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The discovery of higher-temperature superconductivity in FeSe monolayers on SrTiO; substrates has sparked
a surge of interest in the interface superconductivity. One point of agreement reached to date is that modulation
doping by impurities in the substrate is critical for the enhanced superconductivity. Remarkably, the universal
doping about 0.1 electrons per Fe, i.e., so-called “magic” doping, has been observed on a range of Ti oxide
substrates, which concludes that there likely is some important interaction limiting the FeSe doping. Our study
discovers that the polarization change at the interface Se because of the close proximity to the substrate from
that in the free-standing FeSe film significantly amplifies the total potential difference at the interface above
and beyond the work function difference for charge transfer. Additionally, the titanate substrate with a large
number of free electrons basically serves as an “infinite” charge reservoir, which leads to the saturated FeSe
doping with the complete removal of the interface potential gradient. Our work has developed the theory for
modulation doping in the van der Waals materials/oxides heterostructure, providing a solution to the puzzle
of magic doping in FeSe monolayers on titanates. The information also presents experimental pathways to

accommodate a variable carrier density of FeSe monolayers via modulation doping.

DOLI: 10.1103/PhysRevB.105.214518

I. INTRODUCTION

The bulk iron selenide (FeSe) superconducts below 8 K [1]
and many methods, including applied pressure [2], potassium
(K) intercalation [3], and electrical gating [4], can increase
T. to ~40 K. A milestone discovery in 2012 is the enhanced
superconductivity in a monolayer FeSe on SrTiOs; (STO) [5].
Superconducting energy gap opening at ~65 K is observed
in spectroscopy experiments [5—10], whereas in- and ex-situ
transport measurements exhibit a lower 7, ~ 40 K [11-13].
Angle-resolved photoemission spectroscopy (ARPES) studies
[6,7] reveal that two occupied electron pockets are centered
at the 2-Fe Brillouin zone (BZ) corner, i.e., the M point,
and the highest occupied states at the I' point, which formed
hole pockets in the bulk FeSe, are located ~50 meV below
the Fermi level. The electron doping of FeSe monolayers is
manifested by the fractional total charge per unit cell (UC),
which also tells that there must be positive charges elsewhere
to retain the charge neutrality. The prevailing scenario for
the FeSe doping is the transfer of itinerant electrons in sub-
strates to FeSe monolayers, in which the substrate serves as
the charge reservoir, analogous to the famous “modulation
doping” developed for traditional semiconductors.

As demonstrated by the ARPES studies, the low-energy
electronic structure of FeSe monolayers on STO [6,7] is dis-
tinct from that of the bulk systems, such as FeSe with K
coating [8] or intercalation [14] and (Li,Fe)OHFeSe [15]. The
point is that the undoped FeSe monolayer would be predicted
to be a semiconductor with an about 10 meV gap, while
the bulk FeSe systems without doping are clearly semimet-
als with the same size of electron and hole pockets. The
large difference in the electronic structure suggests that the
mechanism for the monolayer superconductivity could be
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different from that of the bulk one, which is also supported
by the higher superconducting gap opening temperature in
monolayers [5—10]. Another impactful finding potentially rel-
evant to the enhanced superconductivity is the replica band
observed in ARPES experiments [6]. The replica “shake-off”
energy coinciding with a STO phonon energy indicates the
remote electron-phonon coupling crossing the interface. This
interpretation has been challenged because of the large spac-
ing of ~4 A between the Fe layer and the STO surface [16,17],
as well as by an alternate possible mechanism for replica
bands, namely the energy loss of the emitted photoelectron
[18]. Although no consensus has been reached [19,20], the-
oretical calculation suggests that the remote electron-phonon
coupling would only cause a modest increase in T, [21].

At this point, obtaining the superconductivity phase dia-
gram as a function of electron doping is crucial because it
could provide the information for electron pairing itself and
the importance of interlayer interactions. In contrast to the
domelike phase diagram of bulk Fe-based superconductors
[8,22], it was reported that the monolayer 7, rises monoton-
ically with the intensity of replica bands and the extended
postannealing [7,23], implying a conventional electron pair-
ing. However, several groups have recently reported that the
postannealing process essentially removes Fe vacancies in
as-grown films, optimizing the FeSe stoichiometry [24-26].
The K coating can effectively add electrons to FeSe [8,27],
but also strongly disturbs the monolayer system due to the
electric field generated by the proximate Kt ion [28]. All
the above urges one to develop a reliable monolayer phase
diagram with a systematic change of the FeSe carrier density,
strongly preferring modulation doping to prevent other possi-
ble influences.
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FIG. 1. FeSe monolayer and STO band alignment. ¢sto and ¢g.s. denote the work function of STO and FeSe, respectively. Vs, qipole
represents the potential produced by the polarization change at the interface Se. The band offset between Ti 3d and Fe 3d is labeled as
AVgesessto- The artist’s picture shows the Se polarization in the FeSe monolayer on STO (left) and the freestanding film (right)

However, varying the modulation doping at FeSe/oxide
interfaces has been challenging, and an outstanding puzzle
from the past decade’s research is the universal FeSe doping
about 0.1 electrons per Fe on a range of Ti oxide substrates
[7,29-34]. Although other mechanisms for the FeSe doping
were suggested [34,35], we will concentrate on the study of
charge transfer between the FeSe monolayer and STO using
density functional theory (DFT) in order to find the crucial
parameter that limits the monolayer doping.

II. INTERFACE BAND ALIGNMENT

Pure STO is a well-known semiconductor with a ~3.2 eV
band gap and, as mentioned previously, the undoped FeSe
monolayer would be a small gap semiconductor. When FeSe
and STO are far apart, the separation of Ti 3d and Fe 3d con-
duction bands simply equalizes the work function difference,
as schematically shown in Fig. 1 and demonstrated by our
DFT calculations (Fig. S1 in the Supplemental Material [36],
and see also references therein [37-42].). Here, we define the
work function, ¢sto and @rese, as the energy to move electrons
from the bottom of Ti and Fe 3d conduction bands to the
vacuum level, respectively. The experimental work functions
of electron-doped STO with the TiO, termination ¢sto and
that of thick FeSe films ¢pese [43,44] are equal to ~4.5 eV and
~5.1 eV, respectively. Similar to the experiment result, the
work function difference between STO and the freestanding
FeSe monolayer is about 0.5 eV in our DFT calculation [36].

In the freestanding FeSe monolayer, both Se at the up-
per and lower layer are strongly polarized by the middle
four-neighboring Fe with the formal valence 2+ [45]. These
inherent Se dipoles with large negative lobes pointing to-
ward the central Fe layer, as shown by the artist’s picture
in Fig. 1, tend to decrease the net work function of the
freestanding film from that value dictated by the minimum

electron removal energy if the dipoles were not present. The
photoemission experiment to measure the work function of
the FeSe film [43], which removes electrons from the upper
Se layer, has taken the effect into account, and the yielded
value is close to the work function of the freestanding FeSe
film.

Upon the FeSe monolayer approaching the TiO, surface
layer in STO, the change of the whole system mainly hap-
pens at the interface Se in close proximity to the tetravalent
Ti in the substrate surface, as seen in the calculated charge
density difference [Fig. 2(a)]. The polarization change at the
interface Se with a larger electron density on the interface
side forms extra dipoles oriented in the direction to effectively
increase the potential difference above and beyond the work
function difference of the freestand film and substrate. The
calculated band structure [Fig. 2(b)] shows the Fe 3d band is
shifted downward by an energy equal to the dipole potential
Vse dipole ~ 1.0 €V. Consequently, the total potential differ-
ence between the two charge neutral systems, i.e., the FeSe
monolayer and STO, is given by

AVrese/sto = Vse dipole + (PFese — Psto)- (D

If the terminating surface in STO is SrO, the size of the extra
dipole at the interface Se sitting on the surface Sr>* would be
considerably smaller than that on the TiO, surface (Fig. S3 in
the Supplemental Material [36]), revealing the pivotal role of
the valence of cations in the substrate surface.

III. CHARGE TRANSFER AT FeSe/STO INTERFACES

The potential difference between the higher Ti 3d band and
the lower Fe 3d conduction band acts as the driving force
for the transfer of electrons from STO to FeSe. In order to
activate the charge transfer, itinerant electrons in the substrate
are required. The ultrahigh vacuum (UHV) preannealing at
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FIG. 2. Extra Se dipole at the FeSe/STO interface.
(a) The charge density difference calculated using
p(FeSe/STO) — p(STO) — p(FeSe). The isosurface is drawn

with the electron density 2.7 x 1073 ¢/A3. The yellow and cyan
colors illustrate the increasing (the net negative charge “—”)
and decreasing (the net positive charge “+”) electron density,
respectively. (b) The DFT-calculated FeSe/STO band structure.
The purple and gray spaghetti represent the FeSe and STO band
dispersion, respectively. The bottom of the STO conduction band
is set at £ =0 as the reference. We adopted the checkerboard
antiferromagnetic order in our FeSe monolayer calculations.

high temperatures to get the smooth substrate surface simul-
taneously creates a large number of oxygen vacancies (OVs)
in STO [46]. Also, the chemical substitution such as Nb>*
(La**) replacing Ti** (Sr**) [47] is commonly used to obtain
the conducting STO. As seen in Figs. 3(a) and 3(e), the free
electrons in STO are disproportionately distributed on the sur-
face because of the lower Ti 3d surface state [36], forming the
well-known two-dimensional electron gas (2DEG) [48,49].

Once FeSe is grown on electron-doped STO, the free elec-
trons in the substrate will migrate to the FeSe monolayer in
order to lower the whole system’s total energy. The electron
transfer is seen in our DFT calculations of FeSe monolay-
ers on oxygen-vacant and Nb-doped STO substrates (Figs. 3
and S5 in the Supplemental Material [36]), in consistence
with previous DFT studies [50,51]. Structurally, the electron-
doped FeSe monolayer tends to move closer to the substrate
surface with the net positive charge. In addition, we have
observed a clear difference in spin-up and -down band disper-
sion of electron-doped FeSe monolayers close to the Fermi
level [Figs. 3(d) and 3(g)], which could be possibly due to
the interaction between the electric field in between and the
checkerboard-type magnetic order.

The electron redistribution at the interface, in essence,
forms a ““capacitor”-like structure consisting of the electron-
doped Fe plane and the Ti oxide surface layer with the
majority of net positive charges [Fig. 3(c)]. This creates the
built-in potential in between approximately given by Vy; =
%d, where o, d, and ¢ denote the charge density and the
distance of two charged planes and the dielectric constant
of the material in between, respectively. Assuming ¢ = 1
and using other parameters from experiments, we yield V,; ~
1.0 eV, which is close to the calculated potential difference
AVEese/sto. According to the capacitor model, the energy gain
of §he whole system due to charge transfer is proportional to
~ 50’ vbi-

The number of transferred electrons is limited by the ca-
pacitor built-in potential when it exactly equalizes AVEese/sT0-
However, this level of the FeSe doping can only be reached in
the condition that the density of free electrons in the substrate
ngp 1S NO less than that required to completely remove the
potential difference at the interface, oy. As shown in Fig. 3(b)
and Fig. S5 [36], the majority of free electrons in STO is
transferred to the FeSe monolayer, while some electrons still
stay in the substrate, which indicates that the FeSe doping
is saturated. The Fermi level crossing the STO conduction
band demonstrates the complete removal of the potential dif-
ference AVEese/st0, confirming that the FeSe electron density
is pinned at the saturated level compensating for the potential
difference. The larger electron pocket in our DFT calculation
[Fig. 3(d)] compared to that in experiments is mainly because
only one electron band at M is present while the actual system
has two bands [52]. We note that this is not unexpected in
a system in which there is no long-range magnetic order but
strong short-range correlations of the same kind.

When ng,, < 0y, the charge transfer would be out of equi-
librium. In this scenario, all itinerant electrons in substrates
would be transferred to the FeSe monolayer [Figs. 3(e)-3(g)],
which, however, creates a smaller electron pocket compared
with that in Fig. 3(d) because it is ng, that limits the FeSe
doping below the saturation value. The total potential differ-
ence at the interface is not eliminated by the charge transfer.
In Fig. 3(g), the energy difference between the Fermi level
and the bottom of the STO conduction band corresponds to
the uncompensated potential difference.

IV. UNIVERSALITY OF MONOLAYER DOPING

In light of the very small number of electrons demanded
by the FeSe monolayer, namely oy ~ 0.1 electrons per Fe,
the STO substrate preannealed in UHV or doped with Nb
(La) with a large number of free electrons basically serves
as an “infinite” charge reservoir. This also applies to other
reported FeSe/Ti oxide interfaces [29—34], where the equilib-
rium charge transfer always occurs. The tetravalent Ti in these
substrate surfaces induces similar polarization changes at the
interface Se, which, together with the similar experimental
work functions [44,53,54], results in nearly equal potential
differences. It in turn leads to almost substrate independent
FeSe doping, 0.1 £ 0.02 electrons per Fe. The about 20%
doping variation [29-34] is attributed to some differences
in the work function and the details of the Ti oxide surface
layers resulting from different crystal orientations and atomic
structures of these titanates. Recently, the universal doping
is expanded to the FeSe monolayer on Fe oxide substrates
which have the work function ~ 4.6 eV [55]. This suggests
that the polarization at the interface Se of the FeSe monolayer
sitting on top of the Fe in the substrate surface has a similar
contribution to the interface potential difference compared
with that on the Ti oxide substrates.

In order to change the saturation value of FeSe doping,
one can certainly try other electron-doped substrates with very
different work functions or distinct valences of surface cations
resulting in changes in the interface Se polarization. Also, the
interface potential could be possibly modulated by electrical
gating. To vary the FeSe carrier density below the saturation
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FIG. 3. Doping of FeSe monolayers on electron-doped STO. The saturated doping of the FeSe monolayer on the (2 x 2) STO surface with
an OV (a)-(d) and the FeSe doping below the saturation value on the (2 x 4) STO surface with one Ti replaced by Nb (e)—(g). The green
isosurfaces are plotted with the free electron density 3.4 x 1073 ¢/A3. The red and blue shadow patterns in (c), corresponding to the difference
of free electrons in FeSe/STO and STO, illustrate the decrease of electrons (the net positive charge “+”) on the STO surface and the addition

ITERL}

of electrons (the net negative charge
down (blue) dispersion.

value, one could, in principle, use substrates with electron
densities lower than that required to reach the equilibrium
value of the potential difference at the interface.

V. CONCLUSIONS

In summary, we have developed the theory for modulation
doping in FeSe monolayers on STO and found that (1) the
presence of the extra dipole at the interface Se due to the
close proximity to the substrate strongly enhances the charge
transfer and (2) the doping of FeSe monolayers on a range of
Ti oxide substrates studied to date is saturated at a similar level
because of the effectively infinite number of free electrons
in substrates and the similarities of the substrates all having
formally 44 Ti cations in the terminating surface. The theory
also applies to the charge redistribution at other interfaces
between oxides and two-dimensional van der Waals materials,
where the highly polarizable anions in the interface layer of

) in the FeSe monolayer. The unfolded band structure [(d) and (g)] includes the spin up (red) and

the van der Waals material are in close proximity to oxide
cations at the interface. Our studies have identified the crucial
parameter limiting modulation doping of FeSe monolayers on
STO, paving the way for the development of a reliable super-
conducting phase diagram with a possibly higher monolayer
T, at an, as yet unknown, doping level.
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