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Abstract
Interface-related phenomena have great potential to control the superconducting state in Fe-based superconductors.
We propose a comprehensive classification of Fe-pnictide heterointerfaces based on electrostatic principles that allow
the prediction of the interface microstructure, in particular, distinguishing between clean heterointerfaces and the
formation of interfacial layers. The concept was successfully tested on a novel LnOFeAs/BaFe2As2 (Ln= La, Sm) Fe-
pnictide heterostructure. With the addition of different cations/anions, it is possible to produce clean interfaces or
interfacial layers. The impact of the microstructure on superconductivity in the Fe-pnictide heterostructures is
discussed.

Introduction
The design and study of functional interfaces has become

increasingly important in the interdisciplinary fields of
materials science, condensed matter, and applied physics. In
the context of Fe-based superconductors, the controlled
engineering of novel interfaces is starting to play a key role.
On the one hand, it helps to elucidate the interplay between
charge, spin, and lattice degrees of freedom that might be
relevant for high-temperature superconductivity; on the
other hand, it is required to advance the potential for device
applications. Recently, the heterointerface between a Fe-
chalcogenide and a perovskite oxide in monolayer (ML-)
FeSe/SrTiO3 demonstrated an ability to host high-
temperature superconductivity in the range of 40–75 K.1–3

This transition temperature, which exceeds the value of its
bulk counterpart by almost one order of magnitude, is
believed to be the result of a cooperative (interfacial) Cooper
pairing interaction.4

While interface engineering of ML-FeSe/SrTiO3 has
attracted much attention and established protocols have
been worked out,5 analogous interfacial control for Fe-
pnictide superconductors is less developed because gen-
eralized engineering concepts are lacking. In contrast to
the van der Waals compound FeSe,5 Fe-pnictides are
polar layered compounds, which is of great relevance for
their surface and interface properties. In many cases, Fe-
pnictide heterointerfaces are found with an additional
reaction layer that complicates interfacial super-
conductivity or junction design. Nevertheless, we show
that interface-related phenomena in Fe-based super-
conductors hold exceptional promise for their further
design and exploration once their microstructure is
understood in detail.
The here proposed comprehensive classification of Fe-

pnictide heterointerfaces makes effective use of the polar
layered structure of Fe-pnictides and emphasizes that
electrostatic principles govern the interfacial micro-
structure and interface design. According to this classifi-
cation, the formation of an additional interfacial layer can
be easily understood and predicted. Furthermore, we
successfully tested the concept within a series of LnO-
FeAs/BaFe2As2 (Ln= La, Sm) Fe-pnictide hetero-
structures. We believe that the concept can be generalized
to other polar layered compounds.
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Materials and methods
LnOFeAs/BaFe2As2 thin film heterostructures with Ln

= La, Sm (“Ln-1111/Ba-122”) were grown by pulsed laser
deposition (PLD) using a Spectra-Physics Quanta Ray
INDI Nd:YAG(2ω) laser (λ= 532 nm, 10 Hz, τ < 10 ns) in
an ultrahigh vacuum (UHV) chamber (pbase= 10–9–10–8

mbar). Targets of BaFe2As2, LnOFe0.85Co0.15As, and
SmO1-xFeAs with x ~0 and 0.1 (ε ≈ 2–3 J cm–2) were
employed and resulted in LnOFe1-xCoxAs/Ba
(Fe1-xCox)2As2, LnOFeAs/BaFe2As2, and LnOFeAs/IFL/
BaFe2As2 with an interface layer (IFL). The Co2+ and O2–

supply was controlled by the Ln-1111 target composition.
Due to As loss in the deposition process, we talk about an
O-excess in the case of the almost stoichiometric target in
comparison to the O-deficient target. All films were
deposited on MgO(100) substrates that were preheat-
treated in the air at 800 °C for 1–3 h before they were
inserted into the UHV environment. The substrate tem-
perature (~850 °C) was held constant during the deposi-
tion of both Fe-pnictide layers. Further details of film
growth and target preparation are given in the SI (Table
S1 and Figs. S1, S2) and in refs. 6,7

Structural characterization was performed with X-ray
diffraction (XRD) (Rigaku Smart Lab, Cu Kα, Bragg-
Brentano, tube current of 200mA, and voltage of 45 kV).
The c-axis lattice parameters were calculated from the
(00 l) reflections using the extrapolation function, f(θ)=
[cos(θ)cot(θ)+ 1/θ]. Layer thicknesses were acquired
from X-ray reflectivity (XRR) measurements (cross-beam
optics unit, Ge(220) monochromator). Analysis was per-
formed with Global Fit software.
Auger electron spectroscopy (AES) was carried out on

an ULVAC-Phi 710 Auger electron spectrometer inte-
grated into a scanning electron microscope (SEM) with a
primary electron beam of 10 kV. An incident electron
current of 10 nA on scanned areas between 9 µm2 and
150 µm in diameter resulted in current densities between
57 µA cm–2 and 111 mA cm–2 on the film surfaces. For
analysis, clean areas without droplets were chosen. AES
depth profiles were obtained by Ar+ ion sputtering (1 kV
on an area of 2 mm2 × 2mm2). To decrease the effectively
sputtered film area to ~0.78 mm2, the film surfaces were
covered by an Al foil having a hole of ~1mm in diameter.
Auger spectra, N(E), were recorded in the range of E=
30–1500 eV with a step size ΔE= 1 eV (Table S2 and Figs.
S3, S4). The data were processed using Phi MultiPak
software. The quantitative analysis of the element con-
centrations in the heterostructures was based on relative
sensitivity factors using the peak-to-peak heights of the
differentiated spectra E·dN/dE (S5D5).
Analytical and scanning transmission electron micro-

scopy (STEM) were carried out for three different het-
erostructures. A specimen from a LaOFe1-xCoxAs/Ba
(Fe1-xCox)2As2 heterostructure was thinned to electron

transparency by ion milling at Tokyo Institute of Tech-
nology, where STEM was carried out on a JEOL JEM
ARM200F microscope (JEOL Ltd., Akishima, Japan) with
a probe spherical aberration corrector operated at an
accelerating voltage of 200 kV. The high-angle annular
dark-field (HAADF) imaging conditions included a probe
size of 0.1 nm, a semiconvergence angle of 32 mrad, and
an annular detection angle of 80–170 mrad. Electron
energy loss spectroscopy (EELS) was performed using a
Gatan Enfina spectrometer (collection semiangle of 12.5
mrad). The spectra were recorded with a dispersion of ΔE
= 0.1 eV/channel (Table S3 and Fig. S5).
Two comparable heterostructures of LaOFe1-xCoxAs/Ba

(Fe1-xCox)2As2 and SmOFe1-xCoxAs/Ba(Fe1-xCox)2As2
were analyzed by HAADF-STEM at the University of
Glasgow. The TEM lamellae were prepared by a standard
focused ion beam (FIB) lift-out technique performed
using a Xenon Plasma FIB instrument, which allowed the
extraction of longer cross-sections with less Ga implan-
tation or surface damage than with a conventional Ga
beam FIB.8 STEM imaging and analysis were performed
using a JEOL JEM ARM200F (scanning) transmission
electron microscope equipped with a probe aberration
corrector operated at 200 kV. HAADF-STEM imaging
and EDS were performed using a probe convergence angle
of 29 mrad. The HAADF-STEM imaging employed an
inner collection angle of ~100 mrad. EDS analysis was
performed using a Bruker 60 mm2 SDD EDS spectro-
meter (Bruker Nano GmbH, Berlin, Germany), and the
acquisition was controlled by spectrum imaging within a
Gatan Digital Micrograph (Gatan Inc., Pleasanton, CA,
USA). To obtain sufficient signal-to-noise for robust and
reliable detection and quantification of the results without
using long dwell times per pixel and risking beam damage,
the same box was scanned multiple times, with cross-
correlation after each scan to correct for any drift of the
sample. Quantification of these results was performed
using the Elemental Analysis plugin for Gatan Digital
Micrograph. Scanning precession electron diffraction
(SPED) was performed in transmission electron micro-
scopy mode using the smallest condenser aperture avail-
able (10 µm) to obtain a low convergence angle together
with very small spot size. The precession and scanning of
the beam were controlled by a NanoMEGAS DigiSTAR
system (NanoMEGAS SPRL, Brussels, Belgium) with the
scan areas and acquisition handled by their Topspin
software. In this case, the diffraction patterns were
acquired using a prototype system with a Merlin for an
EM direct electron detector (Quantum Detectors Ltd.,
Harwell, UK) instead of the normal CCD camera pointed
at the focusing screen,9 as recently benchmarked and
more fully described in ref. 10 Virtual dark field (VDF)
imaging of the different phases was then accomplished
using the method described in ref. 11 where the data files
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were read into Python and processed using the fpd Python
library (https://fpdpy.gitlab.io/fpd/fpd.html) to numeri-
cally integrate the intensity in each diffraction pattern
within different periodic arrays of apertures set to corre-
spond to the diffraction spots unique to each of the
crystalline phases (and to avoid diffraction spots common
to more than one phase).
Electrical transport measurements (four probe) were

carried out in a Quantum Design Physical Property
Measurement System (PPMS) equipped with a sample
rotator stage in external magnetic fields up to µ0H= 9 T
and down to 2 K. A constant current of 1 µA was used in
all R(T) and R(H;θ) measurements. For the electrical
contacts, Cu wires (diameter of 0.01 mm) were attached to
the thin film surface using commercial silver paste. Cri-
tical temperatures and upper critical fields, µ0Hc2(T;θ),
were evaluated using a resistivity criterion (90 to 50% Rn).
Electronic structure calculations were performed within

density functional theory and generalized gradient
approximation12 for the exchange-correlation functional
in the projector-augmented plane wave (PAW) formal-
ism13 as implemented in the Vienna Ab initio Simulation
Package (VASP).14 The energy cutoff was set to 500 eV,
and the convergence criterion for the electronic density
was set to 10–8 eV. For bulk BaFe2As2 and LaFeAsO, we
used experimental structures with the tetragonal I4/mmm
and P4/nmm space groups, respectively, as reported in
ref. 15 The La-1111/Ba-122 heterostructure used in the
calculations was constructed by stacking [001]-oriented
supercells with four Fe2As2 layers of BaFe2As2 and five
Fe2As2 layers of LaFeAsO along the [001] axis with Ba-As
termination at the interface and a vacuum space region of
20 Å (SI, Fig. S6). The resulting heterostructure was
optimized with the force convergence criterion of 10–3

eV/Å. The Brillouin zone was sampled by a 12 × 12 × 6
mesh for the bulk BaFe2As2, a 12 × 12 × 4 mesh for the
bulk LaFeAsO, and a 10 × 10 × 1 mesh for the hetero-
structure.16 The calculated band structures showing the
partial contributions of the Fe d states for the bulk sys-
tems and the layer-resolved contributions of the Fe d
states for the heterostructure are presented in SI, Fig. S6.
The local potential calculated across the heterostructure
is shown in the SI Fig. S7 and includes the electrostatic
and exchange-correlation potential contributions. The
electrostatic potential defined as the sum of the Hartree
and ionic potentials shows similar features.

Electrostatic principles explaining the variety of Fe-
pnictide heterointerfaces
To date, Fe-pnictides have been grown on various

substrates or templates, and the observed heterointerfaces
were typically described with an additional reaction
layer.17 For a few Fe-pnictide heterostructures, such as Ba
(Fe1-xCox)2As2/Fe,

18,19 BaFe2As2/SrTiO3,
20–23 and Ba

(Fe1-xCox)2As2/BaFe2As2:O,24,25 a coherent atomic
arrangement was observed or anticipated. Previous stu-
dies have mainly emphasized geometric design plans.
Here, we conclude that Fe-pnictide heterointerfaces can
be generalized by electrostatic considerations.
Fe-pnictides are polar layered compounds with an

alternating layer charge of ±2 and a nonvanishing electric
dipole moment. Following the widely accepted typology of
nonpolar and polar surfaces and interfaces, which has
been successfully used in the description of hetero-
interfaces such as Ge/GaAs and LaAlO3/SrTiO3,

26–30 the
assessment of heterointerfaces with Fe-pnictides is sum-
marized in Fig. 1.
The distinct types of interfaces can be classified into

originally compensated interfaces, which can be found
between Fe-pnictides and metals or Fe-pnictides and
polar layers (Fig. 1a–c), and originally uncompensated
interfaces (Fig. 1d–g). An originally compensated inter-
face was reported previously for BaFe2As2/Fe (Fig. 1a).
Here, we predict and show that the interfaces are com-
pensated and clean after two polar Fe-pnictides, LnO-
FeAs/BaFe2As2, are joined (Fig. 1c). The calculated local
and average electric potentials for this heterointerface are
given in SI, Fig. S7. The hypothetical Ba(Fe1-xCox)2As2/
BaFe2As2 interface should be compensated as well; how-
ever, this kind of heterointerface becomes obsolete after
we find Co-diffusion from the top LnOFe1-xCoxAs into
the bottom BaFe2As2 layer.
Originally uncompensated interfaces are subjected to a

compensation mechanism of the electric dipole moment,
which results in the formation of an interfacial layer.
Similar observations were made for Fe-pnictide surfaces.
Equivalent compensation mechanisms for uncompen-
sated dipole moments are found in charge reconstruction
and modulation31 or in shifts of the Fermi surface upon
surface doping.32 The compensation mechanisms at Fe-
pnictide heterointerfaces trigger the formation of either a
metallic layer (for example, Fe or Ba) or a compound
layer, across which an ion valence change occurs (for
example, SrTiO3 with Ti3+ or BaFeO3 with a change from
Fe4+ to Fe2+). This situation can be observed whenever
Fe-pnictides are grown on top of an insulating, nonpolar
(or weakly polar) material. Examples include BaFe2As2/
SrTiO3 (Fig. 1d, e), BaFe2As2/(La,Sr)(Al,Ta)O3 (Fig. 1f),
and BaFe2As2/MgO (Fig. 1g).

The Ln-1111/Ba-122 heterointerface as a test bed
In contrast to previous studies dealing with polar/metal

and polar/insulating combinations, we introduce here the
heterointerface between two polar Fe-pnictide com-
pounds, in particular, quaternary LnOFeAs (Ln= La, Sm;
“Ln-1111” with a ZrCuSiAs-type structure) and ternary
BaFe2As2 (“Ba-122” with a ThCr2Si2-type structure). Both
share common structural features, such as [Fe2As2]

2−
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layers, a similar a-axis, and ionic bonding along the c-axis
direction and, therefore, support epitaxial growth.33 Since
the Ln-1111/Ba-122 interface does not interrupt the
sequential stacking of layers with an alternating layer
charge ±2, it avoids a polarization discontinuity. HRTEM
proves that the commonly shared [Fe2As2]

2− layer con-
stitutes a clean heterointerface after joining the Ln-1111
and Ba-122 unit cells with atomic precision, as suggested
by calculations of the local electric potential.
Consideration of the polarity allows the prediction of

the interface microstructure, particularly if IFLs are nee-
ded to compensate for charges and dipole moments. With
the addition of different ionic constituents, the electro-
static conditions in Fe-pnictide layers can be either pre-
served or perturbed. Therefore, we subjected the Ln-
1111/Ba-122 heterointerface in one case to an additional
Co2+ supply and in another case to excess O2− during

deposition. For this purpose, we selected different target
compositions for LnO1-yFe1-xCoxAs (Ln= La, Sm and x=
0, 0.15; y= 0, 0.1) to continue film growth on Ba-122. The
results demonstrate the proof-of-principle: clean and
smooth interfaces were obtained for the undoped (Fig. 2a,
d, g) and Co2+-substituted cases (Fig. 2b, e), whereas an
IFL of higher roughness was formed with excess O2− (Fig.
2c, f, h). In the following, we present and discuss the two
different cases in detail. Our study is based on the results
for six heterostructures investigated by XRD, XRR, STEM,
EELS, electron-dispersive spectroscopy (EDS), AES, and
electrical transport measurements.

Originally compensated and coherent Ln-1111/Ba-122
interface
According to the above prediction, clean and coherent

interfaces with a commonly shared [Fe2As2] layer are

Fig. 1 Classification of Fe-pnictide heterointerfaces. The structural unit of the [Fe2As2] layers has a net charge of QL=−2 and a dipole moment,
µL ≠ 0. Examples of originally compensated interfaces include a Ba(Fe1-xCox)2As2/Fe, b Ba(Fe1-xCox)2As2/BaFe2As2 (hypothetical), and c LnOFeAs/
BaFe2As2 (this work). Here, the interface is within the Fe plane (black arrow). Examples of originally uncompensated interfaces that develop an
interfacial layer include Ba(Fe1-xCox)2As2/SrTiO3 d with TiO2 termination and e with SrO termination, f Ba(Fe1-xCox)2As2/(La,Sr)(Al,Ta)O3, and g Ba
(Fe1-xCox)2As2/MgO. Compensation is achieved by the valence change within the interfacial layer or by developing a metallic interfacial layer.
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found with HAADF-STEM for undoped Sm-1111/Ba-122
as well as for Co-substituted La-1111/Ba-122. Figure 3
exemplarily summarizes the microstructural investiga-
tions of the latter. Co2+ ions supplied during Ln-1111
deposition do not perturb layer charges or interface
polarity because they easily substitute for Fe2+. AES depth
profiling further confirms the diffusion of Co2+ ions from
the top into the bottom layer (SI, Fig. S3).
The atomic resolution of the HAADF-STEM images

(Fig. 3a–c) allows the evaluation of the distances between

two successive [Fe2As2] layers, dFe-FeIIc, and the local
c-axis lattice parameters across the interface and in its
vicinity (Fig. 3d). The distance between the last Ba plane
in Ba-122 and the first La plane in La-1111 is 6.65 ±
0.28 Å. The c-axis lattice parameters determined by XRD
reveal that c1111,XRD= 8.76 Å (La-1111) and ½c122,XRD=
6.47 Å (Ba-122); these values are close to the interfacial
distances from the optimized DFT calculations (8.79 and
6.57 Å, respectively). The interfacial matching mostly
affects the lattice parameters of the last row of Ba-122 and

Fig. 2 Modifications of the Ln-1111/Ba-122 interface. a clean, undoped Sm-1111/Ba-122 interface, b clean, Co2+-substituted La-1111/Ba-122
interface; c interface layer (IFL) formation in Sm-1111/Ba-122 with excess O2–. AES depth profiles across the interface for d undoped Sm-1111/Ba-122,
e Co2+-substituted La-1111/Ba-122, and f Sm-1111/Ba-122 with excess O2–. Note the interface layer region with a high O content and lower As
content. XRR intensity oscillations reveal the different interface roughnesses of g the originally compensated and clean Sm-1111/Ba-122 interface and
h) the originally uncompensated interface in the presence of excess O2–.
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the first row of La-1111 unit cells. Both unit cells share a
common a-axis lattice parameter at the interface with
a= 4.22 Å and are additionally elongated in the c-axis
direction with c122= 13.0 ± 0.2 Å (from dBa-Ba) and c1111
= 9.25 ± 0.55 Å (from dLa-La). Compared to the averaged
c-axis lattice parameters from XRD, the locally deter-
mined interfacial c-axis lattice parameters are 0.5% larger
for Ba-122 and up to 5.5% larger for La-1111. The inter-
face itself is characterized by an abrupt change in the c-
axis lattice parameters, and the separation of Fe planes,

dFe-FeIIc, jumps from 6.8 to 9.5 Å when going from Ba-122
to La-1111.
In addition to Co-diffusion, the cation interdiffusion of

Ba2+ and La3+ ions traced by EELS reaches at least 5 nm
deep into the adjacent layers (Fig. 3e). The change in the
intensities of the Fe L2,3, Ba M4,5, and La M4,5 edges is
mapped for different positions across the La-1111/Ba-122
interface (red) and traces a locally confined La3+ ↔ Ba2+

interdiffusion. The Co L2,3 edges (very close to the Ba M4,5

edges) cannot be resolved in this measurement. The ionic

Fig. 3 Clean interface. a–c HAADF-STEM of LaOFe1-xCoxAs/Ba(Fe1-xCox)2As2 lamella prepared by conventional milling showing from top to bottom
the LaOFe1-xCoxAs layer, the coherent interface with the shared [Fe2As2] layer (black arrows), and the bottom Ba(Fe1-xCox)2As2 layer. The electron
beam is parallel to the [100] direction of the Fe-pnictides. d Locally (STEM) determined interlayer spacings across the heterostructure compared with
globally (XRD) determined lattice parameters. The DFT calculated values of the interfacial unit cell are shown as green full circles. The lattice plane
spacing dFe-Fe;IIc jumps by 2.9 ± 0.5 Å at the interface. e Electron energy loss (EELS) spectra for an energy loss range E= 688.0–892.7 eV. f VDF images
for the La-1111, Ba-122, and MgO structures combined into a three-color image; g–i representative diffraction patterns for La-1111, faulted region, Ba-
122 and MgO; j HAADF-STEM image of the La-1111/Ba-122 interface showing some faulting and an unclear structure; k HAADF-STEM image of the
Ba-122/MgO interface showing a sharp and well-defined interface; l elemental composition traces (EDS) across one such area (not exactly the same
as in the images) in the same orientation as the images. See SI for further details.
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radius of Ba2+ being larger than that of La3+ could par-
tially explain the increase in interfacial unit cell volumes;
however, while La substitution in BaFe2As2 films is
documented,34 the structural stability of LaOFeAs is
expected to be limited when Ba2+ substitutes for La3+.
The Co-substituted La-1111/Ba-122 heterostructure

was analyzed by both SPED and HAADF-STEM com-
bined with EDS mapping across the interface. Figure 3f–l
shows the results of this analysis. SPED reveals distinct
diffraction patterns for the different layers. The resulting
four-dimensional dataset of two real space and two reci-
procal space dimensions35 can then be processed to show
the spatial distribution of each exemplar diffraction pat-
tern.11 There are clearly three diffraction patterns: for
MgO, for Ba-122, and for the La-1111 structure (Fig.
3g–i). These are all different enough that the spots can be
isolated, and the spatial distribution of these three pat-
terns can be easily mapped as VDF images (Fig. 3f).
Since a small amount of O2− impurity cannot be

entirely excluded, there are regions at the top of the Ba-
122 layer that are faulted. As a result, some of the pro-
duced diffraction patterns are complex and appear to
resemble a mixture of the 122 and 1111 diffraction pat-
terns, and as such, this region cannot be mapped as a
separate pattern. Figure 3j–k shows HAADF-STEM
images of the two interfaces. The Ba-122/MgO interface

is typically perfect and coherent and only shows few
defects (although there is a darker region in the center of
Fig. 3f showing a growth defect with a less clear structure).
On the other hand, the La-1111/Ba-122 interface also has
some faulted regions where the structure is less clear and
may not be the same through the thickness of the lamella
examined in the TEM. The EDS traces in the direction
perpendicular to the interfaces are compared in Fig. 3l.
The EDS traces do not contain Co, as the Co-Kα line
cannot be separated from the much stronger Fe-Kβ and
the Co-Kβ is too weak to use.

Interface layer formation in Sm-1111/Ba-122 with excess O2–

The microstructure and electronic properties change
drastically in the case of excess O2– during Sm-1111
deposition. As a result of the perturbed interface polarity
in the presence of excess O2–, IFL formation between Ba-
122 and Sm-1111 is observed in the respective hetero-
structures by AES depth profiling, TEM-EDS analysis (Fig.
4), and XRR (Fig. 2e). Figure 4 summarizes the micro-
structural results of the Sm-1111/IFL/Ba-122 hetero-
structure. Sm-1111 grows on top of a rough IFL that is up
to 9–10 nm in thickness (Fig. 4a).
Combined HRTEM and EDS reveal the presence of a

crystallographic phase rich in Sm, Fe, and O in the IFL
(Fig. 4b, c). Simultaneously, the absence of As and Ba is

Fig. 4 Interfacial layer formation. a STEM brightfield (BF) image of the Sm-1111/IFL/Ba-122 cross-section. The roughness of the IFL is visible in the
contrast. b HR-STEM BF image of the IFL showing crystalline structures. c EDS analysis with As L, O K, Sm L, Fe K, and Ba L maps confirms the presence
of O, Sm, and Fe in the IFL. Horizontal lines mark the IFL region.
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confirmed. We attribute the formation of an Sm-Fe-O-
containing interfacial layer to the oversupply of O2– and
its inability to substitute for another anion site, i.e., As3–.
A similar mechanism was previously reported for the Ba

(Fe1-xCox)2As2/(La,Sr)(Al,Ta)O3 interface.
36 Although the

exact atomic arrangement is not entirely known, Fe-
pnictides bond on an interfacial Fe layer on top of a Ba-
diffused (La,Sr)(Al,Ta)O3 surface layer. The absence of As
in this interface is noted. In the Sm-1111/IFL/Ba-122
heterostructure, the interfacial layer consumes excess O
with Sm and Fe, while As is not incorporated.

Impact on superconductivity
The electrical resistance and superconducting proper-

ties of the different Ln-1111/Ba-122 heterostructures
display interesting variations (Fig. 5 and Fig. S8). While
the undoped Sm-1111/Ba-122 heterostructure does not
become superconducting (Fig. 5b),37 Co2+ supply during
Ln-1111 deposition and Co2+ diffusion lead to electron
doping of the originally undoped Ba-122 layer (Fig. 5a).
AES traces the Co LMM signal in the whole hetero-
structure from the top down to the substrate. The final Co
concentration depends on the Co2+ supply during film
growth and the layer thicknesses. The measured critical

temperatures also exceed the maximum Tc= 13–18 K in
LnOFe1-xCoxAs (Ln= La, Sm).38 Co-diffusion during film
growth balances the Co content in the individual Fe-
pnictide layers. We find average Co contents of 0.08 ±
0.02 (in La-1111/Ba-122) and 0.06 ± 0.03 (in Sm-1111/Ba-
122) when starting with x= 0.15 in the LnOFe1-xCoxAs
target. The observations of Tc,90= 16.5–20.5 K are close
to optimal doping in Ba-122. Furthermore, the 3D
superconducting state is traced by the angular depen-
dence of the upper critical field, which according to the
anisotropic Ginzburg-Landau (AGL) theory is µ0Hc2=
µ0Hc2//ab/(cos

2θ + γ2sin2θ)0.5, where γ = Hc2//ab/Hc2//c

and θ is the angle between the ab-planes and the applied
magnetic field (Fig. 5d, e). The Co-substituted hetero-
structures have an overly low Hc2 anisotropy of γ= 2.0 ±
0.1. The observation of Co-diffusion through the interface
also suggests that the interface in Ba(Fe1-xCox)2As2/
BaFe2As2:O heterostructures is obsolete and that the
heterostructure is rather a case of homoepitaxial Ba-122/
Ba-122 growth.
With excess O2–, we find not only interfacial layer

formation between Sm-1111 and Ba-122 but also the
gradual development of a metal-to-superconductor tran-
sition with time (Fig. 5c). We repeat AES analysis of this

Fig. 5 Resistive transitions for different Ln-1111/Ba-122 heterostructures. a in the presence of Co doping and b for undoped layers, and c the
metal-to-superconductor transition with time in the heterostructure with interfacial layer formation. The undoped heterostructure in (b) does not
develop superconductivity after time but shows a slightly increased resistance (curves 1, 2). (See also Fig. S8 in SI.) d, e Ginzburg-Landau fit (red curve)
for the upper critical fields in Co-doped heterostructures showing 3D superconductivity (90% Rn). f 2D-induced superconducting state in the
heterostructure with an interfacial layer fitted by Tinkham’s formula (blue) (80% Rn).
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heterostructure 6 months after growth but cannot detect
any changes in the elemental concentration. A complete
transition develops after 240 days after growth, with Tc,90

= 27.5 K. At present, the superconducting mechanism in
this heterostructure is unclear, but compared to the Co-
substituted variants, the higher Tc is indicative of suffi-
cient doping with less disorder at the Fe sites due to the
absence of transition metal substitution. The angular
dependence of the upper critical field deviates from the
3D AGL fit and approaches a 2D-like behavior described
by Tinkham’s formula (Fig. 5f).39 The induced metal-to-
superconducting transition in heterostructures with IFL
appears regardless of whether the heterostructure is
stored in air or in a desiccator.

Conclusions
We introduced a comprehensive classification of Fe-

pnictide heterointerfaces by taking their polar character
into account. Originally compensated heterointerfaces
appear on metallic layers or on other polar compounds,
whereas originally uncompensated heterointerfaces
develop an interfacial layer that is required for electrical
charge and dipole compensation. The proposed classifi-
cation facilitates the prediction of the microstructure of
heterointerfaces and can be used as an engineering tool.
We successfully applied this concept to realize a polar/
polar heterointerface in Ln-1111/Ba-122 on a common
[Fe2As2] layer. In a series of Ln-1111/Ba-122, we
demonstrated different responses of the interface to the
presence of impurity cations/anions. While Co2+ addi-
tions substitute at the Fe2+ sites and preserve the layer
charges, nonsubstitutional excess O2– is not incorporated
into the layered Fe-pnictide compounds. This results in
drastic modifications of the microstructure and the for-
mation of an interfacial layer. The different Ln-1111/Ba-
122 heterointerfaces also show tunability with respect to
the superconducting state in Fe-pnictides: in the presence
of Co2+ substitution, 3D superconductivity is found after
diffusion in the whole heterostructure, whereas a metal-
to-superconductor transition and a 2D superconducting
state appear with time in Sm-1111/IFL/Ba-122.
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