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parameters such as laser fl uence using 
PLD growth method. [ 8–10 ]  The well-known 
Ruddlesden–Popper (RP) planar faults are 
consistently observed in Sr-rich SrTiO 3  
fi lms. [ 11–13,8 ]  A RP planar fault can be 
described as a crystallographic shear plane 
with a lattice translation vector  t  =  a /2 
[1 1 1], corresponding to the insertion 
of an additional SrO layer parallel to the 
{1 0 0} planes. In contrast to Sr-rich fi lms, 
strongly Ti-rich fi lms have been reported 
to form amorphous TiO 2  precipitates. [ 14 ]  
Inhomogeneous contrast observed in 
high-resolution (scanning) transmission 
electron microscopy (HR(S)TEM) images 

of moderate Ti-rich fi lms have been attributed to point defect 
induced distortions. [ 11,15 ]  However, the atomic structure of the 
extended defects have rarely been investigated in Ti- (or B-site 
atom-) rich SrTiO 3  fi lms. [ 16 ]  

 In the present work we report on the atomic structure of 
extended defects in PLD grown Fe-doped SrTiO 3  fi lms by 
aberration corrected high-angle annular dark-fi eld (HAADF) 
scanning transmission electron microscopy (STEM) imaging. 
The aim of this work is to provide the atomic arrangement of 
these extended defects in SrTiO 3  fi lms. The observed extended 
defects are antiphase nanodomains formed by a lattice trans-
lation vector of  a /2 [0 1 1] with respect to the surrounding 
fi lm. In strong contrast to the RP phase, the antiphase domain 
boundaries (APBs) appear to be composed of edge-sharing TiO 6  
octahedra, which are commonly seen in TiO 2 , such as anatase.  

  2.     Results and Discussion 

  2.1.     Identifi cation of Antiphase Nanodomain 

 To obtain complete structural information by TEM, it is often 
necessary to image the specimen along different orienta-
tions. The fi lms were imaged along three orientations, [0 1 0] 
(cross-section), [1 1 0] (cross-section), and [0 0 1] (plan-view). 
 Figure    1   shows the representative cross-section and plan-view 
bright fi eld TEM (BF-TEM) images of the fi lm, in which ran-
domly distributed dot clusters with a dark contrast show a size 
up to a few nanometers. The observed dark clusters are quite 
similar to the results reported in the literature, [ 11,15 ]  which have 
been attributed to point defect-induced distortions.  

 In contrast to previous studies, [ 11,14,15 ]  atomic resolution 
HAADF-STEM imaging provides evidence that the dark clus-
ters observed in this work appear to be antiphase nanodomains. 
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  1.     Introduction 

 Perovskite oxides exhibit many interesting emergent properties, 
including high-temperature superconductivity, [ 1 ]  colossal mag-
netoresistance, [ 2 ]  interfacial 2D electron gas, [ 3 ]  strain induced 
ferroelectricity, [ 4 ]  and resistive switching phenomenon. [ 5 ]  This 
has led to decisive progress in the growth of multicomponent 
oxide as thin fi lms by pulsed-laser deposition (PLD) and molec-
ular-beam epitaxy techniques for integrated device applications. 
SrTiO 3  is one of these perovskite oxides that has been exten-
sively studied as a model material to understand the underlying 
mechanism of the defect associated effects, such as oxygen 
incorporation [ 6 ]  and resistive switching phenomena, [ 7 ]  for which 
a profound knowledge on microstructures of a large variety of 
defects is a prerequisite. 

 Previous studies have shown that extended defects in 
SrTiO 3  are closely correlated with a deviation from stoichiom-
etry, which can be controlled by carefully chosen deposition 
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 Figure    2  a,b shows high-resolution cross-section HAADF 
images recorded along [1 1 0] and [0 1 0] zone axes, respectively. 
A prominent feature of the cluster areas is that extra atomic col-
umns (open circles) appear in addition to Sr and Ti atomic col-
umns (solid circles). By careful inspection of the relative bright-
ness and position of the extra atomic columns, one can consist-
ently conclude that the appearance of the extra atomic columns 
is the result of lattice overlapping of the antiphase nanodo-
mains. The antiphase nanodomains have a relative lattice trans-
lation vector of  a /2 [0 1 1] with respect to the surrounding fi lm 
as sketched in Figure  2 c. Because the antiphase nanodomains 
are a few nanometers in size (Figure  1 ), it is quite reasonable 
that they often appear to overlay with the matrix.  

 Multislice STEM simulations based on the proposed 
antiphase structure are in remarkable agreement with the 
experimental results for both [1 1 0] and [0 1 0] zone-axis 
imaging. The structural models used for simulation were con-
structed as two layers of SrTiO 3  units with a lattice translation 
of  a /2 [0 1 1] relative each other. Fe doping was not taken into 
account in the simulation due to the low doping level of 5.0%, 
and due to the extremely small HAADF signal difference occur-
ring when exchanging a Ti atom by an Fe atom. The thickness 
of the top layer was varied within a few nanometers and a few 
tens of nanometers for the bottom layer. Aberrations were 
not taken into account in the simulations since this work was 
not aim to fully quantify the experimental images, but rather 
to verify the proposed structural model. After subtraction of a 
respective constant background, the experimental and simu-
lated images were normalized to the same mean intensity for 
comparison of the image intensity distributions. 

  Figure    3  a shows the representative region of interest in 
Figure  2 a. Because the raw image is quite noisy, it is neces-
sary to remove noise for reliable comparison with multislice 
simulations. Figure  3 b shows a denoised image by averaging 
and then fi ltering by a nonlinear fi lter. [ 17 ]  By examining the 
difference between the original and denoised images as 
shown in Figure  3 c, one may see that the processed image 
essentially represents the original experimental image and 
thus appears valid as an experimental reference image. 

An optimum match between simulated 
and experimental reference images was 
obtained from a structural model with 
one domain with a thickness of 1.80 nm 
overlaying on another with a thickness of 
14.78 nm (Figure  3 d). The maximum 
of cross correlation is 0.99, indicating a 
remarkable similarity. Line profi les along 
the indexed atomic planes as indicated in 
Figure  3 b further show a surprising agree-
ment between the experimental observa-
tions and simulations (Figure  3 e).  

 Moreover, the experimental and simulated 
results for [0 1 0] zone axis also appear con-
sistent with the proposed antiphase struc-
ture. Since the raw image recorded along 
[0 1 0] zone axis is less noisy ( Figure    4  a), an 
experimental reference image was obtained 
by averaging of original experimental image 
without further fi ltering (Figure  4 b). A sim-
ulated image from an antiphase structural 
model with one domain of 2.73 nm over-
laying on another domain of 8.18 nm appears 
to be in good match with experimental refer-
ence image (Figure  4 c). The maximum of 
cross correlation between the simulated and 
experimental reference images is 0.96. Line 
profi les also show good agreement of the nor-
malized intensity distributions (Figure  4 d). 
The main difference appears to be that the 
simulated image shows slightly narrower 
peaks compared with the experimental refer-
ence image, which possibly might be because 
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 Figure 1.    a) Cross-section and b) plan-view BF-TEM images of the Fe-
doped SrTiO 3  fi lm grown on a Nb-doped SrTiO 3  substrate. 

 Figure 2.    Cross-section HAADF images recorded along a) the [1 1 0] (200 kV) and b) the [0 1 0] 
(300 kV) zone axis. Most evident defective areas were marked by rectangles and compared 
with respective normal lattices at the bottom images. Solid circles: matrix lattice; open circles: 
antiphase lattice (green: Sr, red: Ti). Scale bar: 1.0 nm. c) Schematic illustration of the relative 
lattice translation vector (black arrow).
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aberrations such as a small defocus were not taken into account 
in the simulation.   

  2.2.     Atomic Structure of APBs 

 In addition to identifi cation of the antiphase nanodomains, it 
is more important and interesting to reveal the atomic struc-
tures of the APBs. Overlapping problems, however, hinder an 
artifact-free imaging of the atomic structure at the APBs in 
the cross-section samples. Plan-view samples appear to have 

less severe overlapping problems but more 
sever charging problem. To overcome the 
charging problem a multiple short time expo-
sure (1.0 s frame −1 ) and iterative rigid align-
ment method was used. In the iterative rigid 
alignment, the accumulated sum of aligned 
images was used as a reference image for 
aligning the next image in the fi rst iteration. 
Then the last accumulated sum was used as a 
reference image for all the images in the next 
iteration and this process goes iteratively. 
From the plot of the mean of residual mis-
match against the number of alignment iter-
ation ( Figure    5  ), one can see that more than 
fi ve iterations appear to be a rational choice.  

  Figure    6  a shows the atomic resolu-
tion plan-view HAADF-STEM image of 
an antiphase nanodomain with size of 
8 × 10 unit cells. The image was averaged 
from 50 frames with exposure time of 1.0 s 
frame −1  by ten iterations using the iterative 
rigid alignment method. Strain contrast was 
minimized by damping the center spots in 
Fourier space to see all the details of bounda-

ries. Because the  z -axis component of the lattice translation 
vector is not visible in planar view, the observed lattice transla-
tion of  a /2 [0 1 0] across the APBs is consistent with the overall 
lattice translation of  a /2 [0 1 1]. The APBs lie mostly in the 
{1 0 0} planes and partially in the {1 1 0} planes. Three types of 
APBs at edge-on orientation were labeled in Figure  6 a.  

 There will be two different types of APBs lying in {1 0 0} 
planes depending on whether they are parallel to the lattice 
translation vector  t  =  a /2 [0 1 1] (type 1) or not (type 2), as 
illustrated in Figure  6 b.  Figure    7  a shows the magnifi ed experi-
mental image of a type 1 APB that clearly resolves the arrange-

ment of the atomic columns. A most striking 
characteristics of the type 1 APB is that at the 
boundary the atom columns corresponding 
to Sr for the left phase (matrix), as marked by 
dashed-line circle, appear darker than normal 
Sr columns but show about the same bright-
ness as normal Ti columns. Suppose these 
atomic columns are Sr columns but with 
lower occupancies, each of these Sr atoms will 
occupy a corner of the TiO 6  octahedron from 
the adjacent right phase (antiphase nanodo-
main) as illustrated in Figure  7 b. This confi g-
uration, however, seems not to be a favorable 
atomic confi guration since two positive Sr 
and Ti cations become very close (from 0.338 
to 0.195 nm). A more physically reasonable 
atomic arrangement appears to be that extra 
Ti atoms are present at the type 1 APB and 
occupy centers of oxygen octahedra, in which 
the six oxygen atoms are equally contributed 
by the two adjacent domains with TiO ter-
minations, as shown in Figure  7 b. Following 
this idea, the type 1 APB could be formed by 
three TiO 2  layers composed of edge-sharing 
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 Figure 3.    a) Magnifi ed experimental HAADF image of defect area recorded along [1 1 0] zone 
axis, b) experimental reference image by averaging and fi ltering, c) residue image by subtraction 
of (b) from (a), d) multislice simulated image, and e) line profi les alone atomic planes marked 
in (b), scattered plot: experimental reference, solid line: simulation. Atomic marks, solid circles: 
matrix lattice; open circles: antiphase lattice (green: Sr, red: Ti).

 Figure 4.    a) Magnifi ed experimental HAADF image of defect area recorded along [0 1 0] zone 
axis, b) experimental reference image by averaging, c) multislice simulated image, and d) line 
profi les alone atomic planes marked in (b), scattered plot: experimental reference, solid line: 
simulation. Atomic marks, solid circles: matrix lattice; open circles: antiphase lattice (green: 
Sr, red: Ti).
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TiO 6  octahedra, therefore, with a local Ti enrichment. Such an 
arrangement of edge-sharing TiO 6  octahedra is commonly seen 
in TiO 2 , such as anatase. Image simulations also support the 
proposed structural model. As seen in Figure  7 a, the simulated 
STEM image based on the proposed type 1 APB structural 
model matches the experimental image very well.  

 Type 2 APB is also found to consist of edge-sharing TiO 6  
octahedra, but in a more straightforward way.  Figure    8   shows 
the magnifi ed experimental HAADF image of type 2 APB. One 
can clearly see that at the type 2 APB the Ti columns from two 
adjacent domains appear to be connected to have a relative lat-
tice translation of  a /2 [0 1 0]. Further, considering the relative 
lattice translation in the imaging direction of  a /2 [0 0 1], con-
necting two TiO-terminated {1 0 0} planes together results in 
two layers of TiO 2 , forming chains of edge-sharing TiO 6  octa-
hedra, as shown in Figure  8 . The corresponding simulated 
image based on the proposed structural model is in good agree-
ment with the experimental image, as seen in Figure  8 .  

 The magnifi ed HAADF image of the observed APB lying on 
{1 1 0} planes (type 3) is shown in  Figure    9   with a very dis-
tinct staircase-like feature. The atomic structure of the type 3 
APB may be considered as a combination of type 1 and 2 APBs. 

Chains of edge-sharing TiO 6  octahedra appear with the pres-
ence of extra Ti atoms. Details of the atomic structure of type 
3 APB are schematically shown in Figure  9 . The image simula-
tions based on the structural model lead a good match with the 
observed distinct staircase-like feature.  

 The above results and discussions show that all the three 
types of APBs have edge-sharing TiO 6  octahedral chains and are 
of local Ti-enrichment. The existence of edge-sharing feature for 
TiO 6  octahedra can be considered to provide the fl exibility for 
changing their directions, thus for forming enclosed antiphase 
nanodomains. Since antiphase nanodomains were not observed 
in Fe-doped SrTiO 3  single crystals, the formation of antiphase 
nanodomains should be related to the PLD growth process. 
A reasonable explanation appears to be atomic scale chemical 
inhomogeneities or fl uctuations during the fi lm growth, which 
in turn induce the formation of antiphase nanodomains. It is 
important, however, to point out that we should not rule out 
that the inhomogeneity also occurs for Fe. Further efforts are 
in process to overcome the charging problem in the plan-view 
samples to obtain conclusive direct chemical measurements by 

Adv. Funct. Mater. 2015, 25, 6369–6373

www.afm-journal.de
www.MaterialsViews.com

 Figure 5.    Mean of residual mismatch,  δ , against the number of alignment 
iteration. The values of  δ  are obtained by averaging the absolute values of 
the relative shifts between the respective averaged image and individual 
aligned images.

 Figure 6.    a) Plan-view HAADF image recorded along the [0 0 1] zone axe 
(80 kV, averaged from 50 frames with exposure time of 1.0 s frame −1  by 
ten iterations using an iterative rigid alignment method, strain contrast 
was minimized by damping the center spots in Fourier space), three types 
of edge-on APBs were labeled, scale bar: 1.0 nm and b) a schematic of 
the relationship between the lattice translation vector  t  =  a /2 [0 1 1] and 
two different types of APBs lying in {1 0 0} planes.

 Figure 7.    a) Magnifi ed (top) and simulated (bottom) HAADF images of 
type 1 APB and b) structural models of type 1 APB and TiO 2  anatase. 
Arrows indicate extra Ti atoms.

 Figure 8.    Type 2 APB, top: magnifi ed HAADF image, bottom: simulated 
image, and right: structural model, the arrow indicates the electron beam 
direction.
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such as electron energy-loss spectroscopy (EELS) and energy 
dispersive X-ray spectroscopy (EDS) imaging.    

  3.     Conclusion 

 In summary, our study has revealed the atomic structures of 
antiphase nanodomains in Fe-doped SrTiO 3  fi lms grown by PLD 
technique. The crystallographic translation vector between the 
matrix and the antiphase nanodomain is  a /2 [0 1 1], being dis-
tinct from  a /2 [1 1 1] of RP type APBs. Moreover, in contrast 
to RP type APBs having a local Sr-enrichment, the prominent 
result is that all the three types of APBs of the antiphase nanodo-
mains appear to consist of edge-sharing TiO 6  octahedral chains 
with a local Ti enrichment. Since defects play an essential role in 
many functional properties in perovskites, such as the resistive 
switching processes in SrTiO 3 , the identifi ed atomic structures 
of these defects provide the structural basis for theoretical cal-
culations for thoroughly understanding their properties. More-
over, our results show the possibility toward rational growth of 
antiphase nanodomains in other perovskite oxides by precise 
control of chemical stoichiometry, which may in turn offer 
opportunities to rationally tailoring their functional properties.  

  4.     Experimental Section 
 SrTi 0.95 Fe 0.05 O 3  thin fi lms were grown by PLD using a KrF excimer 
laser with a wavelength of 248 nm at a frequency of 5 Hz. Films 
were grown on (0 0 1)-oriented 1.0 at% Nb-doped SrTiO 3  substrates 
(Crystec, Berlin, Germany) at a substrate temperature of 700 °C, an O 2  
pressure of 0.25 mbar, and a laser fl uence of 0.8 J cm −2  at the target. 
The as-grown fi lms were cooled to room temperature in 500 mbar of O 2 . 
The obtained fi lms have a thickness of ≈100 nm. Plan-view specimens 
were prepared by a standard procedure including grinding, dimpling, 
and fi nal ion-beam milling in a stage cooled with liquid nitrogen. Cross-
sectional lamellae were prepared by focus ion beam using an FEI Helios 
NanoLab 400S (FEI Company, Hillsboro, OR, USA). The lamellae were 

further thinned by a Bal-Tec Res-120 system (Bal-Tec AG, Fuerstentum 
Liechtenstein, Germany) and fi nally cleaned by a Fischione Nanomill 
1040 system (E.A. Fischione Instruments, Inc., Export, PA, USA). The 
TEM imaging was performed with an image C S -corrected FEI Titan 
80-300 microscope operated at 300 kV accelerating voltage. The atomic-
resolution HAADF-STEM imaging was carried out with an FEI Titan 3  
50-300 PICO microscope equipped with a high-brightness fi eld emission 
gun, a monochromator, a probe C S  corrector, and a C S –C C  (chromatic 
aberration) achro-aplanat image corrector. Multislice HAADF-STEM 
image simulations were performed using the Dr. Probe software. [ 18 ]  
Structural models were visualized with VESTA. [ 19 ]   
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