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Role of double TiO2 layers at the interface of FeSe/SrTiO3 superconductors
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We determine the surface reconstruction of SrTiO3 used to achieve superconducting FeSe films in experiments,
which is different from the 1 × 1 TiO2-terminated SrTiO3 assumed by most previous theoretical studies. In
particular, we identify the existence of a double TiO2 layer at the FeSe/SrTiO3 interface that plays two important
roles. First, it facilitates the epitaxial growth of FeSe. Second, ab initio calculations reveal a strong tendency for
electrons to transfer from an oxygen deficient SrTiO3 surface to FeSe when the double TiO2 layer is present. The
double layer helps to remove the hole pocket in the FeSe at the � point of the Brillouin zone and leads to a band
structure characteristic of superconducting samples. The characterization of the interface structure presented here
is a key step towards the resolution of many open questions about this superconductor.
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The discovery of the iron-based superconductors (SCs) [1–
14] exhibiting unconventional superconductivity promises to
enhance our understanding of superconductivity and leads
to the development of new materials with high critical
temperature (Tc). Iron pnictides [15–18] and chalcogenides [1–
14,19–33], the simplest being LiFeAs (Tc = 18 K) [34–36] and
FeSe (Tc = 9 K) [1], respectively, share important similarities
with cuprate superconductors [37,38]. Both possess a two-
dimensional layered structure and exhibit antiferromagnetic
ordering or other ordering (such as nematic ordering) at
low temperatures that competes with superconducting phases.
They also show enhanced superconductivity when dopants
are added to their layered structures (e.g., hole doping of
CuO planes in YBa2Cu3O7−x [38], doping of FeAs planes
in SmFeAsO1−xFx [17], and K doping in bulk planar FeSe
superconductors [31]).

A particularly intriguing Fe-based SC is one-unit-cell
(1-u.c.) FeSe grown on SrTiO3 (STO) substrates via molecular
beam epitaxy, with a reported [12] Tc above 100 K, the
highest among Fe-based SCs and rivaled only by a few
cuprates [37,38] and H2S under extreme pressure [39]. This
surprising enhancement of Tc in 1-u.c. FeSe/STO compared
to the bulk phase [40,41] has been ascribed to interactions
between FeSe and STO due to the interfacial nature of the
system. The 1-u.c. FeSe grown on BaTiO3 [9] and on anatase
TiO2 [42] also shows enhanced Tc. All three substrates are
terminated with TiO2 layers. The mechanism for Cooper
pairing in this material is an active area of investigation, and
a deeper understanding of the interactions between FeSe and
STO may provide insight into the origins of unconventional
SCs.

In this Rapid Communication, we experimentally deter-
mine the atomic structure of 1-u.c. FeSe/STO and use density
functional theory to explore how it affects the electronic

structure. Specifically, we identify an STO surface reconstruc-
tion that is not a simple truncation of the bulk structure, but
represents a change in interface stoichiometry, whereby the
STO terminates with two monolayers (2 ML) of TiO2. We
show that this reconstruction is critical in two ways. First, it
facilitates the growth of coherently strained, epitaxial FeSe.
Second, the 2 ML TiO2-terminated surface facilitates electron
transfer to FeSe by modifying both the electronic structure and
defect chemistry at the FeSe/STO interface. The importance
of a reconstructed surface has been suggested to be the key to
achieving high Tc in this materials system [4,25,28,32], but so
far has not been included in theoretical attempts to account for
enhanced superconductivity in 1-u.c. FeSe/STO.

The growth procedures of the FeSe/STO are similar to
those reported in Refs. [5,8,10,12,25,28]. The STO substrates
are prepared using a high-temperature (950 ◦C) anneal in
air at ambient pressure by using the procedures described
in Refs. [5,8]. In addition, bulk STO substrates terminated
with a single TiO2 layer are prepared using a standard etch
procedure [43]. The substrates are annealed in flowing oxygen
at approximately 1000 ◦C, as described in Sec. 1 of the
Supplemental Material [44].

Similar high-temperature annealing usually leads to a 2 ML
TiO2 surface termination with various reconstructions [45–48].
We confirm the existence of 2 ML TiO2 using synchrotron
x-ray diffraction. The experiments are performed in vacuum
at 300 K at the 33ID beam line at the Advanced Photon Source
with an incident x-ray wavelength of 0.83 Å (15 keV). The
(2,0,�) crystal truncation rod measured for STO is shown
in Fig. 1(a), together with a fit to a model of a 2 ML
TiO2 surface termination. Note that the rods of 1 × 1 1 ML
TiO2-terminated STO show features distinct from the 2 ML
TiO2-terminated STO, as shown in Sec. 4 of the Supplemental
Material [44].
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FIG. 1. Identification of 2 ML TiO2 on STO and the epitaxial growth of 1 × 1 FeSe. (a) (2,0,�) crystal truncation rod (CTR) of a treated
STO substrate (blue circles). Red line is a fit using a 2 ML surface model. (b) and (c) Low-energy electron diffraction (LEED) and reflection
high-energy electron diffraction (RHEED) of STO substrates showing the

√
13 × √

13 R33.7◦ reconstruction. (d) RHEED of 1-u.c. FeSe on
STO showing the 1 × 1 structure of the FeSe.

Subsequent experiments reveal that the annealing results
in a highly ordered

√
13 × √

13 R33.7◦ reconstruction, easily
identified by the sharp diffraction features in synchrotron x-ray
diffraction [Fig. 2(a)], low-energy electron diffraction (LEED)
[Fig. 1(b)], and reflection high-energy electron diffraction
(RHEED) [Fig. 1(c)]. This RHEED pattern is strikingly similar
to those shown in prior reports [25,28,32] of 1-u.c. FeSe/STO,
though the nature of the reconstruction is not identified.

By comparing FeSe growth on STO substrates with the two
different types of termination, we establish that a 2 ML TiO2-
terminated STO surface promotes the epitaxial growth of FeSe.
After preparing the 2 ML TiO2 surface, samples are loaded
for chalcogenide molecular beam epitaxy (MBE) growth.
Before growth, the substrates are treated by high-temperature
vacuum and Se annealing that leads to a less ordered surface
reconstruction while retaining the 2 ML TiO2 termination. The
substrates are cooled to a growth temperature of ∼450–500 C◦.
The 1-u.c. FeSe films grown on such reconstructed surfaces
are epitaxial and coherently strained, as indicated by RHEED
[Fig. 1(d)]. Note that the RHEED for the 1-u.c. FeSe films
has a 1 × 1 pattern, which is the same symmetry as that

observed in 1 ML TiO2-terminated STO substrates, i.e., it
does not show the

√
13 × √

13 reconstruction that is apparent
in RHEED from the 2 ML TiO2-terminated STO substrate
just before growth [Fig. 1(c)]. However, synchrotron x-ray
diffraction indicates that, even after deposition of FeSe, the√

13 × √
13 reconstruction of the STO is still present under

FeSe [Fig. 2(a)]. Growth on surfaces terminated with a single
layer of TiO2 under a range of conditions results in films that
show diffuse RHEED patterns, indicative of disordered films
(Figs. S1 and S3) [44].

To examine the electronic structure of the samples, we carry
out in situ, low-temperature angle-resolved photoemission
spectroscopy (ARPES) on 1-u.c. FeSe grown on a 2 ML
TiO2-terminated STO [5,8]. Data taken near the M point of the
Brillouin zone are shown in Fig. 2(b). At T = 25 K, an electron
band is observed at the M point, as in other reports [5,27,28]
of superconducting 1-u.c. FeSe/STO. Figure 2(c) shows sym-
metrized photoemission spectra [energy distribution curves
(EDCs)] across the Fermi level for the area marked by the
red box in Fig. 2(b). The opening of a gap is indicated by a
dip at the Fermi level in the EDCs and by the inflection of

FIG. 2. 1-u.c. FeSe/STO with 2 ML TiO2 at the interface. (a) Crystal truncation rod along (2/13,10/13,�) of FeSe/STO. Inset: Reciprocal
space mapping around the (2/13,10/13,0.8) peak. Ranges of h and k in the inset are 0.1 with a unit of 13 r.l.u. Both plots indicate that the√

13 × √
13 reconstruction of STO remains beneath FeSe. (b) ARPES intensity near the M point at the corner of the Brillouin zone. To

highlight the gap at the Fermi level, the data above the Fermi level are the mirror images of the data below the Fermi level. (c) Symmetrized
energy distribution curves along the portion indicated by the red box and arrow in (b).
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FIG. 3. Orbitally resolved band structures for Fe 3d for four models of 1-u.c. FeSe/STO: (a) with stoichiometric 1 ML TiO2 termination,
(b) with stoichiometric 2 ML termination, (c) with 1 ML termination and 50% oxygen vacancies, and (d) with 2 ML termination and 50%
oxygen vacancies. Thin black lines represent the electron energy bands for the entire heterostructure; the red overlay represents projections of
the Fe 3d orbital, where the color intensity is proportional to the projection amount. Fermi level is at zero in all cases. Energy scale is in eV.
Insets in (c) and (d): Zoom-in on the Fe bands around the � point.

the quasiparticle dispersion near the Fermi level, as marked
by the red symbols [Fig. 2(c)] [5,27,28]. From these data we
conclude that a 2 ML TiO2-terminated STO substrate supports
the electronic structure characteristic of superconducting FeSe.

To explore the role of the 2 ML TiO2 interface on the
electronic structure of 1-u.c. FeSe/STO, we compute the band
structure using density functional theory (DFT) for FeSe on
1 ML and 2 ML TiO2-terminated STO [44]. A significant
feature of the ARPES spectra in superconducting 1-u.c. FeSe,
unlike in bulk FeSe, is the absence of a hole pocket at the �

point and the presence of an electron band at the M point [see
Fig. 2(b)] [5,27,28]. We find that a 2 ML TiO2-terminated STO
surface promotes charge transfer and can suppress this feature
of the electronic structure more effectively than a 1 ML TiO2

termination. The band structures of ideal 1-u.c. FeSe/STO with
1 ML and 2 ML TiO2 terminations are shown in Figs. 3(a)
and 3(b), respectively. Both ideal terminations have similar
band structures with a prominent hole pocket predicted around
�, which is absent in the experiments; electron transfer to the
FeSe is required to fill this pocket. The prime candidate source
of electrons comes from oxygen vacancies in the STO surface
layers [4,5,49], a mechanism we explore below, although other
defects could play a role as well [50].

With this motivation, we have performed DFT calculations
for interfaces with 50% O vacancies in the surface layer of STO
for both the 1 ML and 2 ML TiO2 terminations. The removal of
oxygen results in a significant structural and energetic change
at the interface. Similar results are reported in Ref. [4]. The
ideal stoichiometric STO surfaces bond weakly to the FeSe,
with Ti-Se distances of 3.11 and 3.50 Å in the 1 ML and 2 ML

configurations, along with extremely weak binding energies
of 0.073 and 0.089 eV per Ti-Se bond. The introduction of
O vacancies shortens and greatly strengthens the bonds: The
Ti-Se distances become 2.82 and 2.67 Å in the 1 ML and
2 ML cases, respectively, with sizable binding energies of 0.60
and 0.88 eV per Ti-Se bond. The 2 ML TiO2 geometry with
vacancies displays stronger binding and thus further promotes
epitaxy. A similar enhancement of bonding along with smaller
Se-Ti distances of 2.6 and 2.9 Å in the 1 ML geometry has
been reported [4,50]. We note all the calculated Se-Ti distances
are smaller than the available experimental value [51]. One
reason for the discrepancy may be that far fewer O vacancies
are present in the experimental system, which will generally
reduce charge transfer and decrease the binding.

The stronger binding in the 2 ML case goes hand in hand
with stronger electron doping from STO to FeSe [Figs. S4(a)–
S4(d) show the electron transfer [44]], which moves the FeSe
Fermi level up in energy [see Figs. 3(c) and 3(d)]. In the 2 ML
termination, this doping removes the hole pocket at the �

point, recovering the band structure observed in ARPES. For
the same vacancy concentration, the 1 ML system still has
a noticeable hole pocket at � [compare Figs. 3(c) and 3(d)].
One simple reason for the enhanced 2 ML electron transfer is
that the electrons are already more effectively confined near
the surface in the case of 2 ML TiO2 termination (see Fig. S5
for details [44]), while in the 1 ML termination, some of the
electrons near the surface “leak back” into the STO substrate
and are unavailable for transfer into the FeSe.

We have also computed the consequence of having a very
high oxygen vacancy concentration of 100% on the 1 × 1
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TABLE I. Relative oxygen vacancy formation energy on the
surface of SrTiO3 with respect to 1 × 1 geometry as a function of
surface unit cell and vacancy concentration.

Surface % vacancy Vacancy formation
unit cell concentration energy (eV)

1 ML TiO2 2 ML TiO2

1 × 1 50 0 −0.22
c(2 × 2) 50 −0.01 −0.17
2 × 2 12.5 −0.70 −1.54

1 ML TiO2 and 2 ML TiO2 surfaces. In both cases, the added
electrons stay in the STO and do not transfer to the FeSe
subsystem: As expected, there is a limit to the electron transfer
and beyond 50% vacancy concentration no further electrons
dope the FeSe. Hence, we conclude that removal of the hole
pocket at � requires some type of surface reconstruction
beyond the 1 × 1 1 ML TiO2 structure. One possibility [4] is to
have 50% O vacancies and a 2 × 1 reconstruction of the 1 ML
TiO2 surface, which removes the hole pocket at �. However,
the experimentally observed STO surface corresponds to a
2 ML TiO2 reconstruction, which is also effective at removing
the hole pocket with 50% O vacancies.

Energetically, it is more favorable to have high oxygen
vacancy concentrations in the 2 ML TiO2 structure compared
to the 1 ML TiO2 termination. Table I shows the DFT-
computed vacancy formation energy (VFE), which is the
energy cost of removing an oxygen atom from the STO surface
and moving it far into the vacuum. In every case, the VFE
is more favorable for the 2 ML termination than the 1 ML
termination. For reference, the VFE on the 2 ML surface is
lower than that inside the STO films by 0.25 eV.

To check consistency between ARPES and DFT results
for electron transfer, we have integrated the DFT densities of
states to find that 0.26 electrons per Fe are needed to fill the
hole pocket at � of an FeSe monolayer. These electrons fill
the hole pocket at � and also the electron pocket about M .
The DFT band structure shows that the Fermi wave vectors
for both pockets are very close in magnitude, so we expect
∼0.13 electrons per Fe for each pocket separately. We are
gratified that prior high-resolution ARPES measurements on
identically prepared samples [5] estimate ∼0.12 electrons per
Fe from measurement of the Fermi surface about the M point.

In bulk FeSe and other iron pnictides, the bond angle
X-Fe-X (X = As,Se, . . .) and the X-Fe height control the
strength of electron-electron correlations and other properties
such as Tc [52–54]. It has been shown when the As-Fe-As
bond angle ranges from 106◦ to 114◦, the Tc is greatly
enhanced in various pnictide superconductors [55]. For 1-u.c.
FeSe/STO, the Se-Fe-Se bond angle in our DFT calculation is

115.1◦, compared with the experimental results of 111.9◦ [51].
Both values are close to the range of 106◦–114◦, within
which the electron-electron correlations are considered to be
important [55], which may explain the difference between our
DFT and the experimental values.

The most straightforward consequence of the structure
determined here is that the electron transfer to the FeSe is
enhanced by the 2 ML TiO2 termination more strongly than
by other surface structures of STO. The enhanced electron
transfer completely suppresses the hole pocket near the �

point and only Fermi-level crossings near the M point remain
[Fig. 2(b)], which is the band structure that is generally
believed to be a requirement [5,27,28] for superconducting
1-u.c. FeSe/STO. Doping of the FeSe is an important aspect of
the physics of FeSe/STO heterostructures. In Fe-based SCs, as
well as in the cuprates, the superconducting phase competes
with magnetic phases. For example, based on photoemission
measurements, spin density waves (SDWs) in thin FeSe
films are suppressed by heavy electron doping, promoting
the superconducting phase [5]. Several mechanisms have
been proposed to explain the enhanced superconductivity in
1-u.c. FeSe/STO. An optimized doping level in FeSe may be
achieved due to the stronger bonding and interfacial electron
transfer. This tighter STO-FeSe coupling may also impose a
more robust epitaxial constraint that could lead to a structure
predicted to open strong electron-phonon coupling channels
not present in the bulk [30].

To summarize, we identify the existence of double TiO2

layers at the surface of STO within 1-u.c. FeSe/STO films. The
double TiO2 layers play a key role in the epitaxial growth of
FeSe, facilitating electron transfer between FeSe and STO and
suppressing the hole pocket at the � point. This work provides
compelling evidence that the electron transfer facilitated by
the 2 ML TiO2 termination is critical for superconductivity in
1-u.c. FeSe/STO.
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