n = o0) perov-
skite manganates, the layered two-dimensional (2D) manga-
nates also have complex magnetic and transport behavior
as a function of composition and temperature. An addi-
tional component of the RP structures that affects their
properties is their low-dimensionality (4). Therefore, the
study of the properties and structures of layered manga-
nates is of both fundamental and practical interest.

In our recent work, a series of La,_,.Ca;;,.Mn,0O,
(0.6 < x < 1.0) (n = 2) RP phases was synthesized with a ci-
trate gel technique (5). The 0.6 < x < 1.0 range is in the
electron-doped region, with a majority of Mn** ions in
these mixed-valence manganates. According to measure-
ments of magnetic susceptibility and conductivity, two dis-
tinctly different behaviors were found for compositions
below and above x = 0.8. In the region 0.6 < x < 0.8, the
magnetic susceptibility has a pronounced inflection at
~280 K, presumably due to charge ordering, and antifer-
romagnetic order develops at lower temperatures
(~150-200 K) with quasi-2D fluctuation effects above the
ordering temperature (Ty). The magnetic properties are dif-
ferent for 0.825 < x < 1.0. At higher temperatures 2D mag-
netic coupling is observed and at ~115K the system
spontaneously orders antiferromagnetically, but with a fer-
romagnetic moment (canted antiferromagnetism). Since
charge ordering leading to insulating behavior was suspec-
ted, a more detailed transmission electron microscopy
(TEM) study was undertaken. This study found that the
different magnetic behavior previously observed in the two
regions, 0.6 < x < 0.8 and 0.825 < x < 1.0, correlates with
different structural characteristics, incommensurate 2D
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FIG. 1. Schematic representation of the Ruddlesden—-Popper (n = 2)
tetragonal [4/mmm structure. The atomic coordinates are taken from
Ref. (4).

modulation, and commensurate superlattice reflections, re-
spectively. In this paper we report the study of 0.8 < x < 1.0
compounds by electron diffraction and high-resolution
imaging. The study of 0.6 < x < 0.8 compounds will be
published elsewhere (6).

2. EXPERIMENTAL PROCEDURES

Samples of La,_,.Ca;;,,Mn,O, were prepared from
La,O; (Alfa Aesar, 99% dried in air at 800°C prior to use),
CaCOj; (Aldrich, 99+ %), and Mn(NO3), (Aldrich, 49.7
wt% solution of dilute nitric acid) by a citrate gel technique.
Details of the synthesis are described in the work of Fawcett
et al. (5). The powder was sintered into pellets at 1250°C for
24 h and quenched to room temperature (RT) in air. Three
specimens with compositions x = 0.825, 0.85, and 0.9 were
studied in this work. The TEM specimens were prepared
from the sintered pellets by conventional methods involving
grinding, dimpling, and ion thinning. The specimens were
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examined using JEM3010 and Philips 430! TEM micro-
scopes operated at 300 kV and 200 kV, respectively. In situ
heating and cooling experiments were performed using
double tilt specimen holders in the Phillips 430 microscope.
In all specimens studied a small fraction of an amorphous
phase, rich in carbon but including La, Ca, Mn, and O, was
observed between the grains of the crystalline phase. The
presence of the amorphous phase and difficulties in charac-
terizing it introduce some uncertainties in the precise com-
position of the studied crystalline phase.

3. EXPERIMENTAL RESULTS

3.1. Establishing Reciprocal Lattice and Space Group

Figure 2a shows a bright-field image of a typical grain
(x = 0.825 specimen) from which a selected area electron
diffraction (SAD) pattern (Fig. 2b) was taken using a large
selected area aperture. The SAD pattern is indexed as [001],
according to the tetragonal (t) lattice of an ideal I4/mmm RP
n =2 structure (a ~ 0.375 nm and ¢ ~ 1.93 nm (2, 4)). The
[001], pattern (as well as other SAD patterns shown later) is
typical and common to all the specimens in the
0.8 < x < 1.0 composition range. The difference from the
ideal I4/mmm structure lies in the presence of superlattice
reflections 130 and 210 (reciprocal lattice vectors
ky = 3[hh0]¥ and k, = 3[ hhO];* (throughout the paper we
will use coordinates and indexes of the tetragonal 14/mmm,
unless otherwise specified). Note that ky + k, = {100>* re-
flections are very weak, which suggests that k; and k, are
decoupled, i.e., come from two structural variants of sym-
metry lower than I4/mmm. This is confirmed by convergent
beam microdiffractions (Figs. 2c, 2d) taken at different loca-
tions of the grain, which show either the k; or k, set of
reflections (although it was difficult to completely eliminate
the presence of a second set).

Convergent beam microdiffraction from a single variant
taken at the [110], zone axis for an x = 0.825 sample is
shown in Fig. 3. The value of the first-order Laue zone
(FOLZ) radius gives H = 1/0.53 nm ™! (H is a distance be-
tween the zero and first Laue zone). The rectangles on the
image represent a cell of fundamental (tetragonal 14/mmm)
spots centered with a superlattice reflection (solid line,
ZOLZ; dashed, FOLZ). Translation of the cell from FOLZ
to ZOLZ is also shown. The geometry of the reciprocal
lattice deduced from Fig. 3 suggests an orthorhombic cell
with approximate parameters a,= \/ 2a, = 0.52 nm;
b, = \/2a1 =0.52nm; ¢, =c¢, = 1.93 nm. The cell is con-
firmed by a set of SAD patterns taken in orientations
including the c-axis by tilting a grain around the [001]#
direction. The SAD patterns are presented in Fig. 4 and

!The use of brand or trade names does not imply endorsement of the
product by NIST.



TEM STUDY OF La,_,.Ca, s ,.Mn,0,

311

FIG. 2.

(a) Bright-field image of a single grain (x = 0.825 specimen) from which a [001]; SAD pattern (b) was obtained using a large selected area

aperture. (¢, d) Microdiffraction patterns taken at different locations in the grain show that k; and k, reflections are not coupled. Note the prominent

presence of dislocation-like defects in the grain.

indexed as (a) [110],, (b) [010],, and (c) [110], zone axes.
Figure 4e shows the schematic drawing of the [001], pattern
and traces of vertical planes corresponding to the SAD
patterns a—c. This set of SAD patterns corresponds to a vari-
ant with k, = 3[hh0]¥. The absence of 3 (110), reflections in
the [110], pattern, Fig. 4a, is due to extinction conditions,
which are violated by double diffraction in the [001], pat-
tern, Fig. 2b. The effect of double diffraction is demo-
nstrated in Fig. 4d, where the SAD pattern shown is ob-
tained by tilting the [110], direction (Fig. 4a) around (110)¥
about 20°. Streaking along the [00/]; direction suggests the
presence of (001) faults or intergrowths. The streaking
(coming from FOLZ) also contributes to the visibility of the
forbidden 3 (110), type of reflections on the [001], pattern.

Based on the electron diffraction results, the orthorhom-
bic reciprocal lattice of a single variant is drawn schemati-
cally in Fig. 5, where the reciprocal lattice of the tetragonal
I14/mmm is shown with dark circles. After taking into ac-

count the problem of double diffraction, the following set of
reflection conditions for the orthorhombic structure was
established: 001, [ = 2n; 0k0, k = 2n; h00, h = 2n; hkO, h = 2n;
hOl, h + 1 =2n; Okl, k,l =2n; hkl, h + | = 2n. Consulting
Table 3.2 of the reflection conditions for possible space
groups in the International Tables for Crystallography (7),
the space groups listed in Table 1 are suggested.

3.2. High-Resolution Imaging

Figure 6 shows high-resolution TEM images (HRTEM)
of a structure with a [001], orientation. Figure 6a shows an
image of a single domain. Although it is difficult visually to
see the doubling of (110) planes on the image, the corre-
sponding fast Fourier transform (FFT) of the image clearly
shows the presence of k =3[110]¥* scattering. In some
instances the coexistence of ordered and disordered do-
mains was also observed, as is demonstrated in Fig. 6b. In
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FIG. 3. Convergent beam microdiffraction pattern taken from a grain of x = 0.825 specimen oriented at the [ 1107, zone axis. Position of a first-order
Laue zone (FOLZ) radius suggests H = 1/0.53 nm ! (H is a distance between zero and the first Laue zone). The rectangles on the image represent a cell of
fundamental (tetragonal) spots centered with a superlattice reflection (solid line, ZOLZ; dashed line, FOLZ).

this figure the boundary between the disordered (upper part  No visual changes in the location of white dots on a square
B) and ordered (lower A) region is shown with a dashed line. net of perovskite lattice can be seen. According to image
The effect of ordering on the image contrast is very subtle, simulations for the I4/mmm structure, in a wide range of
affecting only the variation in the intensity of the white dots.  defocus-thickness conditions (including near-Scherzer

DL
LI = SR B

FIG. 4. SAD patterns taken from a La, _,,Ca; +,,Mn,0- (x = 0.85) specimen and indexed as (a) [110],, (b) [010],, and (c) [1107,. (d) This SAD
pattern was obtained by tilting the crystal in (a) orientation around [110]{ about 20°. (¢) A schematic drawing of the [001], pattern where the traces of
vertical planes corresponding to the SAD patterns (a)-(c) are shown.
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FIG.5. Schematic drawing showing an orthorhombic reciprocal lattice
of the 0.8 < x < 1.0 phase according to the electron diffraction experi-
ments. The lattice is derived from the tetragonal I4/mmm and has approx-
imate parameters a, = \/Za, =0.52 nm; b, = \/2(1‘ =0.52nm; ¢, =¢, =
1.93 nm. Dark-shaded circles represent fundamental reflections of the tet-
ragonal I4/mmm; small empty circles, superlattice of the orthorhombic
lattice; large empty circles, kinematically forbidden reflections but observed
as a result of double diffraction.

defocus of the images in Fig. 6) the white dots correspond to
columns of Mn/(La, Ca) ions.

The HRTEM image in the [110], orientation in
Fig. 7 shows a perfect stacking of two-octahedra-thick
(n = 2) layers. Doubling of the periodicity due to the

= 1¢110)# ordering can be seen only with the help of the
FFT (shown in inset). Although Fig. 7 shows a perfect
stacking of layers, a more typical picture shows the presence
of intergrowth layers. Such a defected structure is shown in
a low-magnification image, Fig. 8. Structural details of the
intergrowth are similar to those of the 0.6 < x < 0.8 speci-
mens and will be presented elsewhere (6).

3.3. Substructure and Defects

Closer examination of the microstructure yields a subset
of twinlike plates with planar interfaces normal to the
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c-direction, as shown in Fig. 9. Images in the figure are
taken in the orientation close to the [320], zone axis. The
type of superlattice reflections in the SAD pattern, Fig. 9b,
suggests a single-variant region (for a second variant, the
row of superlattice reflections would be shifted by [0017]).
The presence of the substructure cannot be seen from either
bright-field images (Fig. 9a, no apparent contrast) or a SAD
pattern (Fig. 9b, no extra reflections or clear splitting of
spots). The intensity streaking in the [001] direction ap-
pears only along the row of superlattice reflections. How-
ever, the twin-like substructure became visible on dark-field
images (Figs. 9c, 9d) obtained with an objective aperture
positioned on the (3 3 0), row of superlattice reflections. By
either a slight shift of the aperture or by specimen tilting
only 1-2° it was possible to reverse the contrast of the twins.
Such diffraction behavior suggests that the twins are “inver-
sion twins,” with a noncentrosymmetric structure. For such
a structure, the variants related by inversion symmetry
operation will have the same reciprocal lattice, but a differ-
ent excitation error. Another possibility is the presence of
very small distortions of the orthorhombic lattice (e.g., to
a monoclinic lattice).

Although the presence of variants with different

= 3<110>¥* was detected for the [001], orientation using
microdiffraction (Fig. 2), the morphology of the domains
was not clear at this orientation. Better understanding of the
morphology was obtained from dark-field imaging using
superlattice reflections. Figure 10a shows such an image,
where the twinlike structure was obtained in a region from
which the SAD pattern, Fig. 10b, was taken. The position of
the objective aperture is indicated on the pattern. Enlarge-
ment of a part of the SAD pattern shows the presence of
variants, k; = 3 [hh0]* and k, = 3[hh0];*, with overlapping
nonequivalent fundamental reflections, e.g. (420), and (240),
(o, orthorhombic lattice) in Fig. 10b.

3.4. In Situ Cooling and Heating Experiments

The changes in magnetic behavior at lower temperatures
for compounds with 0.8 < x < 1.0 suggested the possibility
of low-temperature structural transition. The observation of
a twinlike substructure suggests a structural transition

TABLE 1
Reflection Conditions (e.g., 2+ =2n) as Derived from Electron Diffraction and the Corresponding Space Groups

Reflection conditions

hkl Okl hOl hkO h00 0kO 00!

Space group from Table 3.2, ITC (7)

h+1 k,l h+1 h h k l

Bbmm (# 63, Cmcm, bca), centrosymmetric
Bb2ym (#36, Cmc2,, bca), noncentrosymmetric
Bbm2 (#40, Ama2, bac), noncentrosymmetric

Note. The space group symbols are given in coordinates of the drawing in Fig. 5 (in parentheses, standard setting and relationship between axes).
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FIG. 6. HRTEM images taken from a La,_,,Ca;+,,Mn,0; (x = 0.85) specimen at the [001], orientation. (a) A single ordered domain with the
corresponding FFT diffraction pattern in the inset showing k = 4(110) intensities. (b) A region showing the coexistence of ordered (A) and disordered (B)
regions, as confirmed by the corresponding FFT calculated from the squared areas shown in the images.

occurring when the material is rapidly cooled from the
temperature of sintering (1250°C) to RT. Therefore, both
cooling and heating in situ TEM experiments were per-
formed for the x = 0.85 and 0.9 specimens. In the cooling
experiment the specimens were cooled to liquid N, temper-
ature. No changes in the SAD pattern, or in the microstruc-
ture, were observed. In the heating experiments, the
disappearance of superlattice reflections was observed
around 200°C (temperature controller reading) for the
x = 0.9 specimen, and around 340°C for the x = 0.85 speci-
men. Figure 11 shows a series of [001]; SAD patterns taken
at different temperatures from a single grain of the x = 0.9
specimen. The disappearance/reappearance of 3 [110]* re-
flections on heating/cooling suggests a reversible (and there-
fore equilibrium) phase transition. Formation of diffuse
reflections at 4(110), is possibly due to some compositional
changes in a thin area of the TEM specimen.

The evolution of a row of (3 3 1), superlattice reflections
for the x = 0.85 specimen was studied along the [110],
orientation of a grain (Fig. 12). Again, the disappear-
ance/reappearance of the superlattice reflections during the
heating/cooling cycling is clear; however, the temperature of
disappearance is higher for the x =0.85 than x =0.9

sample. Figure 13 shows the measured distribution of inten-
sity along the AA’ line, Fig. 13a, connecting the (200), and
(202), reflections. Figure 13b shows the evolution of inten-
sity as a function of temperature for two superlattice reflec-
tions, (101), and (103),. Note that (101), is systematically
weaker than (103),. In Fig. 13c values of the intensities are
plotted as a function of temperature. The gradual change in
intensity with approaching the temperature of transition is
apparent for both reflections.

4. DISCUSSION

All the studied La, _,,Ca; 1, Mn,0O5 compounds for the
0.8 < x < 1.0 composition range indicate the presence of
a n =2 RP single phase with an apparent orthorhombic
structure at RT. However, for each sample, in addition to
the crystalline phase a various amount (~5-15%) of an
amorphous phase is also present. Qualitative analysis of the
amorphous phase indicates the presence of all the atoms
(ie., La/Ca/Mn/O) of the starting composition (plus
carbon); therefore, the compositions of the crystalline
phases studied here slightly deviate from the “nominal”
compositions.
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According to the in situ experiment and microstructural
observations, there is a structural transformation from the
high-temperature ideal RP I4/mmm phase. The temper-
atures of the transformations were determined only
approximately. They appear to decrease with increasing Ca
content, e.g., from 300°C for x = 0.85 to 200°C for x = 0.9,
possibly due to the increase in tolerance factor for slightly
larger Ca?" ions. Note that the structural transition
temperature is significantly higher than that observed by
magnetic measurements, as described in Ref. (5). The trans-
formation results in two structural variants, with ordering
vectors k; =1[110]* and k, = 3[110]*. An additional
transformation, not detected in the in situ experiment, is
possible and apparently results in the loss of inversion
center and in the formation of inversion twins. It is difficult
to detect the secondary transformation in situ, because it
does not lead to clear changes in the reciprocal lattice.

The lattice parameters of the orthorhombic structure are
related to the tetragonal RP structure by a, = \/ 2a, =
0.52 nm; b, = \/2at = ~0.52 nm; ¢, = ¢, = 1.93 nm. Three
possible space groups correspond to the experimentally
observed reflection extinction conditions: Bbmm, Bb2,m,

FIG.7. HRTEM image (x = 0.85 specimen) in the [110], orientation  and Bbm2 (in coordinates of the reciprocal lattice shown in
shovxlling perfect sta.cking of octahedra. D.oubling of periodicity due to the Fig. 5). The standard setting for Bbmm is Cmcm (#63),
k = 3{110) ordering can be seen only with the help of FFT shown as the . . .
inset. and the axes in Fig. 5 are parallel to the following axes

in standard setting: a//b,, b//c,, c¢//a. For the Bb2m
space group, the standard setting is Cmc2, (# 36), with the
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FIG. 8. Bright-field image of x = 0.9 specimen in the [110], orientation (with the inset showing the corresponding SAD pattern showing
predominantly n = 2 structure). Planar defects normal to the [001], are stacking faults and intergrowth blocks corresponding to mistakes in the packing of
perovskite layers.
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(a) Bright-field and (c, d) two dark-field images taken from an x = 0.85 specimen in nearly [320]; orientation. For the dark-field images, an

objective aperture was positioned as shown in the double-exposed [3207], SAD pattern (b). The difference in the conditions under which the two dark-field
images were obtained is in a slight displacement of the aperture, which results in reversing the contrast of twins (e.g., A and B lamellae).

following axial correspondents: a//b, b//c,, c¢//as. For the
Bbm?2 space group, the stanard setting is Ama2 (#40), with
axial correspondents: a//bs, b//as, c//cs. Formally, the follow-
ing maximal subgroup relationships between the space
groups can be established: I4/mmm (#139)=[2]=
Fmmm=[2]=Bbmm (Cmcm, #63)=[2] = Bb2;m
(Cmc2,, #36)*> and I4/mmm (#139)=[2]= Fmmm =

[2]= Bbmm (Cmcm, #63)=>[2]= Bbm2 (Ama2, #40).
The space groups Cmc2; and Ama2 are noncentrosym-
metric. Therefore, it is plausible to infer that one of
these symmetries represents the space group of a room

2Squared parentheses give the number of structural variants for each
symmetry reduction.



TEM STUDY OF La,_,.Ca, s ,.Mn,0,

317

FIG. 10.

(a) Dark-field image showing twinlike structure and (b) the corresponding SAD pattern (x = 0.85 specimen). The position of the objective

aperture is indicated on the pattern. Enlargement of a part of the SAD pattern (b) shows the presence of superlattice reflections with both odd (A) and even
(B) I. (c) Schematic drawing of the reciprocal lattice showing sections corresponding to patterns of A and B types.

temperature structure, and the transition from the Cmcem
structure results in the formation of inversion domains (two
variants by the symmetry reduction). The transition from
tetragonal I4/mmm to orthorhombic Cmcm occurs at
around 200-300°C, as detected by our in situ measurements.
However, it is also probable that there is a single transition
I14/mmm = Cmc2; or Ama?2.

Since the RP structures consist of perovskite layers, it is
possible that structural displacive instabilities typical for the
infinite (3D) perovskites will also be present in the layered
structure. One of the most common instabilities is the rota-
tion/tilt of corner-sharing octahedra, related to the size
misfit between A-type and B-type ions (8). Another possibili-
ty is the ordering of Mn** and Mn*™* ions accompanied by
the Jahn-Teller instability of Mn3* octahedra (9). The latter
scenario seems unlikely, because of the difficulty of recon-
ciling the ratio of Mn®**/Mn** = (1 — x)/x < 0.25 with the
requirement that the 3[110]¥-type ordering vector ratio be

1. Structural phase transitions approximated as a tilt of rigid
octahedra occur in different perovskite-based structures
(e.g., elpasolites, ReOs-type, etc.), and in particular in
CaMnOj; (10). The effect of the tilt (or combination of tilts)
on symmetry (space group) was analyzed for infinite perov-
skites by Glazer (11) and Aleksandrov (10). Later the analy-
sis was extended to different perovskite-based structures,
including different layered structures (12). In particular,
a complete symmetry analysis of Ruddlesden—Popper struc-
tures was presented recently by Aleksandrov and Bartolome
(13) for all possible combinations of tilts in structures with
layers consisting of even numbers of octahedra.
Consulting the derived space groups in (13), we find from
the experimentally established space groups that the Bbmm
(Cmem) space group corresponds to a structure with
ODO/OPO combination of tilts (a™ a~ 0/a™ a~ 0 in Glazer’s
notations). In the notation used here, the ®/a” symbols
represent an alternating tilt of an octahedron along a tilt
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FIG. 11.

Series of <001), SAD patterns taken at different temperatures during the in situ heating experiment for the x = 0.9 specimen. The

reappearance of $(110), reflections on cooling is accompanied with the formation of additional diffuse reflections, approximately at +(170),.

axis. Figure 14 shows that the ®® combination of tilts
results in a tilt around a two-fold axis (normal to the c-axis)
of an octahedron. For the ®®0/P®0 structure in each layer
the combination, the phase, and the degree of the tilt are the
same. Figure 15 shows a schematic drawing of both I4/mmm
(Fig. 15a) and Bbmm (Cmcm) (Fig. 15¢) structures (the sim-
plified representation using disjoined octahedra and no A-
sites is adopted from Ref. (13)). The intermediate (formal and
nonexistent) Fmmm structure is also shown for completeness
(Fig. 15b). From the drawing of Fig. 15, the correspondence
between some of the symmetry elements and the lattice
origin is clear. Table 2 gives the evolution of Wyckoff
positions of atoms from the ideal, nondistorted I4/mmm
(positions are taken for Ca;Mn,O-, Fawcett et al. (4)), to
tilted Cmcm (through undistorted Fmmm and Cmcem with all
atoms on the [4/mmm positions). The combined tilt
¢ (around an axis parallel to the c-axis) is approximated by
adding parameters A, = [(\/2/4) a,tg ¢/c, = 0.07 tg ¢ and
A, = (3)a, tg qb/\/Zap =tg ¢/(2./2) to the coordinates of
oxygen atoms as shown in Table 2.

Considering the Cmc2; space group, according to
Ref. (13) the symmetry agrees with a tilted structure with the

DDV, /PDPY, combination of tilts. In this structure an addi-
tional tilt ¥, around the c-axis is added to the ®®0/DPDO
structure; a schematic drawing of the structure is shown in
Fig. 15d. The ¥, symbol describes an in-phase tilt of oc-
tahedra around the four-fold axis of the octahedra parallel
to the long c-axis (normal to a layer’s plane). Therefore, the
suspected secondary transition may result in adding the tilt
Y, to an already tilted structure. That transition can intro-
duce a set of inversion twins, which are structurally different
only by the sense of the tilt ¥, (right- and left-handed). The
observed (001), interfaces between the inversion twins (with-
in the same Cmcm variant) should be of very low energy,
with a perfect match along the interface. Displacement of
O(2) and O(4) oxygen atoms of the Cmcm structure, as
shown in the last column of Table 2, approximates the ‘Y,
tilt. Displacement parameters ¢, and ¢, are related to the tilt
angle as o0,= (\/2/4)ap sin lI’Z/\/Zap =sin¥,/4 and
3, = (/2/#)ay(cos . — 1)//2a, = (cos ¥, — 1)/4.

As for Bbm2 (Ama2, #40), no combination of tilts satisfy-
ing the space group and the lattice could be found in Ref.
(13). The WO¥,/0¥Y, and YYY,/YWY, combinations of
tilts are possible in Ama2, but this structure has
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FIG. 12. Series of (110); SAD patterns taken at different temperatures during the in situ heating experiment for the x = 0.85 specimen.

2\/ 2ap><2\/ 2a, yielding a cell twice that of the experi-
mental one. These combinations of tilts cannot be
developed directly from the ®®0/P®D0 structure of Cmcm.
A structural model involving Ama2, when considered as
a further symmetry reduction of the ®®0/ODO structure,
will lack mirror and glide planes normal to the long axis.
This implies distortions, which render the connected oc-
tahedra within a layer (octahedra with different z) noniden-
tical. Thus it appears that a model using the Cmc2, space
group and a @O, /OO, combination of tilts is more plaus-
ible than the result derived using Ama2.

Although it is difficult to provide a quantitative analysis
of the model using only results of dynamic electron scatter-
ing, comparison with kinematic reflections, e.g., of X-ray
scattering, can provide some useful information. Therefore
we calculated the intensity of superlattice X-ray reflections
as a function of a combined tilt, ¢, for the Bbmm (Cmcm)
ODO/DDO structure. Figure 16 shows a plot of the intensities

for (101), and (103), reflections and ¢ ranging from 0 to 15°.
The variation is similar to the dependence of intensity of
these reflections (from electron diffraction, Figs. 12 and 13)
on temperature. The intensity of the (101), reflection is
stronger than that of the (103),, which is evident from the
electron diffraction, and even more so from the FFT high-
resolution image (e.g., in Fig. 8). Changing the structure to
Cmc2; with @OV, / POV, combination of tilts (for ¥, = 15°)
does not contribute significantly to the intensity (see the
filled square/circle in Fig. 16). We hope that an ongoing
study of the structure using powder neutron diffraction will
clarify whether the suggested models are correct. However,
the presence of partial intergrowth, as well as twins and
possible disorder in the phase of octahedra tilt in different
layers, may make the final judgement difficult.

The RP structure with n = 2 and @O, /DY, combina-
tion of tilts has been reported thus far only for one oxide,
Ca;Ti,O5 (14). This structure was studied in detail by
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FIG.13. Measured distribution of intensity along the AA’ line, connecting [2007], and (204), (o, orthorhombic indexes) reflections on the [110], SAD
pattern (a) (same as in the previous figure). (b) Evolution of the intensity for two superlattice reflections, (101), and (103),. (c) Values of the (101), and (103),
intensities are plotted as a function of temperature for a heating/cooling cycle.

electron microscopy and powder neutron diffraction with
the refinement determined value of the ® and W, tilts as 9.7°
and 8.6°, respectively. Bismuth-based oxides with Aurivil-
lius-type structure (closely related to the RP type) with

n =2, Bi,SrNb,0,, Bi,SrTa,04, and Biz;TiNbO, (15, 16),
were also identified by Aleksandrov and Bartolome (13)
as having the ®OY,/OOY, tilt structure. Phase transitions
were not studied for these structures. A modification RP
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structure (with tetrahedral sites instead of a rock salt
layer) was studied for Li,Sr,_ M, 03, (M = Nb, Ta) and
identified as having Cmcm space group and ®®0/OD0
ilts (17). Therefore, our model of ®DY,/PDY, tilts for
La,_,.Ca;;,.Mn,O; (0.8 <x<1.0) is not unusual,
although the first is suggested for manganites.

The evolution of intensities of superlattice peaks
(although very qualitative), as measured from SAD
micrographs taken at different temperatures, suggests

b. :II

1/4

Fmmm (#69)

A
b UK - N
.

- o O O O
- o

- ]

IIM

FIG. 15. Schematic drawings of (a) I4/mmm, (b) Fmmm, (c) Bbmm (Cmcm), and (d) Bb2;m (Cmc2,) structures with (a, b) no tilt, (c) @P0/PPO, and (d)
DOV, / POY, combination of tilts. In drawing the simplified representation using disjoined octahedra and no A sites is adopted from Ref. (14). The shaded
and empty octahedra represent two adjacent perovskite layers. The correspondence between some of the symmetry elements, lattices, and lattice origin is

shown.
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TABLE 2
Evolution of Coordinates from Nontilted /4/mmm to Tilted ®®Y_/PPY, Ca,Mn,0, Structure

Cmem # 63, tilted Cem?2, # 36, tilted

14/mmm, untilted Fmmm # 69, untilted Cmem # 63, untilted OO0/ DDDO DOV, / DD,

a,=3.73 (a,) A a=527=/2a, a=19374 a=¢=1937A a=19374

b= 3.73 (a,) A b=527=./2a, b="527=./2a, b=527=/2a, b=527=/2a,

¢=1937A c=19.37& c=527=/2a, c=527=/2a, c=527=/2a,

Ca(1) 2b Ca(1) 4b Ca(1) 4c Ca(1) 4c Ca(1) 4a

(0,0, %) 0,0, 3) G —i —%) & —i —3) G —% —3)
©,y, 9

Ca(2) 4e Ca(1) 8i Ca(1) 8¢ Ca(l) 8¢ Ca(1) 8b

(0,0, 0.31) (0, 0, 0.31) (031, —4 —3) 031, -4, —% 031, —4 —%
(x, 3, %)

Mn 4e Mn 8i Mn 8g Mn 8g Mn 8b

(0, 0, 0.098) (0, 0, 0.098) (0.098, —4, —4) (0.098, —4, —4) (0.098, —4, —3)
(%, », %)

0(1) 2a 0(1) 4a 0(1) 4¢ 0(1) 4¢ 0(1) 4a

0,0, 0 (0,0, 0) 0, —% —3) 0, —3+4,, —3) 0, —3+A,, —3)
©,y,3)

0(2) 8¢ 0(2) 16f 0(2) 8e 0(2) 8e 0(2) 8b

(0, 0.5, 0.0871) @, 1, 0.0871) (0.0871, 0, 0) (0.0871+A,, 0, 0) (0.0871+A,, 0+3,,0—35.)
(x,0,0)
0O(4) 8e 0(4) 8e O(4) 8b
(0.0871, 0.5, 0) (0.0871—A,, 0.5, 0) (0.0871—A,, 0.5—5,, 0+5.)
(x,0,0)

0(3) 4e 0(3) 8i 0(2) 8¢ 0(2) 8¢ 0(2) 8b

(0, 0, 0.2047) (0, 0, 0.2047) (0.205, —%, -4 (0.205, —1—A,, -3 (0.205, —3—A,, =}
(x5, %)

a gradual change in the order parameter, and therefore the
possibility of a second-order transition. Group theoretical
analysis shows that the suggested reduction in symmetry
corresponds to the following changes in point group sym-
metry: 4/mmm = mmm = mm2 (for both Cmc2,; and Ama2
space groups). In this transition the number of atoms in the
primitive unit cell does not change. Indenbom (18) has
analyzed such transformations by group theoretical
methods in order to identify the possible second-order
transitions. According to that analysis, the transitions from
the ideal 14/mmm to either Cmcm or Cmc2, and Ama2 can
be second order.

5. CONCLUSIONS

A series of Ruddlesden-Popper compounds with n =2
and stoichiometry La,_,,Ca;;,Mn,0O-, synthesized by
a citrate gel technique have been studied by TEM for the
composition range 0.8 < x < 1.0. In situ experiments and
microstructural analysis identified structural changes of the
14/mmm phase at low temperatures (200-350°C). The low-
temperature phase is noncentrosymmetric with either
Cmc2, or Ama2 space group, and the transient Cmcm space

510° 17—

410% I \\
I \(103)
310° | \

\

X-ray intensity, [arb. units]

\

2107 I
1107 I -
[ _ ~
(101 ™~
0 [ N .‘@‘.ﬁ\.@.\ﬁﬁ_ g\. '\f_']
20 15 10 5

Tilt of octahedra, [°]

FIG. 16. Plot of the intensities for (101), and (103), reflections for a
tilt angle ¢ ranging from 0 to 15°. The intensities were calculated for
X-ray scattering using Cmcm (empty square/circle) and Cmc2; (filled
square/circle) structure with ¥, = 15°.
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group is also possible. These structural transitions do not
coincide with the magnetic transitions. A structural model
based on tilting of almost-rigid octahedra was suggested for
Cmcem and Cmc2,. The model for the low-temperature
Cmc2, phase has a @OV, /OO, combination of tilts. Fur-
ther neutron diffraction experiments to verify the validity of
the model are in progress.

[\
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