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Unveiling the identity, spatial configuration, and microscopic structure of point defects is one of the key
challenges in materials science. Here, we demonstrate that quantitative scanning transmission electron
microscopy (STEM) can be used to directly observe Sr vacancies in SrTiO3 and to determine the atom
column relaxations around them. By combining recent advances in quantitative STEM, including variable-
angle, high-angle annular dark-field imaging and rigid registration methods, with frozen phonon multislice
image simulations, we identify which Sr columns contain vacancies and quantify the number of vacancies
in them. Picometer precision measurements of the surrounding atom column positions show that the
nearest-neighbor Ti atoms are displaced away from the Sr vacancies. The results open up a new
methodology for studying the microscopic mechanisms by which point defects control materials properties.
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I. INTRODUCTION

Recent advances in growth techniques for complex
oxides have led to remarkable progress in the ability to
control film stoichiometry, thereby enabling improvements
in their properties, often by orders of magnitude [1].
Despite these successes, even small concentrations of
unavoidable point defects can control the properties of
complex oxides. In other cases, such defects are intentional,
for example, for inducing superconductivity, metal-
insulator transitions, and novel emergent phenomena [2–4].
SrTiO3 is one of the most important complex oxides. The
two prominent intrinsic point defects in SrTiO3 are vacan-
cies on the Sr and O sites, respectively. They play a key role
in determining its properties. For example, Sr vacancies are
a likely origin of ferroelectricity in SrTiO3 [5,6], a material
that is normally paraelectric at all temperatures. In doped
SrTiO3 films, Sr vacancies act as traps for carriers [7]
and limit carrier mobilities [8]. Cation nonstoichiometry
is thought to be responsible for the interface conductivity
at the LaAlO3=SrTiO3 interface [9] and for resistive
switching junctions with SrTiO3 [10].
While methods to quantify the global concentration of

point defects exist, determining their spatial arrangement,
as well as direct information about atom relaxations around
a point defect, is significantly more challenging, even

though these are crucial for the properties. For example,
lattice relaxations can determine whether or not a foreign
atom acts as a dopant [11,12]. They can also be a signature
of self-localization of charge carriers by interaction with the
lattice (polaron formation) [13]. To date, this information
has been obtained either indirectly (e.g., from vibrational
spectroscopy) or from density functional theory (DFT). As
a result, the precise microscopic structure of a point defect
remains controversial in many cases.
High-angle annular dark-field (HAADF) imaging in

scanning transmission electron microscopy (STEM) can
image single impurity atoms that have a relatively large
atomic number (Z) difference with the host crystal [14,15].
Quantitative HAADF-STEM [16] has been used to deter-
mine the three-dimensional dopant atom configurations
with (near) unit-cell depth resolution [17,18]. Imaging of
low-Z impurities or vacancies is substantially more chal-
lenging. The presence of vacancies has been inferred from
STEM images in highly defective materials [19,20] and in
materials in which vacancies form long-range ordered
superlattice structures [21–23]. However, such studies have
not yet provided quantitative, column-resolved information
or the atomic arrangement around individual vacancies.
More recently, it has been shown that variable-angle (VA)
HAADF-STEM, which uses multiple detector configura-
tions, improves contrast and interpretability [24].
Furthermore, image registration methods [25,26], applied
to HAADF-STEM images acquired in series, allow for
picometer precision measurements of atom column posi-
tions, a crucial capability for detecting small displacements
around point defects.
As will be shown here, combining these advances

opens the possibility of detecting not just foreign atoms
with large Z contrast but also vacancies and their
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associated local atom relaxations. We demonstrate direct
imaging of Sr vacancies in SrTiO3 and determine the
lattice relaxation around the vacancies with picometer
precision. We show that rigid registration methods not
only improve the precision in measurements of atom
column positions but also the quantification of image
intensities, as needed to detect point defects with low Z
contrast, such as vacancies. We show that the number of
vacancies in each column can be quantified. Discrepancies
between the measured lattice relaxations and predictions
from DFT simulations underscore the need for atomic-
scale experimental input in developing a microscopic
understanding of how point defects control real materials
properties.

II. EXPERIMENTAL

A 150-nm-thick, epitaxial SrTiO3 film was grown on
(001) SrTiO3 using hybrid molecular beam epitaxy [27]. In
this method, the film stoichiometry is controlled by the flux
ratio of the metal-organic Ti source, Ti-tetraisopropoxide
(TTIP), and elemental Sr, and is monitored using in situ
reflection high-energy electron diffraction (RHEED) and
x-ray diffraction, as described in detail elsewhere [8,28].
The SrTiO3 film studied in this work was grown under
slightly Sr-deficient conditions with a TTIP/Sr ratio of 60
(see Ref. [29] for an estimate of the Sr vacancy concen-
tration). Plan-view transmission electron microscopy
(TEM) samples were prepared using wedge polishing with
a 1° angle. HAADF-STEM images were recorded using an
FEI Titan S/TEM (Cs ¼ 1.2 mm) operating at 300 keV
with a convergence angle of 9.6 mrad. Two HAADF
detector angular ranges, 60–390 and 47–306 mrad,
were selected by choosing camera lengths of 100 and
130 cm, respectively. To improve the signal-to-noise ratio
while avoiding scan distortions, 30 fast-scan images
(1024 × 1024 pixels, 2 s frame time, 1.9 μs dwell time)
were sequentially recorded from the same area and aligned
post-acquisition using a cross-correlation algorithm.
The position of every atomic column in series-averaged

HAADF images was determined by fitting to a two-
dimensional (2D) Gaussian function. From the HAADF
image, atomic column intensities for Sr and Ti-O columns
(ISr and ITi-O) were measured by averaging intensities
within a small disk, with a radius of one-fourth of a lattice
constant of SrTiO3, around each atomic column position.
This method has been demonstrated to be a very effective
way to obtain quantitative structural information since the
integrated intensity is robust to subtle changes in imaging
parameters such as defocus, effective source size, con-
vergence angle, image noise, and sample tilt, all of which
are difficult to determine experimentally [30,31].
Images of SrTiO3 with different thicknesses were

simulated using the Kirkland multislice algorithm [32]
for both detector angular ranges with and without thermal
diffuse scattering (TDS), as shown in Fig. S5 [29]. A 4 × 4

SrTiO3 supercell was sampled with a 1024 × 1024 pixel
grid. To create a supercell containing Sr vacancies,
Sr atoms were removed from a single Sr atomic column
of the ideal structure. Depending on the number of atoms
and vacancies in a column, many different configurations
are possible. A total number of 512 vacancy configurations
were considered in this study: six and seven unit cells
containing one to three vacancies, and eight and nine unit
cells having between one and four vacancies. To reduce
impractically long computation times, simulations for
Sr-vacancy-containing SrTiO3 were performed without
TDS. As described in Ref. [17], the effect of TDS was
then accounted for post-simulation by scaling the Sr and
Ti-O intensities with scaling factors (ITDS vs. Ino-TDS),
determined from Fig. S5 [29].
It is important to determine a criterion for vacancy

detection, i.e., to distinguish the signal induced by
vacancies from experimental errors in HAADF imaging.
For this purpose, quantitative HAADF-STEM was first
performed on the SrTiO3 substrate. As discussed in
Ref. [17], the spread of the experimental data points
around a linear fit can be modeled with a normal
probability distribution, with the standard deviation used
to approximate the error. This is described in detail in
Fig. S1 of Ref. [29].
To estimate the number of Sr vacancies, the probabilities

of the experimental data points corresponding to simulated
configurations and thicknesses are calculated using the
following equation:

pi ¼
normiðtÞP
n normnðtÞ

; ð1Þ

where t is the distance between a simulated point and an
experimental data point in ISr vs ITi-O plots, normalized to
the experimental error (SX), and norm(t) is the standard
normal distribution function:

normðtÞ ¼ 1
ffiffiffiffiffiffi
2π

p e−ðt2=2Þ: ð2Þ

The likely thicknesses of the column for an experimental
data point were first determined based on ITi-O. As an
independent thickness estimate, position-averaged conver-
gent-beam electron diffraction (PACBED) [33] was also
employed (Fig. S6, Ref. [29]). To calculate the probabilities
of having a certain number of Sr vacancies in a column, we
used the average distance from an experimental data point
to each simulated configuration having a specific number
of vacancies. For example, to calculate the probability of
having one vacancy in six unit cells, the distances from
an experimental data point to simulated points of all six
possible configurations are averaged. For the combined
detector, normðtÞ values from each detector are multiplied
for the probability calculations.
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Electron beam damage may also induce a decrease in
HAADF signal. To ensure that beam damage was negli-
gible, the integrated intensities of columns A and B (see
Fig. 1) from each frame (30 frames in total) during the
serial image acquisition were extracted for both detectors
(see Fig. S7, Ref. [29]). Throughout the sequential image
acquisition with both detectors, signals from columns A
and B remain unchanged without any abrupt intensity drop,
indicating that there was no knock-on damage during the
image acquisition.

III. RESULTS AND DISCUSSION

Figures 1(a) and 1(d) show series-averaged (rigid
registration), quantitative HAADF images along h001i of
a Sr-deficient SrTiO3 film, recorded from the same region
with the two different detector settings. Intensity maps of
the Sr (ISr) and Ti-O (ITi-O) columns extracted from the
images are shown in Figs. 1(b) and 1(c) and 1(e) and 1(f),
respectively.
As described in the experimental section, an experimen-

tal error function for the column intensity measurements
can be determined. This error limits the quantitative
interpretation of the image intensity in terms of visibility,

concentration, and depth configuration of a point defect(s)
in a column under the given experimental condition. To
detect Sr vacancies, Sr columns with intensity values that
fall outside the experimental error are identified. Series-
averaged images substantially reduce the error compared to
a single acquisition. This is particularly true for detector 1,
where the error was reduced by 70% (see Ref. [29]). Thus,
(rigid) registration is not only beneficial for determining
atom column positions (see Refs. [25,26]), but it also
improves interpretability of the image contrast, which is
key to detecting vacancies.
Two Sr columns, labeled A and B in Figs. 1(a) and 1(d),

have intensities that lie below the lower bound of the error
cutoff function for both detectors (dotted line in
Fig. S1 [29]). The four Ti-O columns (ITi-O) surrounding
columns A and B serve as a measure of the local thickness
[17]. While ISr of columns A and B are much lower than the
neighboring Sr columns [see arrows in Figs. 1(b) and 1(e)],
the intensities (ITi-O) of their four surrounding Ti-O
columns are relatively uniform [see white boxes in
Figs. 1(c) and 1(f)]. Thus, the distinctly lower ISr of
columns A and B is not the result of thickness variations.
Instead, the most plausible source for the low intensities in
these columns is Sr vacancies.

FIG. 1. Quantitative, rigidly registered, variable-angle HAADF-STEM images of Sr vacancies in a SrTiO3 film grown by MBE. (a,d)
HAADF STEM images of the SrTiO3 film recorded with detectors 1 and 2, respectively. Image intensities are normalized to the incident
beam intensity (see scale bars). ISr and ITi-O maps are displayed in (b,e) and (c,f), respectively. The Sr columns containing Sr vacancies
are labeled A and B and indicated by white arrows in (b) and (e). The four nearest-neighboring Ti-O columns for columns A and B are
marked by white boxes in (c) and (f), showing relatively uniform image contrast.
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To estimate the number of vacancies in these columns,
we performed frozen phonon simulations for all possible
configurations of 1–3 Sr vacancies for sample thickness of
6 and 7 unit cells (UCS) and 1–4 Sr vacancies for sample
thicknesses of 8 and 9 UCS. The calculated ISr vs ITi-O for
all of these configurations for both detectors are shown in
Fig. 2 along with the experimental data (squares). Each
orange circle in Fig. 2 corresponds to a specific vacancy
configuration for a given foil thickness, i.e., a single
vacancy in all possible depth positions, two vacancies in
all possible configurations, etc. To determine the most
likely number of Sr vacancies in column A, the exper-
imental ISr (red square) was compared with those for all
possible defect configurations for 8 and 9 UC thickness, as
the experimental ITi-O falls in between these two thick-
nesses. In the same manner, the intensity of column B
(green square) was compared with the calculated intensities
for 6 and 7 UCS. The probabilities for each configuration
were calculated for each detector and then combined,
taking into account the experimental error function
[17,24,29]. The results are listed in Table I. As can be
seen, one can conclude with very high confidence that
column A contains three vacancies in a 8-UC thick sample
and that column B contains two vacancies in a 7-UC thick
sample (both therefore contain 5 Sr atoms). The advantage
of using two detectors can be clearly seen: The probability
of determining the correct number is significantly improved
using the combined information from two independent
experiments with different detector settings. The approach
is particularly beneficial for column B, where the proba-
bility of identifying the correct position is only 43% with
detector 1 but increases to 93% by using both detectors.
Although the number of vacancies can be determined, the
ISr of the possible configurations for a given number
of vacancies are too similar to determine the positions of
the vacancies within the column with unit cell resolution
(see Fig. S2 in Ref. [29]).
In principle, Sr deficiency could also be accommodated

by Ti antisite defects or Ti interstitials. Because of space
constraints in the perovskite unit cell, Ti interstitials have
high formation energies compared to Sr vacancies and are
thus unlikely to form [34,35]. Ti antisite defects would

FIG. 2. Determination of vacancy configurations. (a,b) Simu-
lated ISr vs ITi-O plots using detector angular ranges correspond-
ing to detectors 1 and 2. Red and green squares represent the
intensities from columns A and B, respectively, while orange
circles are the simulated data points for all possible vacancy
configurations.

TABLE I. Probability of Sr vacancy configurations. Probabilities of determining the correct number of Sr vacancies in column A and
B using the different detector information: detector 1; detector 2; combined detector. Configurations with probabilities of less than
0.01% are not listed.

Column A Column B

Thickness
(UCS)

Number of
vacancies

Probability (%) Thickness
(UCS)

Number of
vacancies

Probability (%)

Detector 1 Detector 2 Combined Detector 1 Detector 2 Combined

8 2 0.78 1.17 0.02 6 0 27.52 5.06 4.11
8 3 71.19 68.16 92.60 6 1 4.06 7.02 0.84
8 4 8.71 19.37 3.22 7 1 24.95 3.29 2.43
9 4 19.32 11.29 4.16 7 2 43.39 72.29 92.59

7 3 0.08 12.01 0.03
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also reduce ISr. However, ISr of column A is lower than
that of its neighboring ITi-O for both detectors. Thus, to
invoke antisite defects, all Sr atoms in column A would
have to be replaced by Ti atoms, along with vacancies.
Such an extended defect would be energetically unfav-
orable and also visible in strain-contrast imaging [36],
which is not consistent with our observations. At very
large concentration of Ti excess (Sr deficiency), amor-
phous TiOx phases [37] and/or Sr vacancy clusters [20]
can form. These are relatively easy to detect in TEM but
were not observed here.
Figures 3(b) and 3(d) show maps of the column distances

around column A for each detector, measured from series-
averaged HAADF images in Figs. 3(a) and 3(c), respec-
tively. Each pixel represents the averaged distance from one
cation column (i.e., Sr or Ti-O) to the four nearest-neighbor
columns (i.e., Ti-O or Sr), as illustrated in Fig. 3(a). Both
detectors clearly show lattice relaxations around column A,
which contains the Sr vacancies. Specifically, atoms in the
four nearest Ti-containing columns are displaced away from
column A. Also note that the displacements are clearly
associated with the column that showed the large decrease
in ISr. The averaged distances are 2.88 and 2.85 Å for
detectors 1 and 2, respectively, while for ideal SrTiO3 it

should be 2.76 Å. The precision in distance measurements is
1.5 pm, as determined from the standard deviation of atomic
distances measured using the series-averaged HAADF
image of the SrTiO3 substrate (see Fig. S3 [29]). The
displacement (about 10 pm) around the columns containing
vacancies is significantly larger than this measurement
uncertainty. Analysis of the columns around B gives a
similar result of surrounding Ti atoms moving away from
the column containing the Sr vacancies (Fig. S4 [29]). The
actual displacement of the atoms in immediate proximity to
the vacancies could be slightly larger as HAADF images are
a projection and the measured displacements are thus an
average. If there is a thickness dependence in the relaxa-
tions, the small differences between the two detectors may
indeed be real (they are slightly larger than the error deter-
mined from Fig. S3 [29]). In particular, detector 1 (larger
angles) is expected to be more sensitive to displacements
further down the column (away from the entrance surface)
because of the focusing action of the columns [24,38].
The displacement of columns away from the Sr vacan-

cies is consistent with the large lattice parameter expansion
that has been measured in x-ray diffraction of Sr-deficient
films [28,39,40]. The results are, however, in contradiction
with theoretical studies reported in the literature. Such
studies, which were carried out by several different meth-
ods (e.g., DFT local density approximation, DFT screened
hybrid functionals, shell models, etc.), predict that only the
nearest-neighbor oxygen atoms move away from the Sr
vacancy, while the second-nearest-neighbor Ti atoms move
toward the vacancy, resulting in a negligible overall lattice
expansion, independent of the charge state of the vacancy
[41,42,43]. Several possible reasons may exist for the
discrepancies between DFT and experiment. The columns
studied here contain more than one Sr vacancy, whereas
DFT studies are for a single vacancy. However, our result
appears to be independent of the number of vacancies: Both
columns A and B give the same result, although the number
of Sr vacancies in them is different. Although less likely,
we cannot exclude that Sr vacancies form a more complex
defect with oxygen vacancies, which cannot be detected in
these experiments and has not yet been simulated in DFT. It
would be interesting to conduct DFT simulations for this
situation. Finally, there is also the possibility of systematic
issues with the DFT calculations. For example, it has been
shown that because DFT does not properly account for
electron correlation effects, incorrect descriptions of energy
levels, charge states, and atom relaxations are obtained for
oxygen vacancies in SrTiO3 [44]. It has also been reported
that different DFT methods produce opposite results for the
atom displacements around the oxygen vacancy in SrTiO3

[45]. Most importantly, the discrepancy uncovered here
shows that DFT alone may not capture the atomic structure
of point defects in real materials—experimental input (and
development of experimental techniques such as STEM)
is clearly needed for accurate predictions of electronic

FIG. 3. Local structure relaxation around Sr vacancies. (a,c)
Magnified HAADF STEM images near column-A recorded with
detectors 1 and 2, respectively. (b,d) Atomic distance maps,
where each pixel value indicates the average distance from one
cation to its four nearest-neighbor unlike cations, showing Ti-O
columns being displaced away from Sr vacancies. The overlay
in (a) shows an example of a distance measurement from a
Sr column (orange circle) to the Ti-O columns (blue circle).
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structure and properties, which depend on these structural
relaxations. This conclusion is independent of the reason
for the discrepancy, i.e., whether it is associated with the
complexity of the defects in the real material or possible
shortcomings of DFT.

IV. CONCLUSIONS

In summary, we have shown that Sr vacancies in SrTiO3

can be directly observed in quantitative VA HAADF-
STEM. The number of vacancies in each column can be
determined with a high degree of confidence (>90%). An
outward (away from the column containing Sr vacancies)
displacement of Ti-O columns by about 10 pm was
measured. These results allow for further developing
electronic structure theory of these defects and for devel-
oping a microscopic understanding of how Sr vacancies
control functional properties such as ferroelectricity and
electrical transport. Future studies should be aimed at
resolving the origin of the differences between experiment
and DFT uncovered here, as the underlying reasons have
implications beyond SrTiO3.
More generally, the methodology described here is not

limited to SrTiO3 and hopefully will stimulate experimental
and theoretical studies aiming at a microscopic understand-
ing of the properties of point defects in other complex oxides
and materials, which so far has been achieved for very few
point defects (i.e., DX centers in III–V semiconductors).
Finally, the results also point to further advances in quanti-
tative STEM. In particular, quantitative, high-precision
measurements of atom column displacements may allow
for detection of point defects that do not affect image
intensities within the detection limit. Moreover, the analysis
of displacements using more than one detector may allow
for depth-resolved information of the displacements. While
this was not possible in the present experiments because of
the presence of multiple vacancies in the columns, which
reduces any depth dependence of the displacements, size-
mismatched dopant atoms with a relative large Z contrast
may be an ideal test case to develop this capability. It would
allow a complete, three-dimensional characterization of
point defects not possible by any other method.
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