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Several experimental groups have reported superconductivity in single unit cell layers of FeSe on
SrTiO3 and a few other substrates, with critical temperature Tc reports ranging up to 100 K, and a
variety of theoretical work has been done. Here we examine more closely the interaction of a single
FeSe layer with a TiO2 terminated SrTiO3(001) (STO) substrate. Several situations are analyzed:
the underlying ideal interface, the effect of z-polarized longitudinal optic [LO(ẑ)] phonons in STO,
electron doping of the STO substrate, substitution of Se by the bordering chalcogenides S and Te,
and doping by adsorption of K on the FeSe surface. These results complement earlier studies of O
and Se vacancies. The O py, py surface band of STO persists at the interface, and by sharing holes
with hole pocket of FeSe it plays a part in the behavior around the interface, initially by determining
the Fe Fermi level lineup with the STO bandgap. The LO(ẑ) mode causes strong band shifts around
the interface but the strength of coupling to the Fe bands cannot be obtained with our methods.
Adsorption of 25% K (one K per four Fe) fills the small O interface hole pocket and donates the
rest of the electrons to the Fe hole pockets, filling them.

I. INTRODUCTION

The enhancement of the superconducting transition
temperature Tc in FeSe, from 8 K in bulk1 to 65 K or
even 100 K when grown as single-unit-cell (1UC) layer
on SrTiO3 (STO) or related substrates,2–5 has gener-
ated intense interest because of suggestions that Cooper
pairing can be strengthened by interface or substrate
processes. Importantly, the anomalously large supercon-
ducting gaps are found in 1UC FeSe films but not in 2UC
or thicker layers, making strict two-dimensionality (2D)
and strong quantum confinement central issues. Much of
the focus is placed on the mechanism for enhanced pair-
ing, and how and whether the interface may play a role
in this enhanced superconductivity. A topical review has
been provided by Wang et al.6

Angle resolved photoelectron emission spectroscopy
(ARPES) spectra also have led to a probable role of in-
teractions involving phonons at the interface, providing
coupling that may enhance the energy scale of Cooper
pairing and even change the pairing symmetry, thereby
increasing the superconducting transition temperature
Tc.

7,8 The specific observation implicating phonons was
the detection of “replica bands” in ARPES spectra, in
which secondary binding energy peaks ∼100 meV toward
higher binding energy were observed. STO itself has a
flat optical phonon branch lying near 100 meV.9–11 The
suggestion has been that the replica bands are due to
shake-off of quanta of longitudinal optical phonon modes
in STO, reminiscent of the vibron shake-offs in the pho-
toemission spectra of H2 molecules.12 This interpreta-
tion of the replica band requires strong coupling between
FeSe carriers and substrate phonons. If such coupling is
indeed strong, it would require including in the pairing
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FIG. 1. (Color online) The structure of the simulation cell of
1 unit cell of FeSe on a SrTiO3 substrate, with site designa-
tions as used in this paper. The marked interlayer distances
are defined as dS = zFe - zTi and dX = zSe - zTi, where zi
are the z coordinate of the atom.

interaction and might enhance Tc.
13–15 With the vari-

ous scenarios that have been put forward, the pairing
mechanism (or enhancement) in 1UC FeSe film remains
uncertain.

Several studies of the electronic behavior of FeSe
epitaxial films had been addressed with first-principles
density functional theory methods, appropriate because
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properties seem to be very system dependent. Liu et
al. found the Fermi level (EF ) of 1UC FeSe to shift
into the STO band gap7 with electron-doping of STO
(001). Unless otherwise noted, all studies assume TiO2

termination of the STO substrate. Considerable charge
transfer from the STO substrate to 1UC FeSe was ob-
tained by Zheng et al.,16 giving rise to an intrinsic elec-
tric field in the interfacial region. Bazhirov et al. sug-
gested that charge doping in FeSe leading to an increase
in the density of states at EF , N(EF ), may be the im-
portant factor.17

Anion vacancies (O and Se) vacancies require consider-
ation, since they can serve as the source of electron dop-
ing as found by Bang et al.18 although Linscheid found
that large vacancy concentration is required for signifi-
cant charge transfer.19 Charge transfer from oxygen va-
cancies to the 1UC FeSe layer was also found by Cao
et al. to suppress the magnetic order there, potentially
promoting enhanced superconductivity.20 Shanavas and
Singh (SS) found that both O vacancies in the STO sub-
strate and excess Fe over the monolayer can provide high
levels of electron doping21. A somewhat different view-
point arises from evidence that doped electrons accumu-
late at the interface was presented by Liu et al.22 Se
vacancies were considered by Berlijn et al.23, who ob-
served unanticipated character of anion vacancies, be-
having more as hole donors than electron donors.

The possible role of phonon-enhanced pairing has at-
tracted substantial interest. Coh et al. suggested that
AFM characteristics of 1UC FeSe may open important
electron-phonon coupling channels.24 Liu et al., who ob-
served that their FeSe+STO samples contained only Γ-
centered electron pockets, suggested the simpler Fermi
surfaces suggested a different pairing mechanism.25 Us-
ing a 1.5% compressively strained STO substrate, the
first principles calculations of Li et al. obtained an
enhancement of electron-phonon coupling compared to
bulk FeSe, but must too small to explain the observed
Tc, from which they concluded lattice coupling could not
justify the observed high Tc.

26

The broad and varied picture just presented has been
complemented by experimental reports27,28 that Tc can
reach 46 K in a single-unit-cell layer FeSe due to electron
doping by K adsorption on an 1UC FeSe+STO (referred
to as 1FeSeSTO henceforward) platform. This range of
Tc is the same as obtained on K-doped bulk FeSe, from
which Wen et al.27 suggest the interface (and by impli-
cation the substrate) does not play any significant role
in the enhancement of superconductivity. From the evo-
lution of the Fe bands upon increasing K doping (up
to ∼25%), from dispersive to flat to incoherent as seen
by ARPES, they suggest a strong change in interelec-
tronic correlation effects must be considered. Miyata et
al.28 also found that K doping of FeSe films on STO
could increase Tc up to the same range of critical tem-
peratures, including inducing high Tc beginning from a

non-superconducting 1FeSeSTO sample. The increase
in superconducting gap with decrease in the thickness of
the FeSe thin film led them to conclude that some in-
terfacial (or substrate) effects are crucial. Seo et al.29

studied alkali metal adsorption on few UC layers of FeSe
deposited on bulk FeSe (with Tc no higher than 8 K).
The critical temperate was raised to 20 K, and their
analysis of ARPES data suggested that only the surface
layer of FeSe was doped, and therefore the interface was
not playing a role in this enhancement of Tc.

While the influence of the substrate on FeSe remains
very uncertain, a common expectation is that oxygen
vacancies are required to explain the filling of the Γ-
centered hole pockets as observed in ARPES studies.
The needed concentration of surface layer vacancies is
of the order of 10%, and modeling them even in a simple
periodic manner leads to supercells that would be com-
putationally expensive as well as challenging to interpret
(viz. several inequivalent Fe and Se sites and a profu-
sion of bands). With 10% vacancies there may well be
∼(2 nm)2 regions where the TiO2 surface layer of STO
is intact. For such regions, their underlying interfacial
electronic structure needs to be understood.

In this paper first principles methods, described in Sec.
II, are applied to probe several basic features of the elec-
tronic structure of 1UC FeSe on stoichiometric STO, and
then consider a number of situations that are relevant to
various experimental data on this system. In Sec. III
we present the basic underlying electronic structure and
bonding of the static structure, then investigate the ef-
fect of frozen longitudinal optic phonons in the STO sub-
strate. Electronic doping of the substrate is investigated
in Sec. IV. In Sec. V atomic substitutions for Se and
adsorption of K on FeSe are analyzed. A discussion and
synopsis follows in Sec. VI.

II. STRUCTURE AND METHODS

A. Structure of the Simulation Cell

To study 1UC FeSe on an STO (001) surface, we
choose a symmetric TiO2 terminated slab, 2.5 unit cells
thick along the c axis, separated by a vacuum layer. The
1UC FeSe is added to the top of the slab as shown in
Fig. 1. The surface-to-monolayer distance is defined as
the separation along c axis between Fe and Ti planes, dS
= zFe - zTi=4.19Å and dX = zSe - zTi=2.91Å. Distances
were chosen from among those studied by SS,21 as dis-
cussed below. The tetragonal cell has lattice constants
a=3.905 Å, c=23.28 Å.

Frozen phonon calculations for the in-plane Q=0 lon-
gitudinal optic [LO(x̂)] and ẑ-axis polarized LO(ẑ) mode
were carried out for 1FeSeSTO. The model phonon dis-
placements and other details are provided in Sec. III.B.

Since coupling between FeSe and the STO substrate
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FIG. 2. (Color online) Calculated Fermi surfaces of (a) 1UC FeSe and (b) 1FeSeSTO, the difference is at the corner M point.
The electronic band structures and projected densities of states (pDOS) are shown for (c) 1FeSeSTO, (d) 1UC FeSe and (e)
STO. The valence band maximum of STO has been aligned with the two Fermi levels in (c) and (d), which is very near where
the STO bands lie in panel (c). The bands of 1FeSeSTO are simply a overlay of those of the two parts, reflecting only how
they align across the interface. The red arrows indicate the Fermi surfaces arising from the O1 interface band.

is broadly anticipated to underlie the enhanced super-
conductivity in this system, the distance between over-
layer and substrate is a crucial parameter to understand.
Presuming (based on bulk FeSe) that FeSe provides a
charge-neutral 1UC overlayer, the van der Waals (vdW)
interaction may play a significant role in the interlayer
bonding. Liu et al.22 reported that the distance between
the top Se atom of first unit cell and the TiO2 termi-
nation plane of the substrate is about 5.56 Å when ac-
counting for the vdW interaction, which would be consis-
tent with the reported experimental value 5.5 Å2. With
this value, ds=2.66 Å. However, SS21 gave evidence to
support ds lying between 4.19 Å to 4.44 Å, while also
accounting for the vdW interaction between 1UC FeSe
and TiO2 surface layer.

B. Computational Methods

The full-potential linearized augmented plane wave
Wien2K package30 has been used for the electronic struc-
ture calculations. We use the Perdew, Burke, and Ernz-
erhof (PBE)31 version of the generalized gradient ap-
proximation (GGA) within density functional theory.
The sphere radii for Fe, Se, Ti, O and Sr are taken
as 2.25, 2.14, 1.93, 1.74, 2.20 and 2.50 bohr, respec-
tively. The basis set cut-off parameter Rmt·Kmax = 7.0
was found to be sufficient. The number of k points was
∼4500 for the tetragonal unit cell that was used for each
of the calculations to provide adequate sampling of small
Fermi surfaces.

The distance between FeSe and the surface TiO2 layer
has been much discussed but not settled. To assess the
effect of this separation, we have carried out studies at
three Se-Ti distances ds=4.11Å, 4.19Å, and 4.44Å, with

the corresponding band structures shown in the Supple-
mental Material. We have used in our calculations the
4.19Å separation preferred by SS.21

Lee14 proposed to model the sandwich with 1UC FeSe
on both sides of the STO slab, thinking that the phonon
mediated interaction will be modeled better in that con-
figuration than in a polar simulation cell. To test the
underlying differences of using a symmetric (nonpolar)
cell versus STO covered on only one edge (as in experi-
ment), we calculated the electronic structure for 2.5UC
STO with 1UC FeSe on both surfaces. One difference
was that the oxygen surface/interface band in TiO2 (dis-
cussed extensively below) is filled in the symmetric cell,
while it provides a small fraction of holes in the 1Fe-
SeSTO structure. As noted above, we have used the
asymmetric simulation cell pictures in Fig. 1.

III. ANALYSIS AND INTERPRETATION

A. Coupling of FeSe to STO

Several aspects of the electronic structure of this sys-
tem were noted briefly in the Introduction, and we build
on them. Growth of FeSe on STO(001) may result in
charge transfer depending on the band lineup (Schottky
barrier), hence some doping of the FeSe layer with re-
spect to bulk FeSe. We first study this possibility and
quantify the effect.

Figure 2 shows the band structure of 1FeSeSTO, and
those of the isolated subsystems FeSe and STO, along
with the Fermi surfaces (FSs) of the first two. The STO
slab is terminated by two TiO2 surfaces, a termination
that is widely used as a substrate for film growth with
one surface covered with 1UC FeSe. Bulk STO is a 3.2
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eV direct gap (at Γ) insulator, which becomes around 2
eV in GGA calculations due to the well known under-
estimation of the gap in DFT calculations. Since only
the valence band is involved in processes near the Fermi
level in FeSe, the underestimate of the STO gap does
not have any serious impact.

The right hand panel of Fig. 2 reveals an indirect (M -
Γ) gap of only 1 eV. The upper valence band at M is
a well known feature of the (001) surface of STO (and
BaTiO3), arising from px, py orbitals32 on the surface
layer O ion whose on-site energy is raised by the lack of
an adjoining SrO layer. The O-O hopping path is be-
tween nearest neighbors which lie along (110) directions,
hence the rather large dispersion of ∼1.5 eV is only along
Γ−M , not along Γ−X. There are actually two of these
bands, one from each surface, but they are essentially
degenerate, indicating the lack of coupling of the STO
surfaces through the insulating “bulk” of two unit cells.

This STO surface band assumes importance because
its maximum slightly overlaps the Fermi level of FeSe,
thereby pinning the lineup of Fe d bands and the STO
bandgap. We note that in the calculations of Li and
coworkers26 with 1.5% compressively strained STO as
the substrate, this surface band did not reach the Fe
Fermi level, thus the relatively band edges may be sen-
sitive to such strains. We used the unrelaxed, experi-
mental lattice constant for STO because that conforms
to the experimental situation.

Single layer FeSe displays the common feature of sev-
eral Fe-based pnictides and chalcogenides as this band
filling: two hole surfaces at Γ, and two electron surfaces
at M . In the combined 1FeSeSTO system, the bands
are practically a simple overlap of the STO and the FeSe
bands. This does not mean there is no coupling between
STO and FeSe, but rather that the interface O1 px, py
orbitals are uncoupled to the Fe d orbitals except by
charge transfer.

As pointed out by SS,21 the Fermi level of 1FeSeSTO
lies 1 eV above the STO valence band maximum, i.e.
roughly in the middle of the STO gap. Thus even with
stronger coupling across the interface, states at EF would
decay quickly into STO, again supporting the use of a
rather thin STO layer. A feature not previously pointed
out is that the O1 surface (interface) band at M pins EF :
if the Fe Fermi level were to lie lower than the surface
band at M , charge would flow from the surface O states
to Fe states, raising EF until the Fe Fermi level and the
interface O Fermi levels coincide. In fact, our result is
that this does occur to a slight extent (50 meV overlap),
the small hole FSs at M are shown in Fig. 2, lying inside
the Fe FSs at M . Note also that the two surface bands
(one now an interface band) remain practically degen-
erate. The amount and character of charge transferred
will be quantified below. The important qualitative re-
sult is that the Fermi level of FeSe is pinned by the STO
interface band maximum.
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FIG. 3. (Color online) (a) Colorplot of the difference density
FeSeSTO - (FeSe + STO), in 10−3 atomic units, with FeSe
lying at the bottom. The color scale is at the left. (b) Atomic
positions in the (110) plane shown in panel (a). The surface
Se atom does not lie in this plane. The differences are rather
small (see text) but the rearrangement of charge on the Re
atom at the bottom is evident.

The projected densities of states (pDOS) also reflect
minor influence of the electronic coupling between STO
and FeSe: N(EF )=1.64 eV−1 per Fe and 1.69 eV−1 per
Fe atom in 1FeSeSTO and FeSe, respectively. The small
band overlap results in N(EF ) = 0.66 eV−1 on the inter-
face O ion, an appreciable amount due to the step-like
DOS of two dimensional bands.

Now we turn to the charge density ρ of the three sys-
tems. 1FeSeSTO is the one of interest, which we com-
pare with the sum of that of an isolated slab of 1UC FeSe
and of an isolated slab of STO(001). These calculations
were carried out in identical unit cells to facilitate the
comparison in terms of the difference density

∆ρ = ρ1FeSeSTO − [ρFeSe + ρSTO]. (1)

This difference density provides the “rearrangement” of
charge due to the interaction (bonding or repulsion) of
FeSe and STO, including of course the fact that two
surfaces become one interface.

Figure 3 presents a colorplot of the difference density
in the (110) plane that contains an Fe-Se2-Fe chain and
what is normally thought of as a (100) plane of STO
containing TiO4 units. Positive values designate regions
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where charge increases when the coupling of FeSe and
STO is incorporated. The changes are rather small, con-
sistent with the neutral and non-polar nature of both
isolated systems, but involve orbital repopulation in the
FeSe layer and on the interface Ti ion. In the interior
of STO there is some breathing of ionic charge on both
Ti and O, reflecting some long range effect due to the
insulating nature of STO. There is some (anisotropic)
loss of charge from the interface O ion, consistent with
the slight band overlap and resulting hole pocket dis-
cussed above. The most important change is the strongly
anisotropic rearrangement of density on Fe: dxz, dyx re-
gions have decreased density, while in-plane (dxy regions
increase in density. The interface Se2 atom also shows an
anisotropic response to coupling, which can be character-
ized best as the development of some Se2-Ti1 bonding.
Dumitrescu et al. has studied a model adapted to 1UC
FeSe in which the interaction favors breaking of equal
occupation of dxz and dyx orbitals, and find that doping
indeed introduces a superconducting phase.33

B. Electron-LO phonon coupling

Observation of replica (or shadow) bands in ARPES
studies of 1UC FeSe on STO and 1UC FeSe on TiO2,
with energy shift equal to the LO mode of the sub-
strate, has spurred study of a phonon-enhanced mech-
anism of pairing, notwithstanding the most prominent
viewpoint that the most likely mechanism of bulk pair-
ing in Fe-based superconductors is magnetic in origin.
As a complementary technique, high resolution electron
energy loss spectroscopy has bee applied by Zhang et
al., who found strong coupling of a surface optical mode
of STO to the conduction electrons.34 To get an idea of
the character and strength of coupling of optic modes in
STO to the Fe d band Fermi surface states in 1FeSeSTO,
we have performed calculations of the FeSeSTO system
with model frozen phonons in the STO substrate. Dis-
placements of 0.10Å for O, and -0.05Å for Ti and Sr,
were chosen as being approximations to the maximum
displacement of these ions in an optic mode. Making
the LO(ẑ) displacements in the x-y plane, which directs
the internal electric field also in the x-y plane, very small
changes in FeSe were found. This outcome is consistent
with two observations: (1) the electric field in such a dis-
placement would be directed parallel to, and not into,
the FeSe layer, and (2) the single unit cell periodicity
imposed in the x − y plane does not allow in internal
electric field, that is, a true LO mode with its accom-
panying polarization is not replicated in such a periodic
cell.

LO(ẑ) mode displacement, however, leads to large ef-
fects. To describe the changes, oxygen displacement to-
ward the FeSe layer will be called positive (or ‘up’), the
opposite will be called negative (or ‘dn’). The displace-

FIG. 4. (Color online) Atom projected densities of states
(pDOS) of (a) the interface Ti1 and O1 ions, and (b) the
bottom surface Ti3 and O5 ions of 1FeSeSTO in z-polarized
LO mode. ‘up’ refers to O ions moving toward the FeSe layer
and cations moving oppositely; ‘dn’ refers to displacement
in the opposite direction. The pDOS for the undisplaced
(reference) position are filled in.

ments are large enough that the changes (in bands, DOS,
and density) are not equal in size but opposite in sign, in-
stead they contain non-linear changes that may be useful
to consider. The atom-projected pDOS are provided in
Fig. 4, and the corresponding band structures in Fig. 5,
for positive, zero, and negative displacements.

The pDOS provides one broad view of relative shifts
in STO due to the LO mode, with energy zero pinned
at the Fe Fermi level. At the interface, the peak in the
O1 p DOS shifts by roughly ±1 eV, but we will see be-
low that certain band shifts are unexpected. The Ti1
d bands shifts sharply for dn movement, while shifting
upward mildly for up displacement. The electric field in
the STO reverses from up to dn displacement, and the
band shifts on the free surface O5 and Ti3 atoms are
roughly opposite to those at the interface.

For surveying the bands, the items to focus on are (i)
the filling of Fe hole (Γ) and electron (M) pockets, (ii)
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FIG. 5. (Color online) Band structures for the frozen LO(ẑ) phonon: (a) up, (b) reference undisplaced, and (c) dn displace-
ments, see text. Red circles indicate strong Ti1 character, while blue circles represent strong O1 character of the band. In all
cases the Fermi level is pinned by the Fe d bands, but some changes are non-monotonic (viz. the O p bands).

the position of the Ti d bands, and (iii) the position of
the O1 surface (interface) band with its maximum at
M . Regarding the Fe band fillings, the up displacement
increases the hole filling while decreasing the electrons
in their pocket. The changes are opposite in sign for
the dn displacement. The Fermi level (the energy ref-
erence for the different calculations) is pinned in the Fe
d bands, which therefore are affected in ways that are
more involved to quantify. The STO bands are shifted
substantially by the internal electric field.

While the FSs centered at M are very similar for up
and dn displacements (not shown, but readily imaginable
from Fig. 5), they are different from those for the undis-
placed configuration: the interface or surface O1 px, py
band (depending on direction of displacement) discussed
above moves well above EF , by 0.25-0.35 eV. The result-
ing holes require that electrons are driven into the Fe d
bands. These electrons are accommodated mostly in the
M -centered pockets; the number of holes around Γ varies
somewhat.

The behavior of several bands at Γ is unexpected. The
top of the STO valence band at Γ (marked by blue cir-
cles) rises mildly for the up displacement but drops by
1 eV for dn displacement. Ti3 p bands at the free sur-
face (without any circles in the figure) drop to EF for
up displacement, from being out of the picture for dn
displacement. A related shift at Γ is: for negative dis-
placement Ti1 valence d bands drop from ∼2 eV for the
up displacement, to 1.2 eV for undisplaced, to within
0.5 eV of EF . This energy is the STO conduction band
minimum at the interface Ti1 ion. More information is
provided in the Supplemental Material.

The difference density

∆ρ = ρ(1FeSeSTO)− ρ(LO(ẑ)) (2)

due to the mode displacements is shown in Fig. 6 in

two planes containing Fe. Positive values designate re-
gions where downward displacement of O in the mode
increases the density. In the Fe–Se2-Fe chain direction
for positive displacement, Fig. 6(b), the occupation of Fe
in-plane orbitals is decreased, while in Fe-Se1-Fe chain
plane, Fig. 6(a), the electron occupation of the Fe in-
plane orbitals is increased. For positive displacement the
orbital occupation differences for Fe inside the atomic
spheres are, in 10−3 units,

[dz2 , dx2−y2 , dxy, dxz, dyz] : [−2.0, 2.9, 0.8,−11.0, 11.6].
(3)

The net change here is a +2.3×103 electron, or 0.023
e/Å oxygen displacement, increase. For negative dis-
placement, again in units of 10−3, the orbital occupation
differences for Fe are:

[dz2 , dx2−y2 , dxy, dxz, dyz] : [10.4;−15.7; 4.2; 16.6,−20].
(4)

The net change is -4.5×10−3 electrons, an increase of
0.045 holes/Å, holes. Note that the net change in each
case is a factor of 3-5 smaller than some of the orbital
occupations, reflecting the strong reoccupation of Fe d
orbitals with much smaller net change in charge.

The differences in magnitudes of these differences re-
flect the nonlinear nature of the 0.1Å displacement. A
more interesting, and perhaps more important, aspect
is the just mentioned, relatively larger re-occupations.
They are large for dxz, dyz orbitals for both directions of
displacement, and for negative displacement also large
for dz2 , dx2−y2 orbitals.

IV. EFFECTS OF SUBSTRATE DOPING

Doping of the STO substrate is of interest for at least
two reasons. First, STO used as substrates may be nat-
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FIG. 6. (Color online) Difference density (in 10−3 a.u., in
101 plane containing (a) the Fe-Se2-Fe chain, and (b) the
Se1-Fe-Se1 chain. For the orbital re-occupation on Fe, see
text.

urally doped, or they can be intentionally doped to facil-
itate measurements that might be affected by charging
of the STO interface. Secondly, intentional doping of
FeSe can be used to study the effect on the FeSe over-
layer and perhaps even to tune its properties, especially
if gating is applied. For these reasons we have studied
the effects of electron doping by STO of the FeSe layer.
Electron doping of bulk STO results in superconductiv-
ity below a maximum of 0.4K in a certain range of light
doping levels.35 Hole doping of STO, as might occur at
this interface, has not been reported to result in itinerant
carriers in bulk STO.

A. Virtual crystal doping in SrTiO3

The observation that electron carriers in STO readily
become itinerant even at very low doping levels indicates
that a realistic means of studying electron doping is to
use the virtual crystal approximation (VCA). In VCA,
the charge on a nucleus is increased or decreased in an
amount equal to the density of carriers one wants to sim-
ulate. VCA is appropriate for itinerant states in alloys,
because extended wavefunctions average over many ions.
Since STO is commonly electron doped by substitution
of Nb5+ for Ti4+, the VCA models substitution of a
fraction x replacement of Ti with Nb by an increase in
the Ti nuclear charge from 22 to 22+x. A simpler rigid
band treatment would simply dump x extra electrons
per Ti into the conduction bands without any change of
the band structure, thus they would reside in the Fe 3d
bands (with a few filling the O1 interface hole band).

VCA includes the self-consistent rearrangement of elec-
tronic charge, allowing charge to reside anywhere in the
system including transfer of doped electrons to the FeSe
layer and, crucially, the self-consistent adjustment of the
Fermi energy in STO with that in FeSe.

The simplest picture of the effect of STO doping is
the following. Recall that before doping, EF as deter-
mined by filling of Fe levels lies roughly in the middle
of the STO band gap, as described above. Doping elec-
trons into the bands puts them, before self-consistency,
into the Fe 3d bands just above EF and also fills holes
in the O 2p interface band, none of them residing within
the STO substrate. The charged substrate will provide
an attractive potential tending to attract carriers back
into STO. Only self-consistency can determine the out-
come. However, the complete system is characterized by
a single chemical potential, so Fermi levels in FeSe and
bulk STO must coincide. A simplistic realignment of the
two Fermi levels, assuming some carriers are retained in
STO, requires a relative shift of potential in FeSe and
STO of the order of 1 eV or more, even for much lighter
doping levels than we consider. Such a shift requires sub-
stantial energetic changes, and what is expected is that
charge will rearrange between STO and FeSe to mini-
mize the total energy of the system as the Fermi levels
are equalized.

At small electron doping, the tendency to align Fermi
levels will drive electrons doped into Ti 3d bands to-
ward and into FeSe, moving its Fermi level up toward
the Ti Fermi level. From the well known behavior in
doped semiconductors, electron density will accumulate
in the interfacing region, leading to upward band bend-
ing within the Ti 3d bands. The result, if a mesoscopic
picture of band bending were to apply, is a Schottky bar-
rier across which the Fermi levels in Fe and STO equal-
ize. Additional doping will lower the Schottky barrier (a
region of positive potential between the equalized FeSe
and STO Fermi levels) but it will persist.

Adequate sampling of resulting small FSs in STO re-
quires us to model higher dopings than would be con-
sidered experimentally. (Perhaps effects of high doping
in STO on the superconductivity in FeSe should be con-
sidered experimentally.) We have doped using the VCA
method x=0.05 and 0.10 electrons per Ti, which we ex-
pect to provide instructive results. The corresponding
important band energies at Γ and M versus x are dis-
played in Fig. 7.

Certain primary features are evident. The Fe hole
pockets at Γ and electron pockets at M provide a sink
for carriers that leads to significant changes in net charge
(electrons minus holes) in Fe. At 5% doping some elec-
trons are transferred to Fe: the Γ-centered hole bands
have fewer carriers, with more electrons around M . One
change to note is that the STO interface O1 2p hole
band at M shifts downward rapidly with increasing x,
becoming filled at much smaller x than we consider. The
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FIG. 7. (Color online) Bands edges for Fe and Ti bands at Γ
point, and O bands at the M point, for VCA nuclear charge
equal to 22.00, 22.05 and 22.10.

O3 and O5 levels shift downward even more quickly, al-
though they are always filled. The overriding effects are
that doped electrons reduce the density of Fe hole carri-
ers, and the O1 2p hole bands become completely filled.
The most relevant accompanying shift is that the Ti 3d
bands at Γ shift downward in energy substantially. For
Ti2 and Ti3, the shift is -0.8 eV at x=0.05 and -1.2 eV
at x=0.10. The “bulk” Ti2 band becomes occupied at
x=0.10; very roughly, this can be interpreted as the Fe
and Ti Fermi levels becoming equalized at the second
layer of Ti in STO – the Schottky barrier is a single unit
cell thick. The interface Ti1 band remains unoccupied,
as it provides the Schottky barrier of about 0.6 eV.

Another means to assess the charge arrangement is
to compare atomic sphere electronic charges versus x.
About 70% of the doped-in charge resides within the
inscribed spheres of Ti, O and Fe, with the remaining
charge in the tails of the orbitals outside the spheres.
We simply scale up the total sphere charges to 100% for
our overview. The specific values are provided in the
Supplementary Material.

First, there is negligible change in charge on the Se
atoms, and the changes are relatively small on the O
atoms. In fact, in spite of the substantial changes in
the energy position of O 2p and Ti 3d relative to the
valence band maximum of Fe (which is always 0.15-0.20
eV above the Fermi level, this band effectively pinning
EF ) seen in Fig. 7, much of the charge remains on the
Ti sites. For oxygen, the change in charge for O1 is neg-
ligible, for O2 a change of electronic charge of -0.007 (a
loss of electrons), and for O3, -0.012 (x=0.05) to -0.015
(for x=0.10), the changes not being linear. The changes
are roughly the same for Ti1, Ti2, and Ti3 ions, a gain

of 0.04 for x=0.05, and ∼0.10 for x=0.10. Hence Ti re-
tains most of the doped charge although O↔Fe energy
rearrangement does occur.

Fe obtains an increase in electrons as expected, but
in a non-monotonic fashion. The increase is 0.025 for
x=0.05 (with 3×0.05=0.15 extra electrons in the unit
cell), and more than half of this increase can be said to
come from O3 and O5 rather than from Ti ions. For
x=0.10, the increase for Fe drops to 0.20, again with
a similar decrease in charge for O3 and O5. Only the
three Ti ions show a roughly linear increase in electronic
charge with doping, as they retain most of the doped-in
charge. The rather small charge transfer to Fe but large
energy shifts relative to Fe suggest that charge polariza-
tion effects are substantial in this system and might lead
to Fe d band - STO lattice coupling.

V. ATOMIC SUBSTITUTIONS AND
ADSORPTION

A. Isovalent chalcogenide substitution

Tendencies toward charge transfer and rearrangement
can be probed by atomic substitutions, even isovalent
ones. Isostructural Fe chalcogenides include FeS36–39

and FeTe.38–40 To make comparisons we focus on orbital
occupations and charge density when Se is replaced with
50% S and Te, and also compare with the corresponding
FeS and FeTe cases. These comparisons are referenced to
the 1FeSeSTO structure and sample a range of chemical,
electronegativity, and size differences.

There has been much attention focused on Fe orbital
occupations and how they relate to properties, especially
pairing. In Fig. 8 we display the difference charge den-
sity of these systems compared to ρ(1FeSeSTO). In the
FeS0.5Se0.5 and FeTe0.5Se0.5 “alloys” an S or Te layer re-
places the Se layer nearest STO, that it, at the interface,
entailing no change in symmetry of the system. Since
FeX (X=S, Se, Te) is a metal, even isovalent substitu-
tion may result in some charge transfer between Fe and
the chalcogenide, or the STO substrate as well, so the
substitution might somewhat dope the Fe layer.

Figure 8 shows colorplots, ordered monotonically in
terms of average normalized electropositivity of the
chalcogenide atoms, of difference densities in a (101)
plane containing an interface Fe-Se chain and the des-
ignated atoms in the STO layers. Relaxation is not in-
cluded, since as noted above changes due to even small
displacements would mask changes in difference plots
due solely due to chemical differences. Positive values
designate regions where Se attracts charge relative to S
or Te.

Panels (a,b) of Fig. 8 for S replacement, and likewise
panels (c,d) for Te replacement, reveal similar trends for
the half and full Se replacement cases. The main dif-
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(b)  FeS0.5Se0.5+STO(a)  FeS+STO (c)  FeTe0.5Se0.5+STO (d)  FeTe+STO

FIG. 8. (Color online) Difference density, in 10−3 a.u., of ρ(1FeSeSTO) minus cells with Se replaced by a fraction x of S or
Te, x=0.5 and 1.0, as noted. The horizontal black separating line denotes where the color scale has been changed, because
the differences are so much larger in the lower subpanels. Left color scale on left is for upper subpanels, the one on right is
for the lower subpanels containing the Fe-X chain..

ference is that full replacement of Se leads to differences
that extend further into the STO layer. The effect on or-
bital (re)occupation on Fe is almost independent of half
versus full replacement of S. Likewise, the differences in
the TiO2 interface layer is almost independent of frac-
tion of replacement. This result seems reasonable, since
in each case the replacement has occurred in the Se2
layer at the interface.

On the other hand, there are noteworthy differences
between substitution by S and by Te. The changes in
orbital occupations on Fe (i.e. the shapes of the dif-
ferences) are rather similar but opposite in sign, with
the same being true of Ti1 at the interface. The change
on O1 is different: for S substitution the change is all in
the pz orbital, while for Te substitution the reoccupation
involves all 3p orbitals.

To quantify and summarize differences for the various
substitutions we have studied, Fig. 9 illustrates graphi-
cally the (ir)regularities in the variation of Fe 3d orbital
occupations (which are small), and the net change of 3d
charge is shown in Fig. 9(b). The dxy, dz2 , and dx2−y2

occupations vary nearly linearly across the entire range,
with the first two increasing, and the latter decreasing,
from S to Te. The dxz and dyz occupations vary non-
linearly and in an opposing manner. The regularity of
the net change in d charge, in Fig. 9(b), indicates that
there is charge redistribution between these two orbitals

for the x=0.5 concentrations of S-Se and Se-Te. The
lack of equivalence of these two orbitals is due, first to
the asymmetry around Fe for the x=0.5 concentrations,
and from the basic simulation cell, in which Fe lies above
an O1 ions that has Ti neighbors along only one of the
x, y axes.

B. Adsorption K on FeSe

Doping of single layer FeSe on STO by K adsorption
has resulted in superconductivity up to 46K. To assess
the electron donation from K to FeSe+STO we have
added one K in the center of a surface Se1 square in a√

2×
√

2 enlargement of the cell, corresponding to 25%
K doping (i.e. one K per four Fe. For reference be-
low, we note the relative x-y positions of K, Fe, and Se
atoms in the

√
2×
√

2 cell: K at (0.25,0.25); site Fe1 at
(0.25,0.25); two Fe2 at (0.25,0.75) and (0.75,0.25); Fe3 at
(0.75,0.75); two surface Se1 atoms at (0,0 and (0.5,0.5);
two interface Se2 at (0.5,0) and (0,0.5). The K height
was optimized, assuming a position 2.56 Å above the Fe
layer. For analyzing the rearrangement of the density,
the original atomic positions have been used in order to
separate changes due to K addition from changes due
to relative Fe-Se and Se-O displacements (which would
cause large but uninteresting structure in the plots). The
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(a)
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x = -1.0 x = -0.5 x = 0.0 x = 0.5 x = 1.0

x = -1.0 x = -0.5 x = 0.0 x = 0.5 x = 1.0

FIG. 9. (Color online) (a) Orbital occupation differences, in
10−3, versus a normalized mean electropositivity difference
x, supposing x=-1 for S, 0 for Se, and +1 for Te, and (b) the
net change of charge in all Fe d orbitals. The nonlinearities
are discussed in the text.

detailed results are unexpected in some respects.

The changes in band structure, displayed in Fig. 9
where bands have been back-folded due to the

√
2×
√

2
in-plane doubling of the cell, and band filling are consis-
tent with expectations of simple electron transfer from
K to the bands near EF . The hole bands to be filled
are Fe d bands and the O px, py interface and/or sur-
face bands. 25% doping is just the amount needed to
do this, as can be seen in Fig. 10, and it leaves only Fe
electron FS pockets such as has been seen on supercon-
ducting FeSeSTO (without intentional electron doping).
The maximum of the interface O band remains touching
EF , while the back surface O band maximum lies 0.3 eV
lower. This difference is consistent with the interface O1
ion being much closer to the added charge, thus lying at
higher potential.

The change in charge density is more involved, and
at first seems unphysical. The charge transferred to Fe1
lying directly below K is around 0.05 e, whereas there is
no increase in charge for Fe2 and Fe3. The remainder of
the charge is transferred to the nearby Se1 atoms, 0.10 e
each. There is no net charge transferred to either O or Ti

M Γ X M 

En
er

g
y 

(e
V

)

  0.0

  1.0

 -1.0

E F 

M Γ X M 

（a）2FeSe/STO （b）25% K doping 2FeSe/STO

FIG. 10. (Color online) Bands of (a) 1FeSeSTO, and (b) for
a 25%K overlayer 1FeSeSTO. The Fermi level (set to zero in
each figure) increases by 0.2 eV, just enough to fill the hole
bands at Γ.

ions, though there is some minor rearrangement of occu-
pations. This result is unexpected, since the hole pocket
of the interface O px, py band is filled. This analysis
of actual charge reflects the fact that occupied valence
bands have shifts in spectral weight of orbital on Fe, Si,
and O throughout the valence region that involve net
charge change on only some of the atoms. The physical
charge of K remains in its vicinity, on the neighboring
Se1 and Fe1 atoms, however the hole bands are filled as
if the charge went to the O1 ion and all Fe ions (not just
Fe1).

Such counter-intuitive rearrangements of charge have
been discussed several times in the literature. One ex-
ample is in recent studies of charge-ordering (CO) tran-
sition metal oxides. The most heavily studied example
is the CO behavior in nickelates, for example YNiO3.
In the low temperature phase the CO characterization
YNi2+1/2Ni4+1/2O3 makes sense from the band (projected

DOS) viewpoint: one Ni ion has strong spectral weight
near the gap in two more bands than does the other Ni
ion; the “d8” ions is magnetic, roughly consistent with
spin S=1, the “d6” ion has S=0. Study of the actual
charge density reveals that both Ni ion have the same oc-
cupation of 3d physical charge (same radial density).41,42

The difference lies in the distance to the coordinating O
ions and the degree of spin polarization. Returning to
this K doping case, the picture of filling of Fe d bands
and O p interface bands is appropriate in that it is these
bands that ARPES experiments will probe. The changes
in hybridization, and finally the actual charge, on various
atoms may influence ARPES intensities.
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VI. DISCUSSION AND SUMMARY

We have performed a first principles study of several
scenarios relating to experimental observations of the 1uc
FeSe+STO system, providing analysis that should assist
the community in evaluating microscopic processed un-
derlying observations. At the FeSe-STO separation de-
termined by Shanavas and Singh,21 the FeSe Fermi level
lies 0.7 eV above the bottom of the STO gap. How-
ever, the high lying surface band of O px, py orbitals
on the TiO2(001) surface persists at the interface and
contains holes, pinning the placement of the FeSe Fermi
level within the STO bandgap. The FeSe Fermiology
is almost unaffected, with the d bands retaining both
electron and hole pockets consistent with previous DFT
studies. Comparison of 1FeSeSTO with the isolated sub-
systems shows a minor amount of charge transfer from
the interface O1 ion to FeSe, and a small change in or-
bital occupations on Fe.

A frozen STO longitudinal optic phonon polarized in-
plane has negligible effect on the FeSe electronic struc-
ture (although the accompanying electric field is not
treated in our periodic simulation cell). For ẑ polar-
ization, the phonon causes large relative band shifts be-
tween those in STO and the FeSe bands. For the dis-
placements studied, +0.1Å for O, -0.05Åfor Ti, the rel-
ative band shifts of Ti d and Fe d orbitals approaches
2 eV, suggesting that polarizability provided by the un-
occupied Ti d states may play a role in coupling. The
resulting changes in the Fe orbital occupations have been
quantified. For the magnitude of displacements we have
studied (given just above), there are strong non-linear
aspects to orbital occupations and relative bands shifts
of Ti and O with respect to those of Fe.

The results suggest strong coupling of the LO modes
to the Fe d bands although no quantification such as
electron-phonon matrix elements has been obtained.
Rademaker et al.15, following related work by Kulić and
Dolgov43 for cuprates, have studied the effect of an optic
mode for Q at or near zero, coupled to a two dimensional
electronic system. In their model, confinement of the
phonon Q to small values alters the behavior of Tc(λ)
at small coupling λ from the BCS exponential behav-
ior to linear, making Tc more responsive to changes in
coupling strength. Inclusion of Coulomb repulsion how-
ever has a similar effect. They did demonstrate that
phonon-induced replica bands did appear in the result-
ing electronic spectral function.

Electron doping in STO was studied within the virtual
crystal approximation, which presumes the electrons are
itinerant, which is an excellent viewpoint in bulk STO
where superconductivity appears at very low doping. 5%
and 10% elecctron doping (viz. by Nb5+) has been stud-
ied, the large value chosen to enable well converged cal-
culations which could not be achieved at the more real-
istic 0.1% or less level. Also, for lower doping levels the

band bending in STO would extend to much longer dis-
tances in STO, which are not realistic to attempt with
our methods. As anticipated for electrons doped into the
STO conduction bands above the Fe Fermi level, some
charge is transferred to the Fe d bands to align the strong
band bending in STO and equilibrate the Fermi level in
STO with that of Fe. The strong lowering of O1 p and
Ti1 d levels at Γ and M were quantified.

For substitution in the chalcogenide column, Se at the
interface was replaced by S and by Te (50% and 100%
in the layer) with fixed positions, to assess the differ-
ences due to chemistry (electronegativities) and size of
the chalcogenides. 100% replacement gives similar char-
acter of changes at the interface, but the effects extend
further into STO than for 50%. The effect of S, versus
Te, as the replacement atom showed up as clear differ-
ences on the Fe site, but also on both the O1 and Ti1
sites at the interface. This difference suggests that fur-
ther experimental study of such substitutions could de-
termine which is more favorable for superconductivity,
and thereby what changes in the electronic structure are
more favorable for pairing.

Finally, the experimental observation that adsorption
of K onto (nonsuperconducting) 1FeSeSTO induces su-
perconductivity has been studied by incorporation of
25% K adsorption (one K per four Fe atoms), using a√

2×
√

2 supercell. The effect is as anticipated: the elec-
trons transfer to the hole bands of Fe and also of the O
px, py surface/interface band. 25% just fills both bands
leaving only the electron Fermi surfaces in FeSe. Anal-
ysis of the location of charge is revealing: the donated
electrons from K reside nearby in adjoining Se and Fe
atoms. The distribution of spectral density throughout
the valence bands is affected, with the net physical re-
sults that hole pockets are filled as expected.

The mechanism of increased superconducting critical
temperature observed in several cases of 1UC FeSe on
various substrates is emerging as a complex question of
several competing effects: doping, by unintentional oxy-
gen vacancies, Fe-Se nonstiochiometry, or alkali atom
adsorption; electron-phonon coupling induced by optic
phonons in the underlying substrate; of indirect effects
on the magnetic fluctuations in FeSe. The latter possi-
bility has not been addressed in this work. The results
we have presented for the effects of (i) ẑ-polarized optic
modes in SrTiO3, (ii) electronic doping in SrTiO3, (iii)
substitutional isovalent atoms for Se, and (iv) electron
doping of the FeSe layer by K, should be of use in eval-
uating the complex behavior occurring at and and near
this interface.
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