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The structure of La,4Sr,,Ga,4Mg,,50,4,5 Was studied by
powder neutron diffraction and transmission electron micros-
copy. Neutron powder diffraction revealed cubic symmetry but
electron diffraction and imaging showed the presence of local
superstructures with symmetry lower than the average cubic. The
thermal stability of the superstructures was investigated using
high-temperature electron diffraction. One of the superstructures
was related to ordering of the oxygen vacancies into planes
normal to {100).. Increasing the temperature destroys this
planar ordering and eliminates the associated streaking on the
electron diffraction pattern. The temperature of the disappear-
ance of the streaking correlates with the change in conduction
activation energy above 500°C. After rapid cooling in the elec-
tron microscope, the ordering is fully restored to its original
form, consistent with the hypothesis that the superstructure is
formed by ordering of a very mobile ion, such as oxygen, in
Laols Sl’o.z GaO.SSMgO.ISOZ.SZS . © 1999 Academic Press
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1. INTRODUCTION

In Lag gSry.,Gagy gsMgg.150, 325 and other oxygen-defi-
cient oxides, oxygen transport occurs by way of oxygen
vacancies, which implies that the transport properties criti-
cally depend on the kinetics of oxygen motion and on
trapping processes. The random distribution of freely mov-
ing vacancies, formed by doping or reduction, is the optimal
but never realized scenario. Because some of the oxygen
vacancies are always trapped near dopant ions, the number
of vacancies available for oxygen transport in the material is
smaller than that deduced from the stoichiometry. However,
if the vacancies order in some cooperative manner, they
become trapped even more effectively than in the case of
random distribution of dopant ions. Even if the regions over
which the cooperative vacancy ordering occurs are small,
they still have profound effects on the kinetics of the oxygen
motion, because of their large trapping energy and the
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localized character of the oxygen diffusion. Recent invest-
igations into heavily doped perovskites show that macro-
scopic cubic symmetry does not necessarily lead to a ran-
dom distribution of oxygen vacancies (1,2) and that regions
with lower local symmetry, which might be associated with
ordering of vacancies, do exist in these materials. The dis-
covery of high conductivity in doped, perovskite-type lan-
thanum gallate (3,4) has prompted us to study the local
structures in Lag gSry.,Gag gsMgg 150, g5. Using electron
diffraction we have obtained evidence for small domains
with local symmetry lower than the average cubic sym-
metry. We have also identified regions wherein we postulate
the planar ordering of oxygen vacancies which dissociate
with increasing temperature and reconstitute on cooling.
LaGaOj; adopts the orthorhombic perovskite structure
(Pnma), isostructural with GdFe;O but transforms into the
rhombohedral phase (R3c) at 145°C, remaining stable up to
900°C (5, 6). Initially it had been reported on the basis of
X-ray diffraction (3,4,7,8) that in LaGaO; (undoped or
lightly doped with Sr and Mg) the symmetry remains or-
thorhombic, whereas heavier doping leads to cubic sym-
metry. However, a more recent high-resolution neutron
diffraction study (9) indicates that doping affects symmetry
and structure in a more complex way than was initially
suggested. Slater et al. (9) report that Lag oSrg 1Gag g0
Mgy ,00,.85 adopts monoclinic 12/a rather than ortho-
rhombic Pnma symmetry. The change of symmetry relates
to the structural difference in terms of the way the
Ga(Mg)-O octahedra are tilted from their ideal positions in
cubic perovskite according to Glazer’s 23 tilt systems (10).
The orthorhombic Pnma symmetry is a result of the oc-
tahedral tilts which can be described as a*b~b~ (or a*
a~a” ), where a and b denote the amount of tilt in respective
<1003, directions, and the plus and minus signs indicate
whether the tilts are in the same or opposite sense in the
neighboring octahedra. The monoclinic 12/a symmetry is
a result of a~ b~ b~ tilts. Thus the main difference between
the two structures lies in the sense of the [100]. tilt;
the neighboring octahedra are tilted in the same sense
for the structure with Pnma symmetry and opposite for
I12/a symmetry. For the rthombohedral R3¢ symmetry, the
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corresponding tilt system is a~a~ a . Thus the structures in
the monoclinic and rhombohedral symmetry are also close-
ly related, differing only in the relative amount of tilt, while
the sense of the tilt is the same.

2. EXPERIMENTAL

Samples of La(Sr)Ga(Mg)O; were prepared from
powders of La,O; (99.99%), Ga,03; (99.99%), SrCO;
(99.99%), and MgCO3; (99.99%) from Alpha Products. The
powders were thoroughly mixed with acetone in an agate
mortar, pelletized, and fired in an alumina crucible at
1300°C for 24 h. The powder X-ray patterns showed that the
desired compounds were usually formed at this stage.
Otherwise, the samples were reground and refired. The final
sintering was at 1430°C for 24 h followed by furnace cooling.

The sample with the highest ionic conductivity having the
composition Lag gSry ,Gag gsMgo.1505. 525 (7) was chosen
for the detailed structural study. The ambient temperature
neutron powder diffraction pattern of Lag gSrg,Gag gs
Mg, 150, 555 was measured at the High Flux Beam Reac-
tor at Brookhaven National Laboratory in the range
15° <20 < 156° with 0.05° steps and a wavelength of
1.8857 A. The structure was refined by the Rietveld method
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(11) using the program FullProf (12) and coherent neutron
scattering factors (13): b(La) =0.824, b(Sr) = 0.702,
b(Ga) = 0.729, b(Mg) = 0.538, and h(O) = 0.581 (fm). The
profile parameters (scale factor, zero point correction, back-
ground terms, pseudo-Voigt peak shape width variation
terms, and a low angle asymmetry correction) were refined
together with the lattice parameters, atomic coordinates,
and atomic displacement parameters. Because of the similar
cation scattering lengths and the correlation between
atomic displacement parameters and occupation number,
the relative La/Sr occupation of the (3, 3, 3) site and the
Ga/Mg occupation of the (0,0,0) site were fixed at that
corresponding to the nominal stoichiometry. The occu-
pancy of the oxygen site was refined, but not simultaneously
with the displacement parameters.

Electron diffraction and high-resolution images were ob-
tained using a JEOL 2010 FEG and Philips CM12 electron
microscopes. The samples for the electron microscope study
were prepared by crushing the powder in butanol and
allowing a drop of the resultant suspension to dry on
a holey carbon film. Electron diffraction patterns at temper-
atures between 25 and 900°C were obtained using a Gatan
double tilt heating holder. To ensure good thermal contact
of the sample with the heating element of the holder, the
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FIG.1. The observed, calculated, and difference neutron powder diffraction profiles for La, ¢Sty ,Gag s Mgo.1503.525. The reflections identified with

the shorter arrows could be indexed using the rhombohedral or monoclinic perovskite unit cell (6,9), but those identified with the longer arrows could not

be indexed. All were excluded for the final refinement of the structure.
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transmission electron microscope (TEM) sample was pre-
pared by dimpling and ion-milling a thin disc of pressed
powder. A series of electron diffraction patterns from the
same area of the crystal fragment were recorded at 50°C
intervals while heating and cooling.

3. RESULTS
3.1. Powder Neutron Diffraction

The neutron diffraction pattern of La, gSry,Gag gs
Mg, 150, 555 was indexed to the cubic perovskite unit cell;
i.e., no splitting of the parent perovskite reflections was
detected. However, several very weak and broad peaks that
could not be indexed on the cubic cell were also observed, as
shown with arrows in Fig. 1. In view of the electron diffrac-
tion results, presented in the next sections, and because
orthorhombic (Pnma), rhombohedral (R3c¢), and monoclinic
(I2/a) perovskite phases have been reported for pure and
doped LaGaOs3;, albeit at different temperatures (5, 6), we
attempted to index and refine the pattern as a combination
of the cubic phase and each of the lower symmetry phases
using the reported coordinates as starting models. For the
cubic phase, the ideal perovskite structure in space group
Pm3m was used. Although the indexing of the weak peaks
was equally better after the addition of the rhombohedral or
monoclinic phase rather than orthorhombic phase, as seen
in Fig. 1, even in these cases not all the peaks could be
indexed and we obtained large Rg,,4, factors. We considered
the agreement too poor for a meaningful interpretation and
refined only the cubic phase after excluding all the broad
peaks from the spectrum. The crystallographic parameters
of the refinement are given in Table 1, and the summary of
the results for the isotropic and anisotropic models is given
in Table 2. Figure 1 shows the observed, calculated, and
difference powder patterns for the anisotropic model. The
displacement parameters of the oxygen atoms are large and
highly anisotropic, indicating that on average the oxygen
atoms are displayed away from the ideal perovskite site at
(3, 0, 0) perpendicular to the Ga(Mg)-O bond. Such large
displacement parameters suggest that tilts of the Ga(Mg)-O
octahedra are present.
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TABLE 1
Crystallographic Parameters for La,4Sr,,Ga,4s Mg, 150,45

Empirical formula
Color and form

Lao.S10..Gag.55Mg0.1503.525
Ivory powder

Crystal system Cubic
a(A) 3.90889(4)
v (A3) 59.726

Z 1

Space group Pm3m (No. 221)
T (K) 293
Radiation Neutrons
A (A) 1.8857
Number of measurement points 2821
Number of reflections 14
Number of refined parameters 18

3.2. Electron Diffraction and Imaging

Electron diffraction shows that local structures with sym-
metry lower than cubic exist in Lag gSrg.,Gag gsMgo 15
O,.525. Figure 2 shows the electron diffraction patterns
obtained from a sample annealed for 3 weeks at 500°C.
Qualitatively, the same patterns were found in the samples
which were furnace cooled from 1430°C. Figure 2a shows
the [100], zone axis electron diffraction pattern. Weak and
diffuse lines between the strong (100), reflections are visible
on the long exposure micrographs. The lines having nonuni-
form intensity are strongest in regions midway between the
reflections. The relative intensity of these regions varied in
different crystal fragments but an increase in intensity at the
midpoint was generally observed. Figure 2b shows the
[110], zone electron diffraction pattern. The lines of diffuse
scattering between the strong, (100), reflections are visible in
this projection as well. Apart from these features, there are
also weak, but sharp reflections at G +3% {111)>¥, as in-
dicated with an arrow, which cannot be indexed on the
primitive cubic unit cell.

High-resolution lattice images of thin crystal fragments in
[100]. and [110], projections are shown in Figs. 3 and 4,

TABLE 2
Structural Parameters and Refinement Agreement Indexes for Isotropic and Aniosotropic Thermal Displacement Parameters
in LaysSry,Ga)ssMg) 150,55

Site Atom Position Location U (A?) Uy (R2) Us, (A2) Uss (A2) Occupancy
4 (0.8La + 0.2Sr) 1a (m3m) (0,0,0) 0.018 . . . 10

B (0.85Ga + 0.15Mg) 1b (m3m) 44,4 0.012 - — _ 1.0

0 0 3d (4/mm) &,0,0) 0.048 0.015 0.076 0.076 0.94

Note. For the isotropic model: R, = 0.084, R, = 0.116, Ry, = 0.101. For the anisotropic model: R, =0.772, R, =0.102, Ry, = 0.0886.
Ry =21vo = yel/ X 1Vol Rup = [ W(¥o — ¥e)* /2 wy51Y% Rurage = 3 110 — LI/ Y. 1ol 1* = 8.6.
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FIG. 2.

(a) The [100], zone electron diffraction pattern of La, gSrg.,Gag gsMgo.150,.825. Weak and diffuse streaks are visible between the (100),

reflections. The streaks have nonuniform intensity and are strongest in regions midway between the reflections. (b) The electron diffraction pattern in
[110], projection. The diffuse scattering between the strong (100). reflections is visible. Also shown, as indicated with an arrow, are the weak and sharp

reflections, which cannot be indexed on the primitive cubic unit cell.

respectively. The fragment imaged in the [100], projection
displays a contrast with the fourfold symmetry, in its thin-
nest parts, as expected. These contrast features are formed
by the strong reflections in the diffraction pattern in Fig. 2a.
The contrast corresponding to the weak, diffuse lines of
scattering seen in Fig. 2a is not readily visible in the image.
However, about 300 A away from the edge of the crystal
where the fragment is thicker, we may note additional
contrast changes, i.e., rows of brighter and darker lines
frequently spaced by 2a, (the lines are indicated by arrows in
Fig. 3). The contrast difference between the dark and bright
lines is not large, and the lines are only 10-20 unit cells long,
ie., 40-80 A. Although they tend to follow only one of the
{100), directions, the square pattern of the diffuse scattering
in Fig. 2a is produced by superposition of the diffraction
lines from domains where the ordering occurs in two per-
pendicular directions.

The image of the crystal lattice in the [110], direction,
shown in Fig. 4, clearly displays a domain structure. Two
types of domains are present. For the first type, labeled B in
Fig. 4, the contrast can be represented as a rectangular grid
of dark (or white) points. For domains of the second type,
which are typically 100-200 A in diameter, labeled A, the
contrast shows pseudo-hexagonal symmetry; ie. the
G + 1 {111)# reflections are locally present. Complicated
contrast is visible at the interfaces between the domains.
Figure 5 shows a dark field image of a region in [110],
projection. The image was obtained using only one G + %

{111 type reflection. Only the regions which contribute to
this particular reflection are imaged with lighter contrast. As
seen from Fig. 5 such regions have a diameter of less than
200 A.

3.3. High-Temperature Electron Diffraction

Figure 6a shows the initial diffraction pattern from a
fragment oriented in the [110]. projection. It is conve-
nient to relate this pattern to that in Fig. 2b. The weak
diffuse streaking between the (100), reflections is visible
in both. However, the weak sharp reflections at G + 3}
{111)>¥, marked with an arrow in Fig. 2b, are not
sharp on the diffraction pattern in Fig. 6a. Instead, these
reflections have the appearance of crosses and the diffuse
streaking also extends between the crosslike reflections. The
first marked change upon heating of this crystal fragment
was recorded at 650°C, when the crosslike reflections
become diffuse spots, as shown in Fig. 6b. At 700°C
they become sharp spots (Fig. 6¢) and remain as such
up to 900°C.

The lines of diffuse intensity between the (100), reflections
also change with heating. In the initial electron diffraction
pattern, shown in Fig. 6a, the streaks of diffuse scattering are
present and have markedly stronger intensity midway be-
tween the cubic reflections. After heating to approximately
500°C, the streaks almost completely disappear while the
middle region retains its intensity, as visible in Fig. 6b and
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FIG. 3. The high-resolution lattice image in [100]. projection. The
arrows indicate weak contrast features in the form of rows of brighter and
darker lines spaced by a, and 10-20 unit cells long (40-80 A) in the thicker
parts of the fragment.

6¢c. After heating to 900°C the intensity of these broad,
diffuse reflections decreases but they remain visible. After
rapid cooling to room temperature, all the diffuse streaking
reappears, as seen in Fig. 6d.

FIG. 4. The high-resolution lattice image in [110]. projection. In
regions labeled A, the contrast corresponds to cubic perovskite, whereas
those labeled B correspond to a lower symmetry perovskite. The latter
domains are approximately 100-200 A in diameter.
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FIG. 5. Dark field image in [110], projection obtained using the
G + % (111> ¥ reflection indicated with an arrow in Fig. 2b. The image
indicates that a superstructure is formed in approximately 200 A domains,
i.e., the regions imaged with bright contrast.

4. DISCUSSION
4.1. Powder Neutron Diffraction

The refinement of the powder neutron diffraction pattern
resulted in highly anisotropic, large thermal displacement
parameters for the oxygen atoms, indicating that the ther-
mal motion is accompanied by rotation of the Ga(Mg)-O
octahedra resulting in the bending of the Ga(Mg)-O-
Ga(Mg) bonds. The average amount of the bending can be
estimated from the thermal displacement parameters of the
oxygen atoms as approximately 0.3 A, which corresponds to
a Ga(Mg)-O-Ga(Mg) angle of ~162.5°. The high aniso-
tropy of the thermal displacement parameters is hardly
surprising considering that most of the weak, broad super-
structure reflections that have been omitted in the refine-
ment could be indexed with rhombohedral or monoclinic
cells where the Ga(Mg)-O octahedra are tilted away from
the cubic positions. One may notice from Fig. 1 that in the
absence of a detectable splitting of the parent cubic reflec-
tions, our low-resolution neutron diffraction data do not
permit distinction between the rhombohedral and mono-
clinic space groups on the basis of the positions of the weak
reflections alone. The origin of the broad reflections, in-
dicated by the longer arrows in Fig. 1, which could not be
indexed with the above cells, is not clear. They might orig-
inate from the regions of the planar ordering of the oxygen
vacancies but more investigation would be necessary to
establish this with more certainty.

From the electron diffraction patterns, Lay gSry,Gag g5
Mg 1505 525, although cubic on average, is composed of



STRUCTURAL STUDIES OF DOPED LANTHANUM GALLATE 207

.010 .111

FIG. 6. Thermal evolution of the [110], zone diffraction pattern. The sharp reflections, indicated with an arrow in Fig. 2, are diffuse in (a) and
(b), indicating that the domains of the octahedral-tilt perovskite phase are initially small. These reflections became sharp after heating to approxim-
ately 700°C and remain sharp both during further heating and after cooling to room temperature (d), suggesting that coarsening of these regions
had occurred. The streaks of diffuse scattering disappear during heating; they are not visible at 650°C, but reappear after cooling to room

temperature.

small, randomly oriented regions. The size of these regions,
visible in the dark field electron images, is about 200 A in
diameter and comparable with the coherent length of scat-
tering of X rays or neutrons, thus causing the substantial
broadening of the weak reflections observed on the powder
neutron diffraction pattern.

4.2. Electron Diffraction and Imaging

Electron diffraction and imaging support the conclusion
of randomly oriented regions with lower than cubic sym-
metry embedded in the cubic matrix. However, unambigu-
ous assignment of the symmetry, and thus the perovskite tilt
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system on the basis of the electron diffraction, is not pos-
sible. We simulated the dynamical selected area electron
diffraction patterns expected for all the perovskite tilt sys-
tems using the coordinates from Woodward (14) and the
EMS package (15). After allowing for the violation of the
extinction conditions caused by the glide planes and screw
axis, which occurs in the dynamical electron diffraction due
to bending of the crystal fragment from the exact zone
orientation, as described by Gjonnes and Moodie (16) and
tabulated by Tanaka et al. (17), we concluded that the
observed selected area diffraction patterns will be identical
with the calculated ones for six space groups, i.e., six tilt
systems: F — 1 (a~ b c¢™ tilt system), I2/a (a"b~b~), R3c
(@ a"a”), I2/m (@®°b~c¢™), Imma (a®b~b"), and I4/mcm
(a°a®c™). Convergent beam diffraction will narrow the
above possibilities when the Gjonnes—Moodie lines in cer-
tain diffraction discs of appropriately oriented diffraction
patterns are observed. More experiments are planned to
systematically study the convergent beam diffraction in
the above systems to establish a frame of reference for
Lagy gSrg.,GaggsMgy.150,.825. With the presently avail-
able information we can only speculate that the small re-
gions of lower symmetry observed in our samples are most
likely to have 12/a or R3c symmetry since those have al-
ready been observed in the system. In what follows we will
refer to the structure of these regions as octahedral-tilt
perovskite.

Due to the strong scattering of the electrons, the weak
streaks between the (100), reflections could be recorded on
the electron diffraction patterns (Fig. 2). Since the streaking
is essentially one-dimensional, the square pattern in Fig. 2a
is produced by superposition of streaking in two perpen-
dicular directions. It cannot be explained by thermal diffuse
scattering, i.e., the excitation of low energy phonon modes of
the perovskite rigid-octahedra framework, as calculated by
Giddy et al. [19], i.e., cannot be associated with rotations of
the octahedra. Instead, the diffuse streaking implies the
existence of correlated sheets of atoms perpendicular to
<{100).. The thermal behavior of the streaking indicates that
it is associated with a fast moving ion such as oxygen in
Lag gSry.,Gag gsMgy.1505 525; planar ordering of the oxy-
gen vacancies is thus the most probable cause of the streak-
ing. The increase in the intensity of the streaking midway
between the cubic reflections indicates that, although the
vacancy planes are spaced randomly, there are sizable regions
in which the distance between them is 2a,. In our study of Sr-
and Mg-doped LaGaOj single crystals, we observed diffuse
and elongated reflections in the same reciprocal space region,
and we attributed them to a structure with tetragonal unit
cell a. x 2a, x a., where a, is the lattice parameter of the cubic
perovskite (20). We proposed structural models of oxygen
vacancy ordering into planes, corresponding to the ob-
served unit cell, and concluded that the most likely arrange-
ment is that of the brownmillerite-like structure with
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vacancy planes spaced by 2a,.. Similar vacancy ordering into
brownmillerite-like domains has also been observed for
other heavily doped perovskites by Adler et al. (1).

4.3. High-Temperature Electron Diffraction

The electron diffraction patterns indicate a complex
microstructure in Lag gSry.,Gag gsMgg 150, 525. Figure 7
illustrates possible changes in microstructure with temper-
ature. At room temperature, the microstructure consists of
small domains of randomly oriented octahedral tilt perov-
skite embedded in a cubic perovskite matrix, as indicated by
the oval shapes in Fig. 7a. Also embedded are small do-
mains, indicated with rectangles, in which the vacancy
planes are ordered and the average distance between them is
2a.. The structure of these regions is likely to be brownmil-
lerite-like. In the cubic matrix, between the octahedral-tilt
perovskite and brownmillerite-like domains, there are also
randomly spaced planar clusters of oxygen vacancies
(labeled disordered vacancy planes), which are, at most, only
several nanometers in diameter. Both the ordered and dis-
ordered oxygen vacancy planes are parallel to any of the
three {100}, planes, thus forming a twinned microstructure.
The randomly spaced planar vacancy clusters are stable up to
approximately 500°C, above which they disorder completely
into the cubic matrix, as shown in Fig. 7b. The brownmillerite-
like domains are more stable upon heating, decreasing in
number and/or in size, but persisting even at 900°C (Fig. 7c).
The difference between the brownmillerite-like domains and
the planar clusters lies in the degree of order in the separation
distance between the oxygen vacancy planes. In the former,
the planes are spaced on average by 2a, while their spacing
is random in the latter, making the disordered clusters
apparently less stable than the more ordered domains. The
reappearance of streaking after rapid cooling from 900°C to
room temperature, shown in Fig. 7d, strongly supports the
notion that the superstructure is formed by rapid ordering
of a highly mobile ion, such as oxygen, into planes.

The order—disorder transition, i.e., formation and disap-
pearance of the planar vacancy clusters and the gradual
disordering of the brownmillerite-like regions, correlates
well with the decrease in the conduction activation energy
observed above 500°C (4, 7). It had already been postulated
by Feng and Goodenough (4) that the change of the activa-
tion energy could be caused by an order—disorder transition
of a short-range oxygen vacancy clustering. The present
high-temperature electron diffraction study provides further
evidence for such a transition.

Unlike the regions with planar oxygen vacancy ordering,
the octahedral-tilt perovskite regions, once formed in large
enough domains to result in sharp reflections, near 700°C as
seen in Fig. 7c, do not disorder nor detectably decrease in
size upon heating and can be readily quenched to room
temperature. Consequently, we anticipate that these regions
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FIG. 7. Changes in the microstructure of Lag gSry,GagssMgo 15
0O, 525 during heating.

play a small role in the decrease of the conduction activa-
tion energy at high temperatures. The formation, symmetry,
and size of these noncubic regions may be quite sensitive
to local variations in composition since the monoclinic
symmetry has been reported for a composition close to
Lag gSrg.,Gag gsMgo. 150,32 (9). However, we anticipate
that the lowering of symmetry from cubic to rhombohedral,
monoclinic, or other by means of octahedral tilt, as opposed
to the cooperative ordering of oxygen vacancies, should not
affect the change in the conduction activation energy in an
equally profound manner.

5. CONCLUSIONS

Electron diffraction at ambient and elevated temper-
atures was used to show that the microstructure of
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Lay gSry.,Gag gsMgy 1505 825 has lower local symmetry
than the average cubic found by neutron or X-ray diffrac-
tion. Two types of local microstructures are present. The
first originates from the typical perovskite cooperative tilt-
ing of Ga(Mg)-O octahedra and is formed at high temper-
atures but remains stable on quenching. The second, related
to ordering of the oxygen vacancies into planes, can be
destroyed by heating and rapidly restored after cooling, and
correlates with the decrease in the conduction activation
energy.
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