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Ordered La(Sr)-Deficient Nonstoichiometry in LaggSr,;MnO;
Observed by High-Resolution Transmission Electron Microscopy
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High-resolution transmission electron microscopy (HREM)
was used to identify a La(Sr)-deficient ordered nonstoichiome-
try in perovskite-like La, 3Sr, ,MnO; which is used in solid oxide
fuel cell technology. Experimental 400 kV HREM images were
recorded in the crystal projections (112} and (110} with the
objective lens defocused (o Af = —40 nm and Af = —185 nm.
They show very good agreement with simulated images which
are based on an ideal perovskite structure with 12.5 = 5% of
the La(Sr) atoms being deficient on every second {111} plane.
The actual rhombohedral distortion of Lay5r,,MnQ, alone,
as determined by X-ray diffraction, is not responsible for the
observed HREM image contrasts. In addition, possible ordering
of the strontium atoms could be excluded with the help of
image simulations. @ 1995 Academic Press, Inc.

1. INTRODUCTION

Lanthanum strontium manganate with its pseudocubic
perovskite structure has interesting magnetic and elec-
tronic properties (1). In particular La,sSr,>MnO; may be
used as an electrode in high-temperature solid oxide fuel
cells (SOFC) (2-4), Lanthanum manganate is well known
for its oxygen nonstoichiometry arising under oxidative
conditions which leads to interstitial oxygen (LaMnOs,,).
Charge compensation is achieved via oxidation of the Mn
ions while a stoichiometric Mn-cation and O-anion sublat-
tice results from the formation of both a second phase
(La,0;) and La vacancies to form La;_,MnQ; (5). In this
work the LajgSt;:MnQ; samples are calcined at 1200°C
by mixing La,O;, SrC0O;, and MnO, powders. These pow-
ders are mixed with an organic system and screen printed
and sintered onto an 8% Yttria-stabilized ZrQ, (8YSZ)
substrate at 1300°C for 5 hr in air, The thin Lag Sry,MnO,
layers serve as cathodes on the 8YSZ-electrolyte for SOFC
cell applications. During SOFC cell operation at 950°C the
cathode s exposed to oxygen. Irrespective of whether the
material is only calcined or additionally sintered onto the
8YSZ, substrate or is further used in an operating SOFC
cell, the Lag 81, 2Mn(; grains show a superstructure which
manifests itself in 1/2{111} electron diffraction spots and
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in the high-resolution transmission electron microscopy
(HREM) image contrast of both (112) and {110} projections
(because of simplicity cubic indices are used although the
crystal structure is rhombohedral). In a recent paper the
HREM image contrast of particular planar La{Sr)-vacancy
defects on {100} planes of such LagsSro,MnO; grains was
described (6). Since the publication of that work it was
found that these planar defects appear only after the SOFC
cell was operated. In this paper attention is given to the
superstructure observed in the HREM images. Compari-
sons of experimental and simulated images explain the
contrast to be due to an ordered La(Sr)-deficient nonstoi-
chiometry of LaggSrgMnOs.

2. EXPERIMENTAL

The solid solution LaggSr,;MnO; samples were produced
according to the conventional mixed oxide method, ie.,
by a solid state reaction between oxides (La,O5;, MnO,)
and, in the case of strontium, the carbonate. After a sepa-
rate milling process of La,O;, desired ratios of all raw
materials were weighed in and homogenized together in
a ball mill. A calcination step followed at 1200°C in air
with a holding time of 10 hr in an aluminumoxide crucible.
For the production of cathode layers on the 8YSZ electro-
lyte substrate, these powders were mixed with an organic
binder system (60 wt% of powder) and screen printed onto
the substrate. The cathode layer was sintered onto the
substrate at 1300°C/S hr in air. For electrical SOFC mea-
surements, the cathode was operated at 950°C under O,
(dynamic flow) at current densities up to 1 Afcm? and cell
voltages between 1.2 and 0.7 V (7).

HREM was carried out in a JEOL 4000EX microscope
operated at 400 kV. The EMS programs of Stadelmann
(R) were used to calculate high-resolution multislice images
with the following microscope parameters: spherical aber-
ration constant Cy = 1 mm, defocus spread A = 13 nm,
semi-convergence angle o = 0.9 mrad, and objective lens
aperture diameter 20 nm~ . TEM specimens were prepared
by mechanical grinding and conventional Ar-ion beam
thinning with 3 kV, 10° incidence angle, and liquid nitrogen
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cooling. The objective lens defoci at which the experimen-
tal HREM images were recorded were determined from
the image of the thin amorphous edge of the specimen
either by using optical diffraction patterns () or fast-Fou-
rier transformations of the digitized image (10). From such
a reciprocal image the zeres of the contract transfer func-
tion and thus the objective lens defocus at which the
HREM image was recorded may be deduced (9). In partic-
ular, large defoci were estimated before taking a photo-
graph by counting the number of calibrated objective lens
focus steps when starting from a known reference value.
This reference value is the defocus value where the amor-
phized edge of the specimen appears with minimum con-
trast. For the given TEM this is Af = —20 nm.

3. STRUCTURAL CONSIDERATIONS
3.1. The Structure of Lanthanum Strontium Manganate

LaggSrgoaMnQ; is trigonal (R-3¢, spacegroup 167) at
room temperature and may be described with a pseudocu-
bic cell @ = 0.387 nm, « = 89.55° as determined with X-
ray powder diffraction (11, 12).

The following structure is obtained for LaMnQOs; ); under
an oxidizing ambient (5): on the basis of X-ray diffraction
analysis it was indexed with a primitive rhombchedral cell
having the unit cell parameters . = 0.5471 and @, = 60.66°,
The angle «, = 60° corresponds to an ideal undistorted
perovskite structure. The analyzed structure can be envis-
aged as consisting of eight distorted perovskite unit cells
yielding a pseudocubic unit cell with a doubled perovskite
lattice parameter a = {.7776 nm, The distortion occurs
from the rotation of the BOy octahedra around a cubic
(111} axis which causes neighboring octahedra to rotate in
opposite directions. Thus a distorted perovskite cell with
a doubled perovskite lattice parameter ¢ = 0.7776 nm is
produced. Atom positions were determined by neut-
ron diffraction and the best agreement was obtained
with spacegroup R-3¢ for cation-understoichiometric
Lag 94Mt 050500 which forms from LaMnQ; ;, by the reac-
tion (5)

LaMnQ, , — 0.02 La;(O; + LaggeMnOs o6
(LagpsMnO30 = Lag g.Mng.esOs 0)

[t

If lanthanum is substituted by strontium in the range
0 = x = 045, then the rhombohedral angle «, and the
hexagonal lattice parameter ap, respectively, decrease with
increasing strontium content x (12). This indicates that an
increasing St content reduces the distortion of the ideal
perovskite structure. La;_,Sr,MnQ; exhibits a phase tran-
sition from rhombaohedral to cubic at the transition temper-
ature Te which depends on the Sr content x. This was
verified by high temperature X-ray diffraction (11): For
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x = 0.2 the transition temperature is Tz = 1235°C, whereas
for x = 0.5 the transition temperature is much lower:
Te = 180°C.

In this work the HREM contrast of thin specimens of
Lag ¢St oMnQO; is described with the ABO; perovskite
structure (space group 221) ¢ = 0.386 nm because the
HREM images are assumed to be not sensitive enough in
first order to the lattice distortions of the perovskite cell.
For comparison also the rhombohedral structure deter-
mined by Tofield and Scott (5) for lanthanum manganate
will be considered which shows the largest distortion from
the ideal perovskite structure,

3.2. TEM Diffraction Patterns

The TEM diffraction patterns in Figs. 1a—1c are cubically
indexed and show [-101], [-1-12], and [0-11] poles of the
same grain. In both (112) and (110) poles additional
1/2{111} diffraction spots, their odd multiples, and vectori-
ally added spots 1/2{111} + n{100}, 1/2{111} + n{011} ap-
pear. In the ideal perovskite structure they are kinemati-
cally forbidden in both types of poles. In the rhombohedral
structure {R-3c, atom positions from (5)) these diffraction
spots are also kinematically forbidden in those poles which
correspond 10 the cubic (110} poles. However, in the thom-
bohedral poles corresponding to the cubic (112} pole only
the diffraction spots corresponding to the cubic diffraction
spots (2n -+ 1)/2{111} are kinematically forbidden. The
appearance of these spots in the thombohedral (112) poles
may be explained by Umweganregung. It will be shown
later that all of these diffraction spots may be explained
by a structural model which takes into account the ordering
of La(Sr)-deficient atom positions. As mentioned in the
introduction these additional 1/2{111} may be observed in
the calcinated or sintered grains, as well as in those grains
which were operated in a SOFC cell.

3.3. Stoichiometric LaggSro,MnQOs with the Ideal
Perovskite Structure

Figure 2a shows the structure of LaygSro,Mn(O; in the
{110) projection. In the in-plane {100) direction La(Sr)/O
and Mn/O planes alternate. The La(Sr)/O plane consists
of atom columns each of which is alternately occupied by
La(Sr) and O atoms. The sequence of La{Sr) and O atoms
in adjacent atom columns is displaced by half a period. In
the Mn/O plane pure Mn and O columns lie next to each
other. Various spacings of lattice planes are indicated in
the figure. The HREM work in (6) has shown that the
La(Sr)/O columns appear as dark dots while the tunnel
regions between reveal a characteristic bright dumb-bell
contrast for TEM specimen thicknesses ¢ = 3 nm and objec-
tive lens defoci —45 nm = Af = —35 nm (for the same
microscope as used in this work).

The (112} projection is displayed in Fig. 2b. In the in-
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FIG. 1.
60° (cubic indices). (a} [-101], (b) [-1-12], (c) [D-11] poles.

plane (111} direction La{Sr)/Q and Mn planes alternate.
The spacing between two La(Sr)/O or two Mn pianes cor-
responds to the {111} lattice spacing. The La{Sr}/O plane
consists of mixed La(Sr)/O and pure O columns whereas
the Mn plane is made up of Mn columns enly. The experi-
mental HREM contrast will be discussed below.

3.4. Nonstoichiometric (LagsSro,2),MnO; with an
Ordered La(Sr)-Deficient Sublattice in the
Perovskite Structure

A structural model has been conceived which assumes
on all four equivalent {111} planes of the perovskite struc-
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FIG. 2. Structural models of stoichiometric Lag Sty 2MnO5 with the
ideal perovskite structure in the (a) (110} and {b) (112} projections; Non-
stoichiometric (Lag s81y,), MG, with the La(Sr}-deficicnt atom positions
ordered on every second {111} plane in the (¢) {110) and {(d}) (112} projec-
tions. { Alom positions: large circles, La(Sr) with occupancy y = 1; medium
circles, La(Sr) with occupancy (2y — 1); smal! circles, Mn; very small
circles, O.)

Electron diffraction patterns of one LagSt-Mn(Q, grain. The three poles were obtained by tilting the grain around a {111) axis over

ture a deficiency in the occupancy (2y — 1) of the La(Sr)
positions on every second {111} plane. The perovskite unit
cell parameter is thus doubled (¢ = 0.772 nm) and the
chemical formula is (La,sSry2),MnQO3. Each La(8r) posi-
tion with occupancy 1 is surrounded by six next La(Sr)
positions having an occupancy of (2y — 1).

The {110) projection of (LaggSr,2),MnO; in Fig. 2c dis-
plays a superstructure on both {111} planes (every second
{111} plane has a lower La(Sr) occupancy). In the in-plane
(100) direction this causes alternating La(Sr);/O and
La(Sr)y-1)/O columns within the La(Sr)/O planes. There-
fore, this projection should yield a contrast difference at
these positions in the HREM images.

The (112) projection of (LaysSry2),Mn0O; in Fig. 2d ex-
hibits alternating La(8r};/O and La(Sr)p,-;/O planes
which should also become distinguishable in the HREM
image.

4. HIGH-RESOLUTION TEM
4.1. The (112) Projection

Figure 3 displays simulated images of (LagsSty,),MnO;
in the stoichiometry range 0.75 = y = 1 calculated for
specimen thicknesses 1 = f = 9 nm at an objective defocus
Af = —40 nm. In stoichiometric material ( ¥ = 1) the high-
resolution contrast exhibits the following features for 1 =
7 nm: the horizontal rows of black dats correspond to the
{111} planes occupied by La(Sr}/O and O columns with
the La(Sr}/O columns at the center of the black dots.
The Mn columns lie in the horizontal rows of bright dots,
centered between adjacent bright dots. This contrast be-
havior is stable in the range —350 = Af = —30 nm as verified
by simulations. When inspecting Fig. 3 it becomes apparent
that every second horizontal row of black dots becomes
brighter for decreasing values of y. This is in particular
true for r = 5 nm. Figure 4 shows an experimental {112}
HREM image recorded at Af = —40 nm (The optical
diffraction pattern was recorded from the amorphous rim
of the specimen). In every second horizontal row there is
increased intensity at the position of the black dots. The
upper inset shows the projected structure ( y = 1) and thus
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1 rojecta images of {(LaggSrys n}; calculated for (175 < y = 1, specimen thicknesses 1 = ¢ = 9 nm, an = —4{ nm.
{112} proj d HREM imag f Sroa),MnG; calculated for 175 < y = 1, speci hicks 9 d A 40

FIG. 3.

—40 nm. The tnset in the lower middle part of the figure shows

a simulated image (y = 0.875, r = 3 am). The inset in the top right corner displays the correlation between projected atom positions and image
contrast (compare with Fig. 2b). The inset in the bottom left corner is the optical diffractogram obtained from the thin amorphous edge of the

specimen and was used to determine the objective lens defocus.

HREM image of LaygSry:MnO; recorded at Af

)

FIG. 4. Experimental (112
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Calculated (112) HREM images of (Lags31¢2),MnQ; with {a and b) the idel perovskite structure and {c-h) the rhombohedrally distorted

structure for Af = —40 nm, y = 0.875 and y = 1 in the thickness range 1 = t = 9 nm. {(a, b) (112); (c, d) (01.0}; (e, ) {10.2); and (g, h) {21.1) projections.

the correlation between the atom positions and the image
contrast. The lower inset is a simulated image from the
table in Fig. 3 which shows the best fit to the experimental
image. This suggests a La(Sr) deficiency of 12.5% (y =
0.875).

In order to make sure that the observed HREM contrast
is not simply due to the rhombohedral distortion of the
perovskite structure, image simulations were carried out
for the rhombohedral structure using the atom positions
given in Ref. (5). Figure 5 compares simulated images
of the perovskite (112) projection with the corresponding
three nonequivalent rhombohedral projections (hexagonal
Miller—Bravais indices} for the parameters 1 = ¢t = 5 nm,
Af = -40 nm, and y = 0.8745 and 1. Though the shape
of the bright dots, particularly for the (10.1);, projection in
Figs, S5c and 3d, is slightly different from the ideal structure
(Figs. 5a and 5b), the black dots in every second horizontal
row become less intense for y = 0.875 in all cases, There-
fore, it is ruled out that the distorted perovskite structure
is responsible for the observed HREM contrast in Fig. 4.

4.2. The (110} Projection

A detailed description of the HREM image contrast in
(110} projection for y = 1 and Af = —40 nm was given in
Ref. (6). A defocus of — 40 = 10 nm was suitable to identify
defects on {100} planes as La(Sr)-vacancy precipitates.
Though 1/2{111} diffraction spots were observed in the
diffraction patterns of the (110) pole, the image contrast
for Af = —40 nm did not reveal pronounced features which
could be attributed to an ordered La(Sr) deficiency. Hence,
imaging conditions were sought showing a strong contrast

of the 1/2{111} periodicities. Figure 6 shows an experimen-
tal  high-resolution image, recorded close to
Af= —185 nm (the optical diffraction pattern was recorded
from the amorphous rim of the specimen to determine
the defocus), where the 1/2{111} periodicities are strongly
pronounced. The insets are calculated images of the non-
stoichiometric material (y = 0.875) with the ideal perov-
skite structure for the thicknesses + = 3, 5, and 10 nm.
Figures 7a and 7b compare simulated images in the (110
projection with the ideal perovskite structure for y = 1
and y = 0.875 at a defocus Af = —185 nm, and in the
thickness range 1 = ¢ = 10 nm. The 1/2{111} periodicities
are only present in the images calculated for the ordered
La(Sr)-deficient nonstoichiometric material (v = 0.875) at
¢t = 5 nm. Image simulations revealed that this contrast is
stable in the focus range —190 = Af = —180 nm. The
stoichiometric model, however, cannot explain the contrast
observed experimentally in Fig. 6. The large black dots in
the images of Fig. 7b at + = 10 nm correspond to the
La(Sr)/O columns with La(Sr} deficiencies. The calcula-
tions carried out for the equivalent rhombohedral projec-
tions (2-1.0) and {0-1.1} are displayed in Figs. 7c-7f. Distinct
1/2{111} periodicities are only visible for y = 0.875 and
the contrast patterns resemble those calculated for the
ideal perovskite structure with y = 0.875, However, similar
images appear at slightly different specimen thicknesses.

5. DISCUSSION

The structural model of (LapsSto2),MnO; with the
La(Sr)-deficient positions ordered on every second {111}
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FIG. 6. Experimental {110y HREM image of LaggSro2MnQ; recorded at Af = —185 nm. The insets (a—c) are the best fit of simulated images
for the ideal perovskite structure (y = 0.875, t = (a) 3, (b} §, (c) 10 nm). The inset in the top right corner is a fast-Fourier transformed image
obtained from the thin amorphous edge of the specimen and was used to determine the objective lens defocus.

y=0.875

=1

y=0.875

FIG. 7. Calculated HREM images for Af = —185 nm in the thickness range | = ¢ = 10 nm. Ideal Perovskite structure in the {110} projection
with La{Sr) accupation (a) ¥y = 1 and (b} y = 0.875; thombohedrally distorted structure in the 2-1.0) projection with La(Sr} occupation (¢} v = 1
and (d) y = 0.875; in the {0-1.1) projection with La{Sr) occupation (e} y = 1 and (f) = 0.875,
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plane explains the observed HREM image contrasts in
both (112) and {110) projections. The intensities in the
experimental images were qualitatively compared with
those in the simulated images of the structural model given
in Section 3.4 for various occupations y. A La(Sr) defi-
ciency of 12.5 = 5% (y = 0.875 = 0.05) was deduced
from the images by this comparison. Extensive simulations
which took into account the rhombohedrally distorted per-
ovskite lattice revealed that the observed 1/2{111} super-
structure visible in the HREM images is not due to this
structural distortion. Thus, it is sufficient to describe the
experimental HREM images with the help of a model with
cubic structure in this first approach, although the structure
will be rhombohedrally distorted (11, 12), Also, the case
for an ordering of the Sr atoms was considered: in this
case the {111} planes were successively occupied by pure
1.a/O and LagsSrg4/O planes. Contrast changes were ob-
served neither in the {112} nor in the (110) projection.

The identification of the ordered La(Sr)-deficient non-
stoichiometry of LaggS1ry,MnQ; for a particular condition
of sintering is important in order to understand the chemi-
cal reactivity of this material. Although the composition
of the calcined powder is stoichiometric as proven by chem-
ical analysis (inductively coupled plasma-mass spectros-
copy) the described calcination procedure produces a su-
perstructure in LaggSto:MnQO; resulting from an ordered
La(Sr)-deficient nonstoichiometry which is still present
after sintering and/or operation of the SOFC cell. There-
fore, a second phase is expected to form according to the
reaction in Eq. [1]. Such a phase (La,Zr,O;) is indeed
found in cross sections by, e.g., scanning electron micros-
copy (13). It has been mentioned in the Introduction that
the planar La(Sr)-vacancy defects on the {100} planes re-
ported earlier (6) are only observed after operating the
SOFC cell. Obviously both the high operation temperature
of the SOFC cell at 950°C and the electron current through
the material lead to a further depletion of the La(Sr) con-
tent in the material by the additional formation of these
planar defects. From the defect density a reduction of the
La(Sr) content by approximately 1% is estimated (6). This
amount of lanthanum is assumed to diffuse into and react
with the electrolyte.

6. CONCLUSION

A superstructure with 1/2{111} spacings was observed
in the contrast of {112} and (110) HREM images of Lagg
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Sry>MnQO-., Simulated HREM images based on a model
with cubic structure may explain the HREM contrast to
originate from an ordered La(Sr) deficiency on every sec-
ond {111} plane on each set of {111} lattice planes. Although
the structure is trigonal as determined by X-ray diffraction
(5, 11, 12) it may be derived from a cubic structure by a
rhombohedral distortion. This deviation from the cubic
structure alone, however, may not explain the observed
HREM image contrast. Also an ordering of the La and
Sr atoms may be excluded. HREM image simulations of
(LaysSry2),MnO; with different deficiencies and compari-
son with the experimental images yield y = 0.875 = 0.05.
The finding of this cation nonstoichiometry is important
for the understanding of the material reactions between
lanthanum strontium manganate and zirconium oxide in
solid oxide fuel cell technology.
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