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Defects on (100) planes of La, ;Sr, ,MnO;, approximately 25 nm
in size, were investigated by high-resolution transmission electron
microscopy (HREM). A systematic comparison of experimental
{100} and {110) HREM images of the defects with calculated images
for defect models with vacant La/Sr or Mn atom columns was
carried out. It turned out that the defects consist of pure La/Sr
vacancy defects, one atomic layer thick, with zero cation occu-
pancy, Due to the high density of defects the concentration of La/
Sr vacancies corresponds to approximately 1 at% La/Sr. Under
the chosen imaging conditions (110) HREM images are sensitive
to defects with 75% La/Sr occupancy.  © 1995 Academic Press, Inc.

1. INTRODUCTION

Sr-doped lanthanum manganites La,  Sr,Mn0O; (0.1 =
x = 0.4) have a pseudocubic perovskite structure and
show several interesting physical properties. The partial
substitution of La*" by divalent Sr?" leads to the presence
of 3- and 4-valent Mn ions due to charge compensation.
Neighboring Mn’* and Mn** ions cause charge-transport
and spontaneous magnetization via a double-exchange
mechanism (1). This causes a magnetoresistance effect
over the temperature range where ferromagnetism occurs
(Curie temperature =60°C). Lay 3Sr,,Mn0; reveals also
electronic semiconducting properties which makes it a
good candidate as an air electrade for high-temperature
oxide fuel cells (2-4). Oxidative nonstoichiometry is par-
ticularly well known in orthorhombic perovskite-related
LaMnQ,,; which leads to interstitial oxygen {5). Charge
compensation is obtained via oxidation of the Mn ions,
A stoichiometric Mn cation and O anion sublattice is ob-
tained in this material by the formation of a second phase,
i.e., La,0,, and the formation of La vacancies to yield
La,_ MnO, (5).

The objective of this paperis to study the image contrast
of planar nanometer-size vacancy defects in Lag Sty ,2MnO;
grains by high-resolution transmission electron microscopy
(HREM). Since the physical properties in perovskite and
perovskite-related materials are strongly influenced by cat-
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ion and anion vacancies the microstructural characterization
of vacancy defects is important for material technology de-
velopment (6). A systematic comparison of experimental
and calculated HREM images is described and specific
HREM imaging conditions are given which can be used for
La/Sr vacancy defect analysis in LagSry,MnO; in the
future.

2. EXPERIMENTAL

A sample of La ;Sr,,MnO, was synthesized by mixing
La,0,, SrCO;, and Mn0, powders and a first solid-state
reaction step at 1200°C. The pressed powders were sint-
ered in air to dense pellets at 1300°C (7).

The crystal structure of Lag ;Sr, ,MnQO; at room temper-
ature is trigonal (R-3¢, space group 167) and may be de-
scribed at room temperature with a pseudocubic cell
a = 0.387 nm, o = 89.55° as determined with a high-
temperature powder diffractometer (8, 9). In this work it
is described by a cubic unit cell with a = 0.386 nm (perov-
skite space group 221). All indices in this work correspond
to the cubic cell.

A JEOL 200CX transmission electron microscope
(TEM) was used for conventional bright-field imaging
whereas HREM images were recorded in a JEOL 4000EX
microscope at 400 kV (having a spherical aberration con-
stant Cy = | mm vyielding a point-to-peint resolution of
0.175 nm). High-resolution multislice simulations were
carried out with the EMS programs of Stadelmann (1)
using the following microscope parameters: acceleration
voltage 400 kV, spherical aberration constant Cg = 1 mm,
defocus spread A = 13 nm, and semiconvergence angle
a = 0.9 mrad, objective lens aperture diameter 20 nm™7.
Optical diffractograms were recorded from the negatives
of the amorphous rim of the TEM specimen. The objective
lens defocus of the experimental images was then deter-
mined from the optical diffractograms by using the method
described by Thon (11). TEM specimen preparation was
carried out by mechanical grinding and conventional Ar
ion beam thinning. Ion beam thinning was carried out
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FIG. 1. (100) aligned bright-field image of a Lay;Sr,,MnO, grain
with planar defects on {100} planes.

with a shallow incidence angle (10°), low voltage (3 kV),
and at liquid nitrogen temperature. No ion-beam-induced
damage was observed. La, ;Sr; ;MnQ, grains which were
produced differently than mentioned above did not reveal
the defects described above. Hence, the observed La/
Sr defects were found to be inherent in the investigated
Lag ¢Sry ,MnO; matertal and not a preparation artifact.

3. RESULTS

3.1. Conventional TEM Imaging

Bright-field images of LaggSry,MnQO; (LSM) grains,
which were sintered as described above, reveal fine dark
lines when the electron beam is oriented parallel to a (100)
axis. These lines are approximately 25 nm long, running
in perpendicular (100) directions (Fig. 1), Such a contrast
is typical for a planar defect with its habit plane oriented
parallel to the electron beam. When the grains are tilted
off the (100) zone axis so that the habit planes of the
defects lie oblique to the electron beam no fringe contrast
is observed. Fringe contrast would be typical for, e.g., a
stacking fault, or stem from Moiré fringes due to the
overlapping different lattices of a platelike precipitate and
the matrix. Since the I.SM grains in the ceramic body
have no preferred orientation and several grains were
studied, it is concluded that the observed defects lie on
all three equivalent {100} planes. The {(100)-oriented
bright-field images in Figs. 2a and 2b show the same defect
recorded with the objective lens over- and underfocused,
respectively. The defect appears with bright and dark
Fresnel fringes which reverse contrast when changing
from over- to underfocus. This behavior makes it possible
to study the mean atomic potential of the interior of the
defect. As can be derived from the bright/dark/bright
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fringes in the overfocused image (Fig, 2a) and the dark/
bright/dark fringes in the underfocused image (Fig. 2b),
the defect must have a lower density and/or a lower
atomic number than the surrounding LSM matrix. In or-
der to study the nature of the defects more closely they
were imaged under high resolution.

3.2. {100y HREM Imaging

In the {100) zone axis the metal atoms are viewed as
separaie columns of A cations (La/Sr) and B cations (Mn).
Two-thirds of the oxygen atoms form two pure oxygen
columns lying in-between the A cation columns while the
other third lies within the B cation column alternating
with the Mn atoms. A—A cation distances correspond to
{100} lattice plane spacings of 0.386 nm while A—B cation
distances correspond to {110} lattice plane spacings of
0.2729 nm. The thinnest specimen regions, i.e., at the
edge of a TEM sample, were chosen to image the defects
since there the HREM contrast arising at Scherzer focus
(Af = —49 nm) can be interpreted directly with help of
the projected potential, i.e., cation columns appear as
dark dots and tunnels in the crystal structure are imaged
as bright dots. The oxygen atoms are usually neglected as
weak scatterers, but their influence on the HREM contrast
depends strongly on specimen thickness, i.e., on dynami-
cal effects. Figure 3 displays simulated images calculated
by the multislice method (slice thickness 0.0965 nm, sam-
pling 128 x 128) for the thickness range 1.2 =7 < 5.8
nm, and the defocus range —50 = Af = —15 nm. In the
right part of Fig. 3 the (100} projected crystal structure
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FIG. 2. (100} aligned bright-field tmages of the same defect on a
{100} plane (a} giving rise to bright/dark/pright Fresnel fringes at overfo-
cus, and (b) to dark/bright/dark fringes at underfocus.
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Calculated {100) HREM images of the perfect crystal for various defoci Af and specimen thicknesses ¢. The unit cell of the (100}

projected Lay ¢Sry ;MnO; structure can be seen to the right of the simulated images. Large atoms, La and Sr; medivm atoms, Mn; and small

atoms, O.

is shown with the positions of the atomic columns corre-
sponding to those used in the simulations. Close at
Scherzer focus (Af = —50 nm) and for a thickness of r =
1.2 nm both cation columns are visible as black dots and
tunnels as bright dots. However, the cation columns with
the heavy La(Z = 57) and 8r{Z = 38} atoms do not appear
as black dots larger than those of the cation columns with
the light Mn (Z = 25) atoms. At thicknesses larger than
t = 1.2 nm the images cannot be interpreted in terms of
the projected potential at all. In the defocus range

—30 = Af = —15 nm the cation columns are also imaged
dark and the tunnels bright but for a larger thickness range
1.2 = t = 3.5 nm. In this defocus range, only at t = 1.2
nm does the La/Sr columns give rise to dark dots more
pronounced than those of the Mn columns. At¢ = 2.3 nm
the dark dots of both cation columns are indiscernible,
whereas at + = 3.5 nm the dark dots of the Mn columns
are clearly more pronounced.

The reason why images recorded at about Af = 20 nm
yield a contrast which agrees better with the projected
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FIG. 4. Amplitudes of the main beams contributing to the (100}
HREM image as a function of specimen thickness.

potential than that of images recorded at about Af = 45 nm
may be understood qualitatively as follows. The structure
factor of the (100) reflection contains the difference of the
atomic scattering amplitudes of the A and B cations in
the perovskite structure, whereas the sum of both enters
into the structure factor of the (110) reflection. Hence, a
strong contribution of the {100} beams to the image will
enhance differences between A and B columns. In Fig, 4
the amplitudes of the transmitted and the main diffracted
beams are plotted versus thickness. For the specimen
thicknesses under consideration, the amplitude of the
(100) beam is 5-10 times smaller than the amplitude of
the (110) or (200) beams. In Fig. 5 the contrast transfer
functions are shown for Af = —20 and —-45 nm with the
reciprocal spacings of the corresponding diffracted beams
indicated, Contributions to the image contrast come from
the (100}, (110), and (200) beams. At a defocus of Af =
—45 nm the (110) beam mainly dominates since the ampli-
tude of the (10Q) beam is so weak. This explains why the
cation columns at Af = —45 nm and ¢ = 1.2 nm (Fig,.
3) show the same contrast. At about Af = —20 nm the
contributions of the {(110) and (200) beams are attenuated
and the La/Sr columns show slightly more pronounced
dark dots for r = 1.2 nm. For ¢t = 3.5 nm the dark dots
corresponding to the Mn columns appear more clearly.

(100)(110) (200210}
-45 nm

-5 -20 nm [nm-1]

01t 2 3 4 5 86 7 &8 9 10

FIG. 5. Contrast transfer function for the defoci Af = —45 and —20
nm. The reciprocal spacings corresponding 1o the main diffracted beams
are indicated (400 kV, Cg = 1 mm, A = 13 nm, « = 0.9 mrad).
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This is because the amplitudes of the (100) beams increase
and those of the {110) beams decrease at this thickness,

Figure 6 shows a (100) HREM image of the thin edge
of an LSM grain at low magnification. The inserted optical
diffractogram obtained from the amorphous edge of the
specimen reveals that the image was recorded at Af =
—20 = 5 nm. One defect denoted by A lies at the edge,
whereas the other denoted by B lies in a slightly thicker
specimen region. As the defects have a mean diameter of
about 25 nm and the specimen thickness is =5 nm (as
shown from image matching below) it is very probable
that the defects extend compietely throughout the thin
TEM specimen. Both defects A and B may be recognized
by a fine bright line running in a {100) direction. The bright
line is more intense in case of defect B lying in the thicker
specimen region. A higher magnification of defect B {Fig.
7a) shows that the cation columns cannot be distinguished
by the dark dots. The contrast of the perfect crystal region
corresponds perfectly to that in the simulations for
=25 = Af = —15 nm at a thickness of r = 3.5 nm in Fig.
3. In both images the fine bright line arises from a strongly
increased intensity at the positions of one particular type
of cation column. When interpreting the contrast on the
basts of the projected potential the bright dots at the posi-
tion of a cation column can be understood by a decreased
concentration of cations in this particular atomic column.
In the image of defect B (Fig. 7a) the Mn cation columns
should be discernible from the La/Sr columns in the per-
fect crystal parts on both sides of the defect. This, how-
ever, is hardly possible in the higher magnified image (Fig.
7a). In the lower magnified image (at the arrow in Fig. 6)
it becomes apparent from the contrast that the bright
cation columns in the defect must correspond to La/Sr
columns. Multislice simulations (slice thickness 0.386 nm,
sampling 256 X 64) of supercels for & defect consisting
of one complete atomic layer of La/Sr or Mn vacancies,
respectively, were carried out. The best matched image
for a La/Sr vacancy defect to the experimental image of
defect B is given in Fig. 7b while the simulated image of
a Mn vacancy defect is shown in Fig. 7¢ for comparison.
From these results the observed defects on {100} planes
must be envisaged as one-atomic-layer-thick precipitates
of L.a/Sr vacancies. To corroborate the result the defects
were also investigated in (110) projection.

3.3. {110y HREM Imaging

Also in {110) projection La/Sr and Mn cations occupy
separate columns. Minimum distances of the same or dif-
ferent cation columns correspond to (1 10) and (200) lattice
plane spacings, respectively. In the two-dimensional pro-
jection the (200) planes consist of alternating layers of
La/Sr or Mn cations. This results in an ABAB stacking
in the (100} direction with the cations on top of each other.
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FIG. 6.

(100) HREM image of the TEM specimen edge with two defects A and B on {100} planes. The defects exhibit a characteristic bright

line which is one atomic layer thick, The inserted optical diffractogram was obtained from the amorphous specimen edge and indicates a defocus

Af = —20 £ 5 nm.

One-third of the oxygen atoms are positioned in the
La/Sr columns while the other oxygen atoms lie in two
columns in-between the Mn columns. The projected crys-
tal is shown in Fig. 8 together with simulated images for
—50 = Af= =20 nm and 1.1 = ¢ = 7.6 nm. For the
calculated images a supercell (slice thickness (.5459 nm,
sampling 256 X 128) was chosen which contains a planar
defect on a (100) plane. A complete atomic layer of La/
Sr cations was removed (see double arrows in Fig. 8).
The oxygen atoms remained in this specific layer. In
the perfect crystal structure, only the positions of the
La/Sr columns give rise to pronounced dark dots for
—45 = Af = -35 nm and 1.1 = ¢ = 2.7 nm. The plane
containing the Mn and O columns appears as a uniform
line with slightly brighter contrast than the dark dots. The
tunnels between the La/Sr columns can be recognized by
a characteristic bright dumbbel] contrast at —50 = Af =
—40 nm and 1.1 = ¢ = 2.7 nm. With increasing thickness

this dumbbell contrast changes into broad bright contrast
bands and the dark dots of the La/Sr columns vanish,
while the plane with Mn columns form dark contrast
bands. In Fig. 8 it is interesting to note that the intensity
only slightly increases at the positions of the La/Sr col-
umns in the defective layer for —50 = Af = ~40 nm and
1.1 = ¢ = 2.7 nm. The major contrast contribution at
the defect position is a strong increase of the dumbbell
intensity., This is also true for + = 4.9 nm in the same
defocus range. Images of a defect with a completely va-
cant Mn cation layer were calculated for the same defocus
and thickness range and showed that the contrast is com-
pletely different (Fig. 10c). The contrast of the missing
Mn layer reveals bright dots at the Mn columns and dark
dots at the O columns (—45 = Af= —40nm, 1.1 =t =
2.7 nm).

The experimental {110y HREM image of the defect is
shown at low magnification in Fig. 9. The inserted optical

FIG. 7.

(a) Higher magnification of defect B in Fig. 6. (b) Calculated image of a La/Sr vacancy defect with zero cation occupancy (best match

Af = =20 nm, ¢ = 3.5 nm). (c) Calculated image of a Mn vacancy defect with zero cation occupancy (same imaging conditions as in {(b)).
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FIG. 8. Calculated (110) HREM images containing a La/Sr vacancy defect {zero occupancy) for various defoci and specimen thicknesses.
The {110} projected crystal structure with the defect is shown to the right of the simutated images. Large atoms, La and Sr; medium atoms, Mn:

and small atoms, O.

diffractogram obtained from the amorphous specimen
edge indicates a defocus of Af = —40 = 5 nm. In the
higher magnified image (Fig. 10a) the rows with the bright
dumbbells in the perfect crystal become clearly apparent.
At the location of the defect their intensity increases enor-

mously revealing the presence of a La/Sr vacancy defect.
The best match (Af = —40 nm, r = 2.7 nm) is shown in
Fig. 10b. For comparison, the calculated image of a Mn
vacancy defect is displayed in Fig. 10c. Compared to the
{100y HREM images the defect shows a more pronounced

i

FIG. 9. {110) HREM image of the TEM specimen edge with one defect close to the edge. The defect exhibits characteristic bright dumbbells.
The inserted optical diffractogram was obtained from the amorphous specimen edge and indicates a defocus Af = —40 = 5 nm.



IMAGING OF VACANCIES IN LagSty,MnO,

FIG. 10.

217

(a) Higher magnification of the defect in Fig. 9. (b) Calculated image of a La/Sr vacancy defect with zero cation occupancy (best

match Af = —40 nm, r = 2.7 nm). (c) Calculated image of a Mn vacancy defect with zero cation occupancy {same imaging conditions as in (b)).

contrast and therefore is more ecasily identified in {110)
projection.

3.4. Sensitivity of the HREM Contrast to the
LalSr Occupancy

The simulated images of the vacancy defect in Figs.
7b, 7c, 8, 10b, and 10c were carried out for zero cation
occupancy. To test the sensitivity of the image contrast
on the concentration of La/Sr atoms in the cation columns
of the defect, images were calculated for 75, 50, and 25%
La/Sr occupancy. Such a series of (100) images is shown
in Fig. 11 for the imaging conditions Af = —20 nm and
t = 2.3 nm. The La/Sr vacancies become visibie for a
50% occupancy. At a thickness of ¢ = 2.3 nm this corres-
ponds to three La/Sr vacancies, Comparing the intensity
of the bright lines formed at the position of the defective
atomic layer with the experimental image in Fig. 7a, it is
concluded that a complete La/Sr layer is missing.

Figures 12a—12d show that the {110} images (Af = —40
nn, { = 2.7 nm) are more sensitive since the intensity of
the bright dumbbells increases already for a 75% La/Sr
occupancy. This means that one or two vacancies may
be detected in a La/Sr column, containing seven cations
positions at ¢ = 2.7 nm in {110} projection. Also in this
case a comparison with the experimental image in Fig.
10a suggests that the defect corresponds to zero La/Sr oc-
cupancy.

4. DISCUSSION

From the excellent match of a simulated {110} image
of a pure La/Sr defect (Fig. 10b) with the experimental
{110y image (Fig. 10a), the planar defects were identified
as La/Sr vacancy defects. It has been shown that {110}
HREM images under specific imaging conditions are bet-
ter suited than {100} images to distinguish La/Sr from Mn
vacancy defects in I.SM. Further image simulations of the
{110} projection under these specific imaging conditions
showed that a pure O vacancy defect would not produce
the same image contrast. Certainly the charge of the miss-
ing La/Sr cations will have to be compensated. This oc-
curs probably via the anion lattice by the generation of
O vacancies and by the oxidation of Mn’* cations in the
layers next to the defect. The defects in the bright-field
image of Fig. i display also a strain field contrast which
indicates that the missing La/Sr columns cause a local
relaxation of the lattice.

The defects have a mean diameter of about 25 nm and
their density was determined to be 5 x 10 cm™ (Fig.
[). One atomic (100) monolayer of A or B cations contains
6.7 % 10" atoms/cm?, while 1.75 % 10?2 atoms/cm® make
up stoichiometric Lay ¢Sty ,MnQ;. For zero La/Sr occu-
pancy the number of La/Sr vacancies accommodated in
the defects corresponds to approximately 1% of the La/
Sr atoms in stoichiometric LSM. Other La/Sr vacancies

FIG. 11.
The arrow indicates the position of the defective La/Sr plane.

Sensitivity of {100y HREM images (Af = —20 nm, ¢ = 2.3 nm) to the La/Sr occupancy: (a) 75, (b) 50, (¢) 25, and (d) 0% occupancy.
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FIG. 12. Sensitivity of (110) HREM images (Af = —40 nm, 1 = 2.7 nm) to the La/Sr occupancy: (a) 75, (b) 50, (¢) 25, and (d) 09 occupancy.

The arrow indicates the position of the defective La/Sr plane.

could be present in the form of point defects which are
not visible in TEM images. At this point it is noted that
all diffraction patterns of the (110} and (112) zone axes
revealed additional 1/2 {111} spots which are not an intrin-
sic feature of the cubic perovskite or trigonal (R-3¢) struc-
ture and are not revealed in X ray diffraction patterns.
Currently it is under investigation whether in LSM these
spots could be associated with vacancy ordering in either
the cation or anion sublattice.

An absolute quantitative measurement of the fraction
of vacancies in individual La/Sr columns would require
a thorough study of the linear and nonlinear interactions
of transmitted and diffracted beams and their contribu-
tions to the image contrast. A quantitative measurement
of Al atoms or vacancies in mixed Ga/Al columns at
AlGa)As/GaAs heterostructure interfaces was described
in this way [12~14]. When studying quantitatively atom
concentrations at an interface, the image contrast of the
adjacent layers may be used as references. This is, how-
ever, not possible in the present case. For an unknown,
one-atomic-layer-thick vacancy-type defect in a well-
known matrix, it is necessary to compare intensities of
calculated images quantitatively with those of experimen-
tal images. This will become possible when inelastically
scattered electrons are filtered and charged coupled device
(CCD) detectors which have a highly linear response to
electron intensities are used to record digitized images [15].

5. CONCLUSION

The HREM contrast in {100} and {110} projections of
planar La/Sr vacancy defects, one atomic layer in thick-
ness, was studied experimentally in a 400 kV TEM and
by image simulations. In both imaging directions imaging
conditions {Af, #) could be found which make it possible
to distinguish a La/Sr from a Mn vacancy defect. The
difference in the contrast is more evident from the image
features occuring in the (110} than in the {100} projection.
Also the sensitivity of the contrast to the La/Sr occupancy
is higher in {110} images. A La/Sr occupancy of only 75%
already gives rise to a pronounced contrast. A qualitative

comparisen of experimental and calculated (110) images
suggests that the defects are pure La/Sr vacancy defects
with probably almost zero cation occupancy. The material
under investigation contains a high density of planar de-
fects which accomodate approximately 19 La/Sr vacan-
cies. The (110} projection and the imaging conditions
Af = =40 nm, t+ = 2.7 nm should be used in the future to
identify vacancy defects in Lag ¢S1, ,MnO,. It is of impor-
tance to study defect-structure/composition relations by
HREM since the physical properties and the chemical
reactivity of LagSr,-MnQO, will change with deviations
from the cation or anion stoichiometry as it is typical
for metal oxides adopting the perovskite or perovskite-
related structures.
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