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Abstract

We use density functional theory to study the structure and the band structure of the monolayer FeSe deposited on the
SrTiO3 substrate with the additional layer of Se between them. The top of the SrTiOs is formed by the double TiOx layer
with and without oxygen vacancies. Several structures with different arrangements of the additional Se atoms above the
double TiOx layer are considered. Equilibrium structures were found, and the band structures for them were obtained. Near
the I = (0, 0, 0) point of the Brillouin zone, the hole Fermi surface pockets persist and, additionally, an electron pocket
appears. Thus, neither the presence of the additional Se layer nor the oxygen vacancies in the double TiOx layer lead to the
sinking of hole bands below the Fermi level near the I" point. The necessity to include the strong electronic correlations into

account is discussed.
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1 Introduction

Iron-based materials represent a class of high-7,. super-
conductors that is based on the conducting layer of Fe
surrounded by As or Se in pnictides and chalcogenides,
respectively [1-9]. Each of the constituents can be replaced
by some other element thus providing a doping and/or crys-
tal lattice distortion. This results in the rich phase diagram
that includes, among others, antiferromagnetic and super-
conducting phases. The proximity of the magnetic phase
implies the role of spin fluctuations in the formation of
Cooper pairs [10]. Stemming from the ideas of Berk and
Schrieffer [11], the theory of spin fluctuation—-mediated
pairing provides a consistent explanation of several impor-
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tant features of superconductivity in Fe-based materials [10,
12, 13]. Observation of the spin resonance peak in inelastic
neutron scattering [ 14—18] and the quasiparticle interference
pattern [19-22] in scanning tunneling spectroscopy con-
firms sign-changing s+ gap predicted by the spin fluctuation
theory of superconductivity [23-30]. Other approaches to
the theory includes pairing due to the orbital fluctuations
supported by phonons [31] or the Aslamasov-Larkin vertex
corrections [32].

The discovery of superconductivity in FeSe monolayers
with 7, as high as 100 K presents another mystery in the
physics of iron-based materials [33-37]. Different mecha-
nisms of superconductive pairing in monolayer FeSe were
suggested including specific realization of the electron-
phonon interaction [38—41], nematic fluctuations [42-44],
orbital fluctuations [45], spin fluctuations [46], and spin
fluctuations involving incipient bands [47]. Recent advances
in scanning tunneling spectroscopy of iron chalcogenides
support sign-changing gap [48-50].

Any pairing theory is tightly connected to the underly-
ing band structure and the Fermi surface. Thus, knowledge
of the band structure details becomes extremely impor-
tant. Angle-resolved photoemission spectroscopy (ARPES)
shows that there is only one kind of Fermi surface sheets—
electron pockets around the corners of the Brillouin zone
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(M points), while there is no hole pockets around the cen-
ter (1" point) [51]. Moreover, with an increasing number
of FeSe layers, hole pockets around the I" point become
visible in ARPES and at the same time the superconduc-
tivity disappears [52]. Surprisingly, despite a successful
qualitative and even semi-quantitative description of the
bulk Fe-pnctides and Fe-chalcogenides electronic structure
within the modern band structure calculation schemes, they
fail to reproduce such a topology of the Fermi surface. For
example, existing density functional studies do not reveal
significant differences between the monolayer and double
unit cell layer of FeSe [53]. There are at least two reasons
why this may happen. First one is related to the global prob-
lem of the density functional theory (DFT) in describing the
systems with strong electronic correlations (SEC). If this
is the case, i.e., the monolayer FeSe represents a class of
systems with SEC, then some specific approach is required
to describe its electronic structure and, moreover, the the-
ory of superconductivity should be formulated taking SEC
into account. There is, however, another possibility of why
there is a disagreement between the results of DFT and the
experimentally observed Fermi surface. It is related to the
atomic structure of the FeSe/SrTiO3 interface. The interface
seems to be more complicated than can be naively expected
because the preparation of the monolayer is quite cumber-
some. If FeSe deposited on graphene or SrTiOj3 it does not
become neither metal nor superconductor. However, if it
is deposited on Se-enriched SrTiO3 and then annealed, the
superconductivity with high 7;. appears [33, 35]. The pro-
cess of annealing and Se bombardment naturally modifies
the surface layer of SrTiO3. There are few experimental
studies of the interface [54, 55], which revealed the pres-
ence of the TiO, double layers on top of SrTiO3. Both
this and the possible oxygen vacancies due to the annealing
were incorporated in the first-principles calculations [56,
57]. They had some success in explaining the disappearance
of the hole pocket around the I" point. Recent experimental
study [58] utilized the high-angle annular dark-field scan-
ning transmission electron microscopy (HAADF-STEM)
images and revealed an additional Se layer located between
FeSe monolayer and TiO, -terminated SrTiO3. This new fact
may be important for the FeSe band structure and has to be
taken into account.

Here we use DFT calculations to study the influence of
the additional Se layer on FeSe/(2TiOx)SrTiO3 electronic
structure. Several possible positions of additional Se
atoms and of FeSe monolayer in the unit cell of
FeSe/Se/(2TiO,)SrTiO3 heterostructure were modeled to
search for favorable configurations and the electronic
structure of these configurations were investigated.

The paper is organized as follows. Section 2 presents
details of the computational procedure, Section 3 contains
results and their discussion, and Section 4 is the conclusion.

@ Springer

2 Computational Details

DFT [59, 60] calculations were carried out using Open
source package for Material eXplorer software package
(OpenMX, http://www.openmx-square.org) based on a
linear combination of pseudoatomic orbital (PAO) method
[61] and norm-conserving pseudopotentials [62—-66]. The
cutoff energy value was equal to 150 Ry. The PAO bases
set with s2p2d2 f1 for Fe and Ti, s2p2d?2 for Se and O,
and s2pl for Sr were found to be sufficient to describe
the structures. Cutoff radii of 10.0 a.u. for Sr, 7.0 a.u. for
Ti and Se, 6.0 a.u. for Fe, and 5.0 a.u. for O were used.
Exchange-correlation effects were taken into account in the
generalized gradient approximation (GGA) by the Perdew-
Burke-Ernzerhof (PBE) functional [67]. The structures were
relaxed until the forces acting on atoms and the translation
vectors became less than 1 x 10~% Hartree/Borh. The
convergence condition for the energy was 1 x 107°
Hartree. To simulate the two-dimensional (2D) structures
using periodic boundary conditions (PBC), the periodic
replicas were separated by a vacuum spacing of at least 20 A
along the c axis. The first Brillouin zone (BZ) was sampled
with 12 x 12 x 1 k-grid. Band structure calculations
were performed along the high symmetry directions in BZ:
rao,0,0) —x1/2,0,0) — M(1/2,1/2,0) — I'(0,0,0).
To avoid the edge effects on the atomic and electronic
structures, the SrTiO3 supercell 1 x 1 x 4 was used in
calculations. The Visualization for Electronic and Structural
Analysis (VESTA) software [68] was used to visualize the
atomic structures.

3 Results and Discussion

In Fig. 1, we show the band structure of the reference
system, i.e., the FeSe/(2TiOx)SrTiO3  heterostructure
without vacancies and without the additional Se layer.
Notice the bands slightly above the Fermi level (Ef) at the
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Fig. 1 Band structure of the FeSe/SrTiO3 with the double TiO layer
without vacancies. Fermi level is set to zero
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I’ point, which have downward dispersion thus forming the
hole Fermi surface pockets in the center of the BZ.

Oxygen vacancies play an important role, so we study
the band structure of the FeSe/SrTiO3 system with and
without O vacancies in the double TiOx layer. To show the
general effect of vacancies and to make the calculations
manageable, we consider the case of one vacancy per unit
cells. This corresponds to 50% of vacancies and represents
a limiting case, i.e., the result for the fractional number of
vacancies x would lie somewhere between the results for
x = 0Oand x = 0.5. Thus, formally, we are dealing with
the FeSe/Se/(2TiO,)SrTiO3 heterostructure. Since from
the experimental study [58] the exact positions of Se atoms
are not known, we considered several cases shown in Fig. 2.
That is, Se is located above Ti atoms (Fig. 2a, b), above
lower (Fig. 2c, d) and upper O (Fig. 2e, f, and g) atoms
of the double TiO, layer, and above the oxygen vacancy
(Fig. 2h). In the case of Se location below the lowest Se of
FeSe monolayer, additional configurations were considered
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Fig.2 The positions of Se atoms on top of the 2TiO, surface without
(a, ¢, e, g) and with (b, d, f, h) oxygen vacancies. Yellow, blue, and
violet colors indicate Ti, O, and Se atoms, respectively

with shifted FeSe monolayer in the xy plane so that the
additional Se atoms appears right below Fe atoms.

During the structure optimization, the additional Se atom
moved to the position above the upper oxygen atoms of
the double TiOx layer (Fig. 2g) or above the oxygen
vacancies (Fig. 2h). In both cases, the location of the
additional Se atom under the Fe atoms is energetically
favorable. The resulting equilibrium configurations of
FeSe/Se/(2TiO,)SrTiO3 heterostructure without and with
oxygen vacancies are shown in Fig. 3a and c, respectively.
Corresponding band structures are shown in Fig. 3b and
d. In the structure without vacancies, the additional Se is
above the surface of (2TiO,)SrTiO3 by 1.70 A and below
the FeSe monolayer by 2.35 A. The charge transfer to the
FeSe monolayer is — 0.032 electrons per FeSe formula unit
(e/FeSe). The resulting charge at the additional Se is positive
(+ 0.058 ¢/Se). As seen from the band structure in Fig. 3b,
the additional band crosses the Fermi level around the I”
point. It results in the additional Fermi surface electron
pocket in the center of the BZ. On the other hand, bands
forming the hole pockets are still present and at the I” point
they are at 0.23 eV above the E. It is higher by 0.03 eV
than in the reference system without additional Se layer,
see Fig. 1.

The presence of the oxygen vacancies (50% in the
calculation (see Fig. 2h)) in the upper layer of TiO, results
in the shift of the additional Se towards the substrate layer
by 0.22 A. Distance between the FeSe monolayer and the
additional layer of Se becomes 3.15 A. Charge transfer to
the FeSe monolayer is — 0.045 e/FeSe. It is only by 0.013 ¢
more than in the system without vacancies. The charge at
the additional Se is —0.265 e/Se. Therefore, most part of
the charge is localized in the additional Se layer. The band
structure, shown in Fig. 3d, displays the presence of both
hole and electron Fermi surface pockets around the I" point
similar to the case without vacancies shown in panel b.

From the study of the two energetically favorable cases,
we see that the small increase of the electron charge in
the FeSe monolayer due to the additional Se layer does
not lead to the sinking of the hole bands below the Fermi
level at the I" point. On the contrary, new electron pockets
formed by the bands with upward dispersion below the
Fermi level appear. In general, this is in a disagreement with
the ARPES data [51, 52]. We see that including more details
of the FeSe/SrTiO3 interface has not solved the mystery
of the hole pocket absence in photoemission. In particular,
both oxygen vacancies and additional Se layer certainly
affect the band structure near the I" point, but this effect
has nothing to do with the simple sinking of hole bands
below the Fermi level. Therefore, we have to assume that
some other mechanism affects the electronic structure. The
natural choice is the effect of strong electronic correlations
mentioned in Section 1. Proper treatment of them requires a

@ Springer
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Fig. 3 Atomic structures (a, c¢) and the corresponding band struc-
tures (b, d) of the energetically favorable configurations of the

FeSe/Se/(2TiO,)SrTiO3 heterostructure. Fermi level is set to zero. In
a and c, yellow, blue, orange, green, and violet colors indicate Ti, O,

separate study. Some success in this direction was achieved
within the LDA + DMFT (local density approximation +
dynamical mean-field theory) approach [69, 70].

4 Conclusions

We have studied the effect of the additional Se layer on
the band structure of the FeSe/SrTiO3; heterostructure. The
additional layer is situated between the FeSe monolayer and
the double TiO, layer on top of SrTiO3. For x = 0 and
x = 0.5, the band structure near the I" point results in the
hole Fermi surface pockets and, additionally, a new electron
pocket. Therefore, the presence of the additional Se layer
does not lead to the sinking of hole bands below the Fermi
level. In the presence of the oxygen vacancies in the double
TiOx layer, Se atoms play a role of the missing oxygen,
i.e., it localizes the charge and prevents its transfer to the
FeSe monolayer. We conclude that the strong electronic
correlations have to be taken into account to properly
describe the low energy physics of FeSe monolayers.
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Sr, Fe, and Se atoms, respectively. For clarity, the substrate along the z
axis is only partially shown and along the x and y axes only two unit
cells are shown
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