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Atomic and electronic structures of superconducting BaFe2As2/SrTiO3 superlattices
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The nanoscale structural, chemical, and electronic properties of artificial engineered superlattice thin films
consisting of superconducting Co-doped BaFe2As2 (Ba-122) and nonsuperconducting SrTiO3 (STO) layers are
determined by using atomically resolved scanning transmission electron microscopy and electron energy loss
spectroscopy. The bonding of Ba-122/STO occurring between As (Ba) and SrO (TiO2) terminated layers has
been identified. The thin STO (3 unit cell) insertion layers are a mixture of cations (Ba, Sr, Fe, and Ti) and rich in
oxygen vacancies and the Ba-122 layers (10 unit cell) are free of vertical second phases. Our results explain why
these superlattices show anisotropic transport response to an external magnetic field, i.e., strong ab-axis pinning
(enhancing critical current density) and no c-axis pinning, which is opposite to single layer Ba-122 thin films.
These findings reveal physical and chemical properties of superconducting/nonsuperconducting heterostructures
and provide important insights into engineering of superconducting devices.
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High-quality epitaxial heterostructures consisting of su-
perconducting and nonsuperconducting layers have been
attracting extensive research interest because their novel
properties make them very attractive candidates for a variety
of applications, such as Josephson junctions, superconducting
quantum interference devices (SQUIDs), and other field-effect
devices [1–7]. Epitaxial pnictide thin films, however, have so
far been hard to produce due to the volatile elements in the iron-
based superconductor phase and therefore it is difficult to con-
trol the stoichiometry of the deposited films [8,9]. By employ-
ing epitaxial SrTiO3 (STO) templates, we were able to grow
high-quality epitaxial Co-doped BaFe2As2 (Ba-122) thin films
on (La,Sr)(Al,Ta)O3 (LSAT) substrates [10–12]. Recently, we
reported the growth and properties of artificially engineered
superlattices of Co-doped BaFe2As2/SrTiO3 (Ba-122/STO)
and Co-doped BaFe2As2/undoped BaFe2As2 [12]. The former
was possible due to their similar structures of which bulk
Ba-122 has a tetragonal structure with lattice parameter a =
3.962 Å, c = 13.017 Å [13,14], while cubic STO has a lattice
parameter with a = 3.905 Å. As a result of small misfit (1.4%)
at the interface, the films showed excellent epitaxial growth
with the use of the oxide templates.

Previously we reported that single layer Ba-122 thin films
showed strong c-axis pinning effect which enhances the
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in-field performance of the critical current density [10,11].
High-resolution TEM results indicated that the presence of
the c-axis aligned self-assembled oxide nanopillars in Ba-122
thin film [15] accounts for the c-axis pinning effect. In contrast,
superlattice structure of Ba-122/STO shows very strong ab-
axis pinning rather than c-axis pinning. The different transport
properties in these thin film devices essentially originate from
the nature of defects, i.e., heterointerfaces and second phases.
Precise knowledge of what the atomic and electronic structures
of heterointerfaces and second phases are and how the second
phases distribute in these thin films, therefore, is a key pre-
requisite to understand the physics of superconducting/oxide
heterostructures and subsequently develop superconductor
devices. However, the defects’ properties are difficult to extract
from the bulk-based measurement techniques (e.g., x-ray
diffraction and electrical-based measurements) because the
defects (e.g., interfaces, second phases) are typically in the
atomic or nano-scale and their properties can significantly
change from unit cell to unit cell. In this paper, the state-of-
the-art of aberration-corrected scanning transmission electron
microscopy (STEM) combined with electron energy loss
spectroscopy (EELS) with subangström spatial resolution are
employed to enable nanosized structure, composition, and
chemical states of defects in Ba-122/STO superlattice to be
determined, and therefore to reveal the underlying mecha-
nism of anisotropic electromagnetic transport properties. The
bonding of Ba-122/STO heterostructure is found to occur
between an As (Ba) and a SrO (TiO2) terminated layer. All
the Ba-122 layers are single crystal without any other phases.
Free of second phases in Ba-122 layers can be attributed to
the presence of STO insertion layers which act as nuclei for
other perovskite-related second phases (e.g., Ba-Fe-O) as the
quantitative EELS analysis indicates a mixture of cations of
Ba, Sr, Fe, and Ti in these insertion layers, along with oxygen
vacancies and Ti3+ ions. Based on these findings, we conclude
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FIG. 1. (Color online) (a) HAADF image of 24 layers of Ba-122/STO superlattice on LSAT substrate with a 40 nm STO template layer.
A schematic is shown in the right of the image. (b) High-resolution HAADF image of the 〈100〉 projection of the Ba-122/STO structure with
10 unit cells in each Ba-122 layer and 3 unit cells in each STO layer. A schematic of Ba-122 and STO structures is included to the right of the
images. Blue atoms, Ba; purple, Sr; green, As; brown, Fe; Red, oxygen.

that the elimination of c-axis pinning in such a structure
results from the absence of vertical defects in each Ba-122
layer, while the inherent defects induced by the insertion
of nonsuperconducting STO layers account for the ab-axis
pinning.

Single-crystal Co-doped Ba-122 and STO superlattices
were grown by pulsed laser deposition (PLD) on LSAT sub-
strates [10,16]. The details of the growth and electromagnetic
properties were reported elsewhere [12]. The superconducting
transition temperatures of these structures vary from 17.0 to
19.7 K with small transition width �Tc: 1.1 ∼ 2.0 K. These
structures were characterized by using aberration-corrected
scanning TEMs (JEOL 2100F and JEOL ARM200) operated
at 200 kV with probe size of 0.08 nm. High-angle annular
dark field (HAADF) images allowed high atomic number
features such as the Ba, Sr, As, Fe, and TiO columns to be
directly distinguished and therefore are used to determine
atomic bonding at the interfaces. EELS was employed to
probe the local chemistry of the heterostructures at the atomic
scale. Figure 1(a) shows a cross-sectional HAADF image of
a 24-layer Ba-122/STO structure with a total thickness of
∼320 nm. The first template STO layer on LSAT is ∼40 nm
thick (100 unit cells). A higher-resolution HAADF image
[Fig. 1(b)] seen along the 〈100〉 direction shows that each
STO layer is 3 unit cells thick, and Ba-122 has a thickness of
10 unit cells.

Figure 2(a) shows a typical high magnification HAADF
image of the interfacial region of the first Ba-122 thin
film on the STO template layer. Each atom column can be
distinguished directly as the intensity in the HAADF image
(Z contrast) is sensitive to the atomic number. The intensity
of A-site cations (in ABO3 perovskite structure) in layers “B,”
“C,” “D,” “E,” and “F” are obviously higher than that in layers
below “A,” which is supposed to be Sr, indicating the mixture
of Sr and heavier Ba atoms within the STO template layer
underneath the interface. The substitution of Sr by Ba should
gradually decrease from the interface to the deeper interior
of the STO template layer. The intensities in the layers “E”
and “F,” however, are abnormally lower than that of the layer

“D.” This can be explained by the fact that the intensity in the
HAADF image is also very sensitive to the distances between
atom columns and the space between “E” and “F” is ∼1.37
times that between layer “D” and “E” calculated by two-
dimensional Gaussian fitting Sr/Ba columns [in Fig. 2(b)].
Weaker bonding also occurs in the first Ba-122 layer near the
interface, where the distance between layer “F” and layer “G”
is 1.06 times that between layers “G” and “H” [Fig. 2(b)].

In the STO insertion layer, the mixture of A-site cations
also occurs as shown in Fig. 2(c) where the intensity of layer
“K,” “L,” “M,” and “N” are not homogeneous, and therefore
pure Ba or Sr columns can be ruled out (the coexisting Ba and
Sr are also evidenced by the x-ray dispersive spectra shown in
Supplemental Material, Fig. S1 [17]). The intensity ratios of
the A-site columns in the inserted STO (“K,” “L,” “M,” and
“N”) layers to the Ba layer (“O”) are ∼0.80 − 0.87 compared
to the ratio of layer “A” (Sr column) to layer “G” (Ba column)
∼0.64 in Fig. 2(a), indicating heavy substitution of Sr by Ba
atoms in these insertion layers. The lattice ratio of c/a in
these insertion layers remains ∼1 within experimental error
[Fig. 2(d)]. Although BTO and STO have different lattice
constants (∼3% mismatch), heavy doping in these insertion
layers does not cause obvious structure distortion and no
dislocations are observed in the films.

The bonding between the Ba-122 and perovskite STO can
be determined directly as shown in Fig. 2(e). The As layer in
Ba-122 bonds to a SrO layer or the Ba layer bonds to the TiO2

layer depending on what the surface layer is in pristine STO
before deposition of Ba-122. The simulated HAADF image
of the Ba-122 structure [right inset of Fig. 2(e)] shows good
agreement with the experimental image. The distance between
the Fe and As atoms is ∼1.35 Å based on the structure model
and these atoms are readily distinguishable from the HAADF
image [Fig. 2(f)].

To get the distribution of elements, the spatial variation of
EELS spectra across a STO insertion layer, a Ba-122 layer, and
the interface of a Ba-122/STO template layer are acquired [in
Fig. 3(a)] with a spatial step size of 0.09 nm. At the interface of
the Ba-122/STO template layer, Ba atoms diffuse into the STO

104525-2



ATOMIC AND ELECTRONIC STRUCTURES OF . . . PHYSICAL REVIEW B 91, 104525 (2015)

0 2 4 6 8 10

1

2

3

Intensity (a.u.)
0.8 1.00.6 0.8 1.0

G

H

F
E
D

C
B

A

Ba/Sr
Fe
As
Ti/O

(a) (c)

0 10 20 30

0.6

0.8

1.0
Fe

As

Distance (pixel)

La
tti

ce
 r

at
io

 (
a.

u.
)

Distance (u.c.)

Intensity (a.u.) (e)

Ba122

STO

(b) (d) (f)
0.135 nm

O

P

N
M

L
K

I

J

0 2 4 6 8 10

1

2

3
STO

Ba122 Ba122

F

EA B C D

G

K

J

L M

N

OH I P

1 nm 1 nm 0.5 nm

La
tti

ce
 r

at
io

 (
a.

u.
)

Distance (u.c.)

In
te

ns
ity

 (
a.

u.
)

FIG. 2. (Color online) (a) HAADF image of the interface between the first Ba-122 layer and the STO template layer. The interface of
Ba-122/STO is indicated by the arrow. Near the interface in STO, inhomogeneous intensities in the profile indicate a mixture of Sr and Ba
atoms. (b) The c/a ratio across the interface. The calculation is based on the Ba/Sr atom positions from the HAADF image which is averaged
along the interface (horizontally) to reduce noise. Atom positions were determined by simultaneously fitting two-dimensional Gaussian peaks.
The arrows indicate the weak bonding at the interface. (c) HAADF image of interfaces of the Ba-122 layer and the 3 unit cell STO insertion
layer. The interfaces of Ba-122/STO are indicated by the arrows. In the insertion layer, inhomogeneous intensities in the profile indicate a
mixture of Sr and Ba atoms. (d) The c/a ratio across the insertion layer calculated from Ba/Sr positions in the average HAADF image. (e)
Enlarged view of the Ba-122/STO interface structure from an averaged image. Left: color scale highlights each atom column. Middle: the
atomic schematic structure overlaid on the image. Right: the simulated HAADF image by the MACTEMPAS software. (f) The intensity profile
from the rectangular region in (e) distinguishes the Fe and As atom columns.

layer with a depth of ∼1.5 nm [Fig. 3(a)], which is consistent
with ∼4 unit cells of mixed cations in Fig. 2(a). In contrast,
diffusion of Fe atoms is much shorter. The quantitative EELS
analysis determined from the ratios of integrated intensities of
Ti-L, Fe-L, and Ba-M edges [in Fig. 3(b)] indicates the Fe/Ba
ratio in the Ba-122 layer is ∼1.91, which is very close to the
stoichiometric proportion within experimental error. Within
the STO insertion layer, both Ba and Fe signals are strong, and
the Fe/Ba ratio is close to 1.

In our previous work, the second phases of BaFeO2

nanopillars were observed in single Co-doped Ba-122 thin
films [15] because oxygen was present in surroundings from
targets and the chamber walls and therefore the second phases
formed easily due to the intrinsic similarities in the structure
and chemistry of BaFeO2 and STO. For the superlattice
films in this work, in addition to the cation substitution, it
is also possible that other perovskite-related phases Ba-Fe-O
nucleated within the STO layers to form a mixture. In the
STO layer, the ratio of Fe:Ti calculated from the EELS is
close to 1:1 and energy dispersive spectroscopy shows the
Sr:Ti also approximately equals 1:1 (Supplemental Material,
Fig. S1 [17]). In other words, the insertion STO layer can be
expressed as (Ba0.5Sr0.5)(Fe0.5Ti0.5)O3−x (x denotes oxygen
deficiency). In this case, the concentration of Ba in this
insertion layer is 0.5 atom per unit cell with volume of a3

(a = 3.905 Å for bulk). This value is close to that in a single-
crystal Ba-122 layer, which is 2 atoms in a2c (a = 3.962 Å
and c = 13.017 Å for bulk). As a result, across the insertion

layer the counts of Ba remain the same, but the counts of Fe are
reduced to half from the EELS line scan [Figs. 3(a) and 3(b)].
The mixture of cations, however, is not homogeneous in these
insertion layers as spectra acquired from different locations
show that the ratio of Fe:Ti varies from 0.6:1 to 1:1.

In order to see the detailed electronic structures of super-
conducting/nonsuperconducting interfaces, fine structures of
Ti-L2,3 and O-K edges acquired simultaneously from different
locations are plotted in Figs. 4(a) and 4(b). Spectra 1–3 were
taken in the middle of the insertion STO layer, 2 unit cells
underneath the interface of the Ba-122/STO template layer
and 7 unit cells from the interface, individually. Figure 4(a)
shows the fine structure of the O-K edge that is sensitive
to the concentration of oxygen vacancies. The decrease in the
intensities of the peaks (indicated by arrows) in spectra 1 and 2
is a clear manifestation of oxygen vacancies existing in these
regions [18–20]. Additionally, the Ti-L (Ti 2p to 3d) core
edges are also sensitive to a change in valence of Ti [21]. Peaks
in the Ti-L2,3 edges become broader both in the insertion layer
(in spectrum 1) and near the interface (in spectrum 2) with peak
splitting becoming less pronounced. This broadening results
from the existence of Ti3+ ions [17,18]. Furthermore, these
peaks in spectra 1 and 2 are slightly shifted to lower energy
compared to spectrum 3, which is another characteristic of
Ti3+.

We have profiled the distribution of Ti3+ and Ti4+ across
the interfaces, as shown in Fig. 4(c). The relative composition
of Ti3+ and Ti4+ has been extracted by fitting the Ti-L edges
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FIG. 3. (Color online) (a) EELS line scan across a STO insertion
layer, a Ba-122 layer, and the interface of a Ba-122/STO template
layer with steps of ∼0.09 nm. Ba diffusion in the STO template layer
is much deeper than that of Fe. In the STO insertion layer, the intensity
of Fe decreases, but the intensity of Ba does not show any obvious
change. (b) Relative composition extracted from the EELS line scan
shows the Fe:Ba ratio is close to 1.91 in the Ba-122 and the Ba:Fe:Ti
ratio is close to 1:1:1 in the middle of the insertion STO layer.

using reference spectra of Ti3+ (acquired from LaTiO3) and
Ti4+ (acquired from SrTiO3) that were obtained under the
same experimental conditions. A high concentration of Ti3+
is observed within the STO insertion layer and underneath
the interface of the Ba-122/STO template layer. The presence
of Ti3+ underneath the surface of the STO template layer is
reasonable because before growing Ba-122 oxygen vacancies
have already formed at the surface of STO where oxygen
anions are very active and may be released due to asymmetric
interaction with cations, especially in the vacuum chamber at
high temperature. In the inserted STO layers, the Ti/O ratio is
calculated to be ∼1/2.75 in this region since the population of
Ti3+ approximately equals that of Ti4+. With the perovskite
structure, STO remains stable even though a large population
of oxygen vacancies exists. The high concentration of oxygen
vacancies in the inserted STO layer results from the fact that
the Ba and Fe ions take oxygen anions from the STO phase
to form a mixture of perovskite-related second phases. In
these insertion layers, most of the Fe ions are Fe2+ based on
EELS analysis (Supplemental Material, Fig. S2 [17]) [22,23].
SrTiO3−x , BaTiO3−y BaFeO2, and SrFeO2 (x and y denote
oxygen deficiency), therefore, are the most likely candidates
comprising the mixture of insertion layers.
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FIG. 4. (Color online) (a) Fine structure of O-K edges showing
the presence of oxygen vacancies in regions 1 and 2. (b) Fine structure
of Ti-L edges shows some reduction of Ti4+ to Ti3+ in regions 1 and
2. The inset shows the locations where the spectra were acquired. (c)
Distribution of Ti3+ and Ti4+ by fitting Ti-L edges using reference
spectra of Ti4+ in SrTiO3 and Ti3+ in LaTiO3.

In summary, the atomic bonding of a structurally modu-
lated superconducting and nonsuperconducting Ba-122/STO
superlattice with atomically sharp interfaces is determined by
Z-contrast images with subangstrom resolution: The As (Ba)
layer in tetragonal Ba-122 bonds to the SrO (TiO2) layer of
perovskite STO. Substitution of Sr by Ba atoms occurs both in
the thin STO insertion layers of the superlattice and underneath
the interface of the Ba-122 and STO template layer. The
quantitative EELS analysis indicates that the STO insertion
layer is a mixture of perovskite phases and consists of a
large population of oxygen vacancies. These findings provide a
complete understanding of the anisotropic transport properties
of these structures: The ab-axis pinning stems from layered but
inherent nonsuperconducting STO structures, while vertical-
defect-free Ba-122 layers account for elimination of c-axis
pinning as the nonsuperconducting phases are concentrated in
the STO insertion layers.
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