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ABSTRACT: Atomic layer controlled growth of epitaxial thin films of
unconventional superconductors opens the opportunity to discover novel
high temperature superconductors. For instance, the interfacial atomic
configurations may play an important role in superconducting behavior of
monolayer FeSe on SrTiO3 and other Fe-based superconducting thin films.
Here, we demonstrate a selective control of the atomic configurations in
Co-doped BaFe2As2 epitaxial thin films and its strong influence on
superconducting transition temperatures by manipulating surface termi-
nation of (001) SrTiO3 substrates. In a combination of first-principles
calculations and high-resolution scanning transmission electron microscopy
imaging, we show that Co-doped BaFe2As2 on TiO2-terminated SrTiO3 is a
tetragonal structure with an atomically sharp interface and with an initial Ba
layer. In contrast, Co-doped BaFe2As2 on SrO-terminated SrTiO3 has a
monoclinic distortion and a BaFeO3−x initial layer. Furthermore, the
superconducting transition temperature of Co-doped BaFe2As2 ultrathin films on TiO2-terminated SrTiO3 is significantly higher
than that on SrO-terminated SrTiO3, which we attribute to shaper interfaces with no lattice distortions. This study allows the
design of the interfacial atomic configurations and the effects of the interface on superconductivity in Fe-based superconductors.
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The discovery of high-temperature superconductivity in
Fe-based compounds1 has sparked intense research

activity2−8 to understand the mechanisms of the super-
conductivity and enhance the superconducting critical temper-
ature (Tc). It has been reported that Tc is very sensitive to
small changes of atomic structure, for instance, from
perturbations such as the pnictogen (P, As) or chalcogen (S,
Se, Te) anions, and hydrostatic pressure.8−15 Thin films
provide another route to comprehensive control of the atomic
structure for the further enhancement of Tc because unlike in
bulk both tensile and compressive biaxial strain can be applied
easily.16,17 The dimensionality of the material is decreased
from 3D to 2D which also opens the opportunity to study the

mechanism that gives rise to the enhancement of the critical
temperature. For instance, well-known Fe-based superconduc-
tor, monolayer FeSe on SrTiO3 shows a 10 times enhancement
of Tc over the bulk.

18−23 Despite the strong influence of atomic
structure on Tc, there lacks a comprehensive study of
interfacial atomic structure control and the concomitant
superconducting Tc in thin film heterostructures. To make
progress, it is crucial to control atomic configurations near the
interface between Fe-based superconductors and substrates.
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BaFe2As2 (Ba-122)/SrTiO3 (STO) heterostructure is an
excellent platform to explore the relationship between atomic
structure and superconducting Tc in thin films because of good
lattice matching, chemical/electronic compatibility, and
chemical stability to air exposure.4,24−28

Here, we report selective control of the atomic config-
urations in Co-doped BaFe2As2 epitaxial thin films by
manipulating the surface termination of (001) SrTiO3
substrates, and the strong influence of these configurations
on superconducting transition temperatures. Three different
substrate terminations, namely, pure TiO2-terminated,29 SrO-
terminated, and mixed TiO2/SrO-terminated STO substrates
were used to grow Co-doped Ba-122 thin films by pulsed laser
deposition with a KrF (248 nm) ultraviolet excimer laser at
730 °C (growth rate: 2.4 nm/sec). The STO substrates were
attached to a resistively heated block with silver paste in a
growth chamber with base pressure 3 × 10−5 Pa. After the film
growth, the heater was slowly cooled by removing the heater
power (see Supporting Information for details). The atomic
structures at the interfaces with different surface terminations
were investigated by high-resolution scanning transmission
electron microscopy (HR-STEM) and compared to density
functional theory calculations. We find that surface termination
control can significantly improve interfacial sharpness, leading
to a higher Tc in the Ba-122 grown on TiO2-termination than
that of distorted Ba-122 on SrO-termination.
Dependence of Interface Structure on Substrate

Termination. We performed atomic-resolution STEM high-
angle annular dark-field (HAADF) imaging and electron
energy loss spectroscopy (EELS) experiments on a double
aberration-corrected transmission electron microscope FEI
Titan 60-300 to investigate atomic arrangements and chemical
diffusion at the heterointerfaces (Figure 1). Images were
averaged along the interface to improve the signal-to-noise
ratio (see Supporting Information for details). Figure 1a,b
shows the averaged STEM HAADF images of Ba-122 on TiO2-
and SrO-terminated STO, respectively. They show clear
evidence that atomic structures at the heterointerfaces are

selectively controlled by the surface terminations of STO
(Figure S1 in Supporting Information).
On TiO2-terminated STO, one unit-cell of BaFe2As2 consists

of a stacked structure of Ba−AsFeAs−Ba−AsFeAs−Ba (white
box in Figure 1a), where at the interface the Ba atom is aligned
with Sr along the vertical direction (white dotted line in Figure
1a). There is no significant structural distortion in the Ba-122
film, and the heterointerface is atomically sharp. The reduced
contrast of the first Ba atomic layer with the STO could be due
to cation interdiffusion of Ba and Sr or atomic reconstructions
at the interface, as is suggested by the elongation of the
contrast for each Ba/Sr atom along the growth direction.
Contrary to the TiO2-termination, a monoclinic structural

distortion was found near the interfacial region of the SrO-
terminated STO (Figure 1b). First of all, the stacking of Ba−
AsFeAs−Ba is not seen at the interface, but a repeating
stacking sequence of FeO2−BaO appears in the STEM
HAADF image. Therefore, BaFeO3−x is directly grown on
the SrO-termination, accompanied by O diffusion from the
STO substrate (red line of EELS scan in the pink region of the
interfacial layer). More interestingly, we found the monoclinic
distortion of BaFeO3‑x, shown by the vertical pink dashed line
in the STEM image. The monoclinic phase of BaFeO2.5 has
been reported previously,30,31 resulting from oxygen deficiency
favoring the oxidation states of Fe3+. As is shown in Figure S2,
the onset energies of Fe-L2,3 edge in the interfacial layer are
systematically shifted to lower energy-losses as the vertical
position is farther away from the substrate. A higher onset
energy indicates a higher oxidation state of Fe4+ near the
BaFeO3−x/SrTiO3 interface,32 while a lower onset energy
suggests a lower oxidation state of Fe2+/Fe3+ in BaFeO2+δ and
BaFe2As2. In addition to oxidation states, we investigated the
fine structure of Ti-L2,3 edge and O-K edge of STO showing
strong multiple peaks arising from the octahedral coordination
of Ti atoms in cubic STO.33 However, we do not observe
strong multiple peaks in Fe-L2,3 and O-K edge EELS spectra of
BaFeO3−x (Figure S2 in Supporting Information). This might
indicate that the Fe atom is in a distorted octahedral
coordination due to monoclinic distortion of BaFeO3−x.
The monoclinic BaFeO3−x at the SrO-termination layer

transits to a monolayer BaFeO2+δ when oxygen is insufficient,
and then monoclinic Ba-122 grows on the oxygen-deficient
BaFeO2+δ layer (Figure 1b). The atomic structure of the
BaFeO2+δ is also monoclinic, affected by the underlying
BaFeO3−x. Unlike BaFeO3−x, the atomic structure of
BaFeO2+δ is elongated along the vertical direction, which
replicates itself in the half unit cell of the following Ba-122
layer. The image of BaFeO2+δ appears blurred due to chemical
rearrangement of the Fe and O atoms resulting in disorder.
Arsenic atom can be placed on top of the oxygen-deficient
BaFeO2+δ due to long diffusion distance approximately 3 nm
away from the STO substrate. As a result, Ba-122 is finally
synthesized on top of the BaFeO2+δ because the oxide layer is
no longer stable in the lack of oxygen. The structure of Ba-122
is still monoclinic (white box), influenced by the underneath
BaFeO2+δ (Figure S3 in Supporting Information).
Figure 2 shows a schematic comparison of interfacial atomic

configurations in the Ba-122 grown on TiO2- and SrO-
terminations of STO substrates. The Ba-122 film grown on
TiO2-terminated STO substrate shows an atomically sharp
interface between Ba-122 film and the STO substrate (Figure
2a). Note that bulk Ba-122 superconductor has a tetragonal
structure. The tetragonal structure with the atomically sharp

Figure 1. High-resolution STEM HAADF images and EELS profiles
of Ba-122/STO heterostructures with (a) TiO2- and (b) SrO-
terminations. Atomic structures were imaged along the [100] zone
axis. EELS vertical line scan across the interface of Ba-122/STO with
steps of ∼0.2 nm along the [001] direction.
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interface is observed in Ba-122 grown on TiO2-terminated
SrTiO3 substrate. On the other hand, the interfacial layer
shows strong disorder on the SrO-terminated STO causing the
Ba-122 film to show the monoclinic phase (Figure 2b).
Controlling interfacial structure via surface terminations
enhances superconducting Tc in the Ba-122/STO hetero-
structures.
Calculations of Initial Growth on Different Termi-

nation Layers. We propose systematic growth models of Ba-
122 on both TiO2- and SrO-terminations (Figure 2c,d). We
determine which layer is thermodynamically stable as the first
layer on TiO2 or SrO, and then consider whether the first layer
has any preference to preserve or change perovskite oxide
structure. First-principles calculations were performed to
predict the most stable phases on TiO2- and SrO-terminations
(Table S1 in Supporting Information). To find the most stable
interfacial structures between Ba-122 and STO, we have first
designed 14 possible interfacial configuration models within
the supercell approach. Phase stability was determined by
comparing the total energy of a given structure with a convex
hull construction based on the total energies of the 14 possible
configurations together with energies for structures of pure
elements As, Fe, Ba, and Sr and simple compounds BaO,
Fe2O3, TiO2, SrO, SrTiO3, and BaFe2As2. The theoretical
calculations show the Ba layer, instead of BaO, is energetically
more favorable on TiO2, and then Ba−AsFeAs−Ba stacking is
stable with the tetragonal structure (Figure 2c). Contrary to
the TiO2-termination, FeO2 is more stable than Fe on SrO to
keep oxide structure (Figure 2d). We suggest BaFeO3 (FeO2−
BaO) is grown on top of SrO, assisted by oxygen diffusion
from the STO substrate, and eventually a Ba layer will be
grown to form Ba-122 (Table S1 in Supporting Information).
The atomic configurations determined by theoretical calcu-
lations are consistent with the experimental observations
discussed in the previous section.
Transport Properties. In addition to the local atomic

structures, we have studied the influence of TiO2/SrO surface
coverage of the surface terminations on the superconducting

Tc of Co-doped Ba-122 films (Figure 3). We prepared pure
TiO2-termination and mixed surface termination (as-received),

and also changed TiO2/SrO ratio by growing SrO layer on
pure TiO2 surface. With in situ reflective high energy electron
diffraction (RHEED) technique, the fraction of SrO surface
was controlled by the number of laser pulses (Figure S4 in
Supporting Information). We state 100% SrO coverage where
the intensity of the RHEED oscillation is recovered at a local
maximum value in one oscillation period and determine the
percentage of SrO coverage based on number of pulses.
Typically, it has been reported that the long-range nanoscale
patterns of mixed-terminations in perovskite oxide substrates
severely affect the growth of epitaxial films,34 and therefore, the
relevant length scales of mixed-terminations can impact on
superconducting Tc. On the basis of our structural inves-
tigation, we expect higher-Tc from Ba-122 films with more
TiO2-termination (Figure 3a).
Temperature-dependent resistivity measurements (Figure

3b) of Co-doped Ba-122 show that the TiO2/SrO terminations
of the STO substrate affect the temperature dependent
resistivity and the resistive Tc. In general, the overall resistivity
decreases as the TiO2/SrO termination ratio increases. We
compared the residual resistivity ratio (RRR) to evaluate the
scattering sources in Ba-122 films. The RRR is enhanced from
1.2 to 1.4 when the TiO2:SrO ratio is higher, indicating less
defect scattering in the Ba-122 film on TiO2-termination
(Figure S5 in Supporting Information), in good agreement
with the STEM results. X-ray diffraction also shows Ba-122
grown on TiO2 has narrower full width half-maximum (fwhm)
of the (004) reflection rocking curve indicating better epitaxial
quality of the films (Figure S6 in Supporting Information).
Even though there might be the difference of local strain near
grain boundaries due to monoclinic distortion in nanoscale
regions, there is no overall strain effect because the STO
substrates all have the same lattice parameters. There is
however an influence of distortions in the interfacial layer on
the atomic structure of Ba-122 films and interdiffusion into the
films. Therefore, the proximity to TiO2-termination reduces

Figure 2. Schematic picture of distinct superconducting Tc of Co-
doped Ba-122 film depending on (a) TiO2 and (b) SrO surface
terminations of (001) STO substrates. Growth models and atomic
configurations of Ba-122 at the heterointerfaces with (c) TiO2- and
(d) SrO-terminations.

Figure 3. (a) Surface termination design for controlling super-
conducting Tc of Co-doped Ba-122 film. (b) Temperature-dependent
resistivity and superconducting transition (inset), controlled by TiO2/
SrO. (c) Thickness-dependent Tc trend of Ba-122 film on different
TiO2/SrO surface coverage.
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scattering due to the structural imperfection near the interface
and eventually enhances Tc (inset of Figure 3b).
Dependence of Tc on Film Thickness and Substrate

Termination. We also demonstrate that the superconducting
Tc depends on the TiO2/SrO termination of STO (Figure 3c).
Tc is enhanced as TiO2/SrO ratio increases, and the variation
of Tc with substrate termination (ΔTc) significantly increases
with the reduction of film thickness. The 260 nm thick film
shows no Tc reduction from pure TiO2 or from the as-received
substrate, presumably because the disordered region nearby
the interface is only a small portion of the thick film. No
discernible differences in X-ray diffraction peak fwhm between
the Ba-122 films grown on these two different substrates could
be found at 260 nm (Figure S6 in Supporting Information).
However, the Tc trend clearly shows the ΔTc between pure
TiO2 and SrO is 3.7 K for a 24 nm thick film, and it increases
to 6.3 K at 20 nm thickness. Our superconducting quantum
interference device (SQUID) measurement of the magnet-
ization Tc also show significant dependence on surface
termination (Figure S7 in Supporting Information).
Figure 3c shows several interesting trends with film thickness

and substrate termination. For the pure TiO2-terminated STO,
the superconducting Tc remains fairly high even in films as
thick as 24 nm. We attribute the decreasing Tc to increased
scattering in thinner Ba-122 films. Even TiO2-termination
shows Tc decreasing trend with decreasing film thickness. This
gradual degradation of superconducting Tc at reduced
dimensions might be related to chemical intermixing at the
interface. However, in the case of SrO-termination Tc drops
faster with decreasing thickness. We attribute this to a larger
interfacial scattering due to larger fraction of the disordered
BaFeO3−x and the distorted Ba-122 in thinner films. Therefore,
the different thickness-dependent Tc between TiO2- and SrO-
terminations is caused by both the effective Ba-122 thickness
and the epitaxial quality of Ba-122. Proximity effect may play a
minor role, possibly arising from a weak magnetic ordering in
the distorted BaFeO3−x We identified a very small magnetic
signal in the Fe-L2,3 edge X-ray magnetic circular dichroism
spectra and in magneto optical Kerr effect measurements
(Figures S8 and S9 in Supporting Information).
We believe the interface engineering demonstrated here is

not limited to STO substrates but also can be tailored to STO
buffer layers on various perovskite substrates with different
lattice parameters. To extend our approach, we tested STO-
buffered (La,Sr)(Al,Ta)O3 (LSAT) substrates with pure TiO2-
and mixed-terminations. Temperature-dependent resistivity of
Ba-122 shows that Tc values are 18.8 and 17.0 K in TiO2- and
mixed-terminations, respectively (Figure S10 in Supporting
Information). The Tc trend in STO-buffered system is similar
to the result in STO substrate with the same film thickness of
Ba-122.
Conclusions. We have determined the interfacial atomic

configurations in Co-doped BaFe2As2 epitaxial thin films on
both TiO2- and SrO-terminated (001) SrTiO3 substrates by
using first-principles calculations and high-resolution scanning
transmission electron microscopy imaging. Co-doped Ba-122
thin films on TiO2-terminated STO substrates show tetragonal
structure with atomically sharp interfaces. In contrast, Co-
doped BaFe2As2 on SrO-terminated SrTiO3 has a monoclinic
distortion with a BaFeO3−x intermediate layer. We have also
found that the distinctively different interfacial structures
strongly influence on superconducting transition temperatures
of Ba-122 ultrathin films depending on the surface

terminations of (001) SrTiO3 substrates. The control of
interfacial atomic configurations by designing the topmost
layer of the substrate is a novel approach to study interfacial
superconductivity in Fe-based superconductors. We believe
that this approach can open up many possibilities to explore
the relationship between structure and property in Fe-based
superconducting thin films.
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