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Using aberration corrected high-angle annular dark field scanning transmission electron mi-
croscopy (HAADF-STEM), we investigate ordering phenomena in epitaxial thin films of the double
perovskite SraCrReOg. Experimental and simulated imaging and diffraction are used to identify
antiphase domains in the films. Image simulation provides insight into the effects of atomic scale
ordering along the beam direction on HAADF-STEM intensity. We show that probe channeling
results in £20% variation in intensity for a given composition, allowing 3D ordering information to

be probed using quantitative STEM.

PACS numbers: 68.37.Ma,61.05.jd

Half-metallic double perovskites of the general formula
A,BB’Og are of great interest for their possible applica-
tion in spintronic devices because they exhibit ferrimag-
netism with high Curie temperatures (T¢) and a high
degree of spin polarization. [1, 2] One current obstacle
to their use is the ability to grow the materials in the
form of high quality films with minimal antisite disorder.
[3] Many factors can influence and modify the properties
of double perovskites in thin film form, including lattice
strain, [4] degree of chemical ordering, [5] the presence
of defects, [6] etc. Further investigation into these phe-
nomena is necessary to fully realize thin film double per-
ovskites and the next generation of electronic devices.

The B and B’ cations can be distributed in an ordered
array or randomly on the B-site sub-lattice of the per-
ovskite structure. The degree of B/B’ ordering is impor-
tant due to the effect that it can have on the electronic
and magnetic properties of double perovskites. [3, 7-13]
In general, double perovskites must exhibit a high de-
gree of B/B’ ordering in order to achieve their high T¢
and high spin polarization. [3] Thus, it is important to
quantify the degree of B/B’ ordering in thin films at the
atomic scale. This can be achieved through the use of
quantitative aberration-corrected scanning transmission
electron microscopy (STEM).

By carefully controlling experimental factors such as
sample preparation and microscope conditions, quanti-
tative comparisons have been made possible between ex-
periment and simulation. Quantitative STEM has been
used to achieve atom counting in the beam direction, [14]
location of individual dopant atoms in three-dimensions,
[15, 16] and characterization of chemical ordering on the
atomic-scale. [17-20] All of these methods have relied
on the intensity of atomic columns in high-angle annu-
lar dark field (HAADF) STEM images. In this letter,
we will show that additional parameters, including spec-

imen thickness and atomic-scale compositional analysis
are necessary in combination with simulations to charac-
terize atomic-scale ordering along the path of the electron
beam.

It was previously reported through Rietveld refinement
of X-ray diffraction (XRD) data that thin films of the
double perovskite SroCrReOg (SCRO) grown on (001)-
oriented SrTiOs (STO) with a 50 nm buffer layer of
relaxed SrCrg 5Nbg.503 showed an exceptionally high or-
dering parameter n = 0.99 + 0.01. [21] An ordering pa-
rameter this close to unity indicates that nearly all of the
Cr and Re atoms are perfectly ordered on the B/B’ sites
- leading to a superlattice of (111) planes of B and B’ ions
that is equivalent to a rock-salt structure. At room tem-
perature, the stable SCRO structure is tetragonal (I4/m,
a=5.569 A, c =7.804 A) [4] and has a well-defined orien-
tation relation to the STO substrate, namely SCRO <190~
|| STO<110> and SCRO<oo1> || STO<q01>. [21]

As reported in our previous studies, epitaxial
SCRO(001) films were grown on STO(001) by ultrahigh
vacuum off-axis sputtering. [4, 21] In the current study
we prepared cross-sectional TEM samples of the 190 nm
thick SCRO film from Reference [21] using an FEI Helios
NanoLab 600 DualBeam focused ion beam (FIB) with 30
kV then 5 kV Ga ions. Final cleaning passes were per-
formed in a Fischione Nanomill with 900 V then 500 V
Ar ions to remove any amorphous damage layers created
in the FIB. The thickness of the specimen in the electron
beam direction was measured to be approximately 8 nm
by position averaged convergent beam electron diffrac-
tion. [22] Imaging was performed on an FEI Titan3
80-300 probe corrected STEM at 300 kV. The use of a
probe corrector limits the size of the electron probe to
less than 100 pm, resulting in high-quality, high spatial
resolution STEM images. When imaged in the HAADF-
STEM condition with a collection range of approximately



55-375 mrad, the fully ordered double perovskite struc-
ture of SCRO should exhibit clear intensity variations
when viewed along the [100] direction due to the indi-
vidual columns of Cr, Sr/O, and Re. HAADF-STEM
imaging provides Z-contrast, where Z is the atomic num-
ber, such that the Cr columns exhibit the lowest intensity
while the Re columns show the highest. It was notewor-
thy that some regions in the SCRO films, mostly near
the interface, exhibited contrast that did not appear to
be well ordered in spite of the previously published XRD
data of Hauser et al. which indicated that these same
films were highly ordered over the entire sample. [21]
Additionally, overall contrast was lower in these regions,
as seen in the lower right hand portion of Figure 1(a).
This STEM observation would suggest that there is a
much lower degree of Cr/Re ordering within the films
than previously reported, which would have significant
(negative) implications for their properties.

After careful examination of many different regions
within the SCRO thin films, it was concluded that the
decrease in overall contrast within these seemingly dis-
ordered regions was unlikely to be a consequence of
chemical disorder given the facetted/linear nature of the
boundaries between what appeared to be ordered and
disordered regions, as shown in Figure 1(a). The most
likely reason for the observed structure was that the over-
all reduction in contrast was due to antiphase domains
in the SCRO thin films, leading to a misregistry of the
Cr and Re columns, as shown in Figure 2, leaving both
Sr and O on equivalent sites. This misregistry is the
proposed reason for the reduction in contrast in some re-
gions of the thin films because it would result in columns
of Sr/O and mixed Cr/Re. The average atomic weight
of the mixed Cr/Re columns would then be a weighted
average based on the location of the antiphase boundary
within the thickness of the TEM foil.

In order to understand the observed contrast variation
in both the ordered and antiphase domains, HAADF-
STEM image simulations were performed using the quan-
tum excitation of phonons model. [23, 24] A crystal
model was prepared using a supercell of SCRO in which a
1/2[001] on (100) antiphase domain was created midway
through the thickness normal to the viewing direction
to simulate the lower contrast region, as shown in Fig-
ure 2(a). To match the observed experimental images
there must also be a second antiphase boundary parallel
to the viewing direction that forms a boundary between
the high and low contrast regions, as seen in Figure 2(b).
Thus, the supercell contained a region where clear B/ B’
ordering led to distinct contrast variation, and a region
where the intensity from the B/B’ columns due to an-
tiphase domains was less distinct. Since the supercell
was not periodic in nature, it was simulated with 5 A
of vacuum around it in the plane normal to the view-
ing direction. The supercell was made to be approxi-
mately 55 A thick to simulate a thin STEM specimen

and sliced such that each projected potential contained a
single plane of atoms - approximately 1.4 A in thickness.
Imaging conditions similar to those used in the probe
corrected Titan® were used, specifically 300 kV acceler-
ating voltage, a beam convergence semi-angle of 20 mrad,
and aberration coefficients obtained from the microscope
corrector software [Cs and Cy of 2 um and 1 mm, respec-
tively]. Further information about microscope details can
be found in reference [25]. Finite source size with a 0.8 A
full-width at half-maximum Gaussian, as well as detec-
tor shot noise of approximately 2% were incorporated in
simulated image at zero defocus, [26] showing very good
qualitative agreement with contrast observed in experi-
mental images of the films, as seen in Figure 1(b).

To further confirm the hypothesis that the observed
contrast is due to antiphase domains, not random B/B’
disorder, electron diffraction patterns were simulated us-
ing multislice simulations for the fully ordered SCRO
structure and for a supercell containing an antiphase
domain. The results showed that in perfectly ordered
SCRO (n = 1), {101}-type superlattice reflections should
be clearly visible in the diffraction pattern. Conversely,
in the supercell containing an antiphase domain, the in-
tensity of the superlattice reflections is significantly re-
duced. For reference, the SCRO structure where Cr and
Re are fully disordered (randomly distributed amongst
the B and B’ sites) results in a diffraction pattern with
no {101}-type superlattice reflections due to structure
factor considerations.

The simulation of diffraction patterns for SCRO with
different ordering parameters illustrates that using ex-
perimental diffraction patterns it is possible to differenti-
ate between low contrast regions in the HAADF-STEM
image exhibiting high degrees of disorder and those that
are a consequence of antiphase domains. Diffraction work
was attempted on TEM samples prepared using a dual
beam FIB; however, small variations in tilt across the
sample due to the thin foil geometry and FIB process
resulted in subtle changes in contrast in the diffracted
beams, making any definitive analysis of the superlattice
reflections very difficult. Instead, fast Fourier transfor-
mations (FFTs) of different regions within the HAADF
images were taken (ordered, high contrast; “disordered”,
low contrast). These yield similar results to diffraction
patterns without the strong tilt dependence. In the
FFTs, spatial frequencies consistent with {101} super-
lattice reflections are visible in the high contrast ordered
regions of the HAADF images, as expected, while weak
reflections are visible in the low contrast regions, as seen
in Figure 1(c) and 1(d), respectively. This indicates that
the regions exhibiting low contrast in the HAADF im-
ages were not regions of highly disordered Cr and Re
sites, but actually well ordered regions separated by an
antiphase boundary. This is an important distinction be-
cause it helps to explain why the magnetic properties of
the thin film SCRO were as notable as they were, [21] in



spite of seeing what appeared to be high degrees of B/B’
disorder in HAADF images like Figure 1(a). This shows
that through direct interpretation of HAADF-STEM im-
ages of these films, information about the degree of B/B’
ordering can be deduced at the extremes of ordering:
fully ordered, completely disordered, and fully ordered
domains separated by one or more antiphase boundaries.

To show how channeling allows one to distinguish be-
tween structures with different ordering and demonstrate
what is possible we have calculated the (integrated)
HAADF signal on columns containing ten atoms in total
(approximately 55 A thick) for various compositions of Cr
and Re atoms. Additionally, we have considered all the
various possible orderings along the beam path, which is
expected to further affect probe channeling. These re-
sults are shown in Figure 3.

There is a clear and unambiguous distinction between
the case where there is only a single Re or Cr atom in
the specimen. Also where that single atom is placed is
in principle measurable, provided that an accurate mea-
surement of image contrast can be made (i.e. the bit
depth of the image). Contrast this with the case where
there are five Re atoms and five Cr atoms in the column:
now there are 252 possible permutations and, although
there is still a one-to-one relationship between a given
arrangement of atoms and the measured signal, consid-
erably more accuracy would be required to distinguish
between the different configurations. It is also evident
that as, say, the composition of the column changes and
the number of Cr atoms increase there are ambiguities
between the case of one and two atoms (10 and 20 at%
Cr, respectively), but not between one and three atoms.
Nevertheless, by measuring the thickness of the specimen
via position averaged convergent beam electron diffrac-
tion [22] and the ratio of the two atomic species (using
electron energy loss spectroscopy and/or energy disper-
sive X-ray spectroscopy), [27] it is clear that, as we have
done in this letter, useful information can be garnered by
comparing theory and experiment. The key point to real-
ize is that the differences in Figure 3 are due to differences
in the channeling of the probe for different configurations
and it is this fact that provides useful information about
the structure, in particular between the different config-
urations for a given Cr to Re ratio. In a naive model
that ignores channeling Figure 3 would simply consist of
a series of horizontal lines.

In Figure 4 the calculated probe channeling profiles
from the entrance surface (top) to the exit surface (bot-
tom) for three different columns with identical composi-
tions - 50 Cr : 50 Re - are displayed to show how atomic
scale ordering along the path of the beam affects probe
channeling within the specimen, and thus the observed
HAADF-STEM intensities. Figure 4(a) shows that for a
column with all Cr near the entrance and Re near the
exit surface, there is enhanced probe channeling. Figure
4(b) and 4(c) show the channeling for a column with al-

ternating Cr and Re atoms and for one with all Re near
the entrance surface and Cr near the exit surface, re-
spectively. The column in Figure 4(a) resulted in 15.9%
and 21.7% higher HAADF intensity than that of Figure
4(b) and 4(c), respectively. This can be attributed to a
“pre-focusing” effect that the lighter atoms near the en-
trance surface have on the probe. Due to this effect, the
electron beam more strongly couples to the column, the
second half of which has heavier Re atoms with larger
scattering cross-sections, resulting in higher HAADF in-
tensity on such columns. The results in Figure 4(a) and
4(c) are possible configurations that could be found in
an antiphase domain such as that of Figure 1, further
demonstrating that quantitative STEM imaging is able
resolve the difference between the two scenarios specifi-
cally due to the differences in probe channeling.

In order to fully quantify the experimental data, poten-
tial sources of error must be taken into account. One of
the largest sources of error can be signal coming from
neighboring columns due to thermally scattered elec-
trons. [28] Thermal diffuse scattering can result in off-
column contributions of signal that can affect not only
HAADF-STEM images, but also elemental maps. These
effects can be accounted for by first quantifying exper-
imental compositional maps in the manner of Chen et
al. [27] together with simulations as described by Forbes
et al. [28] The resultant compositional maps can then
be used to simulate HAADF-STEM intensities using
larger cells with nearest and even next-nearest neigh-
boring columns to include the contribution of thermally
scattered electrons. Additionally, specimen preparation-
induced amorphization or oxidation layers can increase
the mean error in quantification by a few percent depend-
ing on the composition and thickness of the layer. [29]
These effects can be minimized by mechanical wedge pol-
ishing and/or low energy Ar ion milling to reduce/remove
surface layers.

Fully quantitative HAADF-STEM imaging and spec-
troscopy has been demonstrated for sufficiently thin spec-
imens, monoatomic systems, and highly ordered com-
pounds. [14, 15, 27] In particular it has been successfully
applied to locate impurity atoms in STO [15] for thin
specimens of only a few layers thickness, yet is a challeng-
ing proposition for thicker samples (greater than a few
nanometers), especially if the material does not exhibit
well characterized ordering. Nevertheless, we have shown
that using atomic resolution HAADF-STEM imaging,
variations in column intensity can be used to distinguish
the presence of random antisite disorder from that of an-
tiphase boundaries in an otherwise highly ordered sam-
ple. Through the use of electron diffraction and image
simulation, the low contrast regions in SroCrReOg thin
films can clearly be shown to be antiphase domain-like in
nature. The identification of antiphase domains within
double perovskite thin films is pivotal in explaining dif-
ferences in electronic and magnetic properties from their



bulk values through the disruption of periodic superex-
change couplings necessary for ferrimagnetism.
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FIG. 1. (Color Online) Experimental (a) and simulated (b) HAADF-STEM images of an ordered region of SCRO (top) with
APD (bottom) separated by the red dashed line. FFT of the ordered (c) and APD (d) regions showing the decrease of intensity
on the {101} type superlattice reflections
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FIG. 2. (Color Online) Schematic showing the geometry of the antiphase domain image. Antiphase boundaries indicated by
dashed lines. (a) plan view, [100], schematic (corresponds to HAADF image in Fig.1); (b) side view, [010], showing pure Re, or
Cr, columns (highlighted) outside of the antiphase domain, and mixed occupancy columns that switches from Re to Cr atoms,

or vice versa, across the antiphase boundary (highlighted). Sr and O atoms omitted for clarity.
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FIG. 3. (Color Online) Integrated HAADF intensity for different ratios (compositions) of Cr and Re atoms in a column of ten
atoms taking into account the possible permutations of atoms in each case. Results have been ordered form the smallest to the
largest cross section for each composition.



4
ov
4
4
4
4
4
4
4
¢

OO0V OO0O

FIG. 4. (Color Online) Calculated scattering for a probe placed on three different 390 A thick columns with identical composi-
tions (Cro.5Reo.5), where the top half of a) is Cr with the bottom half Re atoms; b) has Cr and Re atoms alternating; and the
top half of c) is Re with the bottom half Cr atoms. Over-sized schematic structures are included in each panel to demonstrate
the different types of ordering. Horizontal scale expanded 50x that of vertical scale for clarity. Color scale in % probe current.



