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Monolayers of two-dimensional (2D) van der Waals (vdW) materials grown on dielectric oxides exhibit un-
precedented physical properties. For example, the superconducting transition temperature of an FeSe monolayer
on SrTiO3 is by far higher than its bulk counterpart. However, how the charge distribution across the interface
looks like and how it helps to improve these properties is hitherto unknown. Here, using momentum- and energy-
resolved high-resolution electron spectroscopy, we probe the dynamic charge response of the FeSe/SrTiO3(001)
heterostructures and, thereby, demonstrate the existence of a charge depletion layer at the interface. The presence
of this depletion layer, accompanied with a considerably large charge transfer, leads to a renormalization of the
SrTiO3 energy bands and a substantial band bending at the interface. Our discovery paves the way for designing
novel 2D superconductors through interface engineering. The phenomenon is expected to occur at the interface
of many vdW monolayers and dielectric oxides.
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I. INTRODUCTION

The discovery of two-dimensional (2D) van der Waals
(vdW) materials has opened up new horizons for novel func-
tional architectures [1–3]. When these materials are grown
on a substrate in the form of a monolayer (ML), they may
show unexpected electrical, optical, and magnetic properties,
which can be precisely controlled by several means, opening
up new opportunities for their application in nanoscale de-
vices [4]. The most prominent example of this kind is FeSe
ML grown on SrTiO3(001) [hereafter STO(001) or STO],
with a remarkably high superconducting transition temper-
ature Tc, the highest among all iron-based superconductors
[5–11]. Although the physical mechanism leading to the high-
temperature superconductivity (HTSC) in FeSe/STO is not
yet fully understood, it is generally believed that superconduc-
tivity in this hybrid system is largely enhanced by interfacial
effects [12–17]. It has been observed by means of several
experimental techniques that FeSe ML is strongly electron
doped [8,13,16,18,19–23]. The large carrier density inside
FeSe ML has been postulated to be due to the charge transfer
from STO into the film [14,19,21–24]. However, the answer
to the question of whether these charge carriers originate from
the interface or from deeper STO layers has remained elusive.
If the charges originate from the STO substrate, this would
lead to a charge imbalance in the system, which would then
tremendously change the properties of FeSe ML.

Here, by probing the dynamic charge response of the
FeSe/STO interface, by means of high-resolution spec-
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troscopy of slow electrons we show that the experimen-
tally measured frequency and momentum-resolved dynamic
charge response cannot be explained by assuming a simple
film/substrate model only. Our detailed analysis unambigu-
ously identifies a charge-free depletion region in the STO
substrate at the interface with FeSe ML, accompanied with a
considerably large charge transfer from STO into FeSe ML.
The presence of the depletion region along with the large
interfacial charge transfer leads to a substantial band bend-
ing, renormalization of the electronic bands at the interface,
and an interfacial electric field. Such an electric field would
substantially modify the properties of FeSe ML. In addition
to the fact that our findings contribute to the understanding of
HTSC in FeSe ML, they would provide guidelines for design-
ing new high-temperature superconductors through interface
engineering. Moreover, the formation of a depletion layer at
the interface is rather general and is expected to be observed in
many combinations of vdW MLs put in contact with dielectric
oxides or semiconducting substrates. We will show how such
depletion layers can be quantitatively identified by probing the
dynamic charge response.

II. RESULTS

The frequency and momentum-resolved dynamic charge
response of the epitaxial FeSe MLs grown on Nb-STO was
probed by means of high-resolution electron energy-loss spec-
troscopy (HREELS) using slow electrons [25]. Figure 1(a)
shows the HREEL spectra recorded on the surface of FeSe
ML on Nb-STO(001). The spectra were recorded at a tem-
perature of T = 15 K, below Tc and at two different incident
beam energies, namely, Ei = 4.07 eV and Ei = 7.23 eV. The
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FIG. 1. (a) The experimental spectra recorded at the high sym-
metry �̄ point and using two different incident beam energies (Ei =
4.07 eV, orange circles and Ei = 7.23 eV, light-blue circles). The
simulated spectrum for Ei = 4.07 eV is represented as the solid line.
(b) The geometrical structure used for the simulation. The Fe plane
in FeSe ML was placed in a distance dFe = 0.43 nm above the
STO(001) surface.

spectral function S(q‖, ω) measured by HREELS directly
reflects the dynamical response of the collective charge
excitations in the system and is directly proportional to
the imaginary part of the dynamic charge susceptibility
Imχ (q, ω) [26,27]. Since the electrons are scattered by the
total charge distribution of the sample, the scattering intensity
must include information regarding collective ionic excita-
tions, i.e., phonons as well as collective electronic excitations,
i.e., plasmons. Moreover, any type of excitation representing a
hybrid mode should also be excited within this mechanism. In
the measured spectra presented in Fig. 1(a), one observes sev-
eral interesting features. Besides the elastic peak at the energy
loss of h̄ω = 0 (zero-loss peak, ZLP) there are small peaks at
h̄ω = 11.8, 20.5, 24.8, and 36.7 meV. These are the phonon
peaks of FeSe ML, which match perfectly to those probed on
FeSe(001) single crystals [28–30] and also those reported for
the FeSe films on Nb-STO of different thicknesses [31]. The
most prominent features are the so-called Fuchs-Kliewer (FK)
phonons of STO at h̄ω = 59.3 and 94.5 meV.

In principle, electrons can also excite multiple quanta
(higher-order harmonics) of FK phonons. Hence one should
observe these excitations at the multiple frequencies of the
principle excitations. The most interesting observation is that
unlike the bare STO surfaces [32], in the case of FeSe/STO
the higher harmonics of the FK modes are strongly suppressed
[33]. We will see that the strong suppression of the higher har-
monics of FK modes is due to the presence of the free charge
carriers in FeSe ML and in the deeper layers of Nb-STO.

In order to shed light on the origin of the observed phe-
nomenon, the measured HREEL spectra were simulated. The
simulation is based on the dipolar scattering theory [25]. Our
analysis indicates that considering ML FeSe on a semi-infinite
doped STO(001) cannot explain the experimental spectra. The

best model explaining the experimental spectra is considering
a system composed of one ML of FeSe on 17 unit cells
(UCs) of charge-free insulating STO(001) on top of a semi-
infinite Nb-STO(001). The structure is schematically sketched
in Fig. 1(b). In this model the Fe plane in FeSe ML is placed
in a distance dFe = 0.43 nm above the STO(001) surface [34],
only in this way both the peak position and amplitude of the
excitations associated with the FK modes agree with those
measured experimentally, as demonstrated in Fig. 1(a). Simi-
lar to the experiment, the higher harmonics of the principle FK
modes are strongly suppressed due to the presence of the free
carriers in FeSe ML and in the interior part of the substrate,
below the depletion region. Spectra calculated for several
other configurations and various thicknesses of the depletion
layer indicated that the best agreement with the experimental
data can be achieved when a depletion layer with a thickness
of d = 6.5 ± 1 nm (or 17 ± 3 UCs) is considered [25].

It has been discussed that the dynamic electric fields asso-
ciated with FK modes penetrate deeply into the FeSe films
[35]. In order to investigate any possible screening of the
dynamic electric field of these modes by FeSe ML, we record
spectra for various in-plane wave vectors q‖. It was observed
that the intensities of the FK modes decreases by three orders
of magnitude while increasing q‖ from zero to 0.6 Å−1 (from
the �̄ towards the X̄ point of the surface Brillouin zone). At
the same time the intensity of the ZLP also drops rapidly in
a similar manner. Generally, the profile of ZLP as a function
of q‖ is determined by the presence of defects at the surface.
Since in the experiment the incident energy is low (only a
few eV), the intensity profile of ZLP shall reflect the surface
quality and the surface roughness. In the case of ultrathin films
grown on a substrate, such as our samples, the roughness is
almost entirely caused by the steps. The strong q‖ dependence
of the ZLP profile is the signature of low surface roughness
and relatively wide terraces. We estimate an average width
of at least 100 nm, in agreement with our scanning tunneling
microscopy studies [36]. The decrease of the intensity of the
FK modes with q‖ is almost identical to that of ZLP. This
is a strong indication that the observed FK modes at the
off-specular geometry are excited via the same mechanism
as those at the specular geometry, i.e., the dipolar scattering
mechanism. In order to verify this hypothesis, we performed
simulations of the HREEL spectra for different geometries as
in the experiment. In the experiment the spectra are recorded
at the off-specular geometry and both the incident θi and
scattered θ f angles are adjusted to achieve the desired q‖.
Since the dipolar scattering theory is only valid in the vicin-
ity of the specular geometry, the condition θi = θ f must be
satisfied. Therefore in the simulations only θi is adjusted to
the experimental value. In order to account for the intensity
drop of ZLP, the profile of the experimental ZLP is used in
the simulation and the results are summarized in Fig. 2. The
experimental data are shown in Fig. 2(a), while the results
of simulations are presented in Fig. 2(b). The agreement be-
tween these two strongly suggests that the FK modes observed
at off-specular angles are excited via the dipolar scattering
mechanism, as in the specular geometry. The dynamic electric
fields generated by fluctuating electric dipoles associated with
the FK modes are rather long range. Electrons scattered from
the surface would feel these fields far above the surface. This

184508-2



DIRECT EVIDENCE OF A CHARGE DEPLETION REGION … PHYSICAL REVIEW B 107, 184508 (2023)

0.0 0.2 0.4 0.6
0

50

100

150

200

)Ve
m(

ygrenE

0.0 0.2 0.4 0.6
0

50

100

150

200

)Ve
m(

ygrenE

0

1

2

3
(a) (b)

Wavevector ∥ (Å-1)

N
or

m
al

iz
ed

FIG. 2. The experimental (a) and simulated (b) structural factor
probed as a function of in-plane momentum and frequency on an
FeSe ML grown on Nb-STO(001). The data are recorded at a beam
energy of Ei = 7.23 eV. The spectra are normalized to the intensity
of the zero-loss peak.

is due to the long-range nature of the Coulomb interaction.
The angle under which the electrons are impinged onto the
surface and consequently, the parallel momentum of the in-
coming electron beam are rather unimportant. It seems that
the screening effects of ML FeSe on dynamic electric fields is
rather small. Such effects are essential to be considered also in
other electron spectroscopy experiments, e.g., angle-resolved
photoemission spectroscopy (ARPES) [11,13,37–42].

Looking at the data presented in Fig. 2 one observes a
broad distribution of S(q‖, ω) in frequency, in particular, for
h̄ω ≈ 110 meV. This is a consequence of the free carriers
in FeSe ML as well as in the inner part of Nb-STO. In the
spectra recorded at Ei = 50 eV an additional peak has been
observed at ≈150 meV and has been attributed to the response
of polaronic plasmons [43]. Our model predicts that this peak
originates from the carriers located below the depletion layer,
and its presence together with the FK modes is a consequence
of the depletion layer [44]. The presence of the charge carriers
inside the Nb-STO substrate leads to a broadening and a
blueshift of the FK modes [25]. In fact, in such a situation the
observed peaks are hybrid modes of both electronic and ionic
collective excitations. The dynamic electric fields caused by
the fluctuation of FK electrical dipoles are screened by the free
carriers. Obviously, at higher Ei the contribution of the deeper
layers is larger in the spectra. One of the consequences of the
depletion region at the interface is to enhance the effective
dynamic electric field felt by the electrons scattered off (and
above) the surface. These electric fields originate mainly from
the insulating STO within the depletion region.

III. DISCUSSION

The observed depletion layer must be tightly connected to
the charge transfer from the surface region of Nb-STO into
FeSe ML. It has been observed by ARPES as well as tun-
neling spectroscopy that FeSe ML is heavily electron doped
(0.12 e−/Fe atom) [8,13,16,18–20]. One plausible explana-
tion for such a large charge density is that the carriers are
transferred from the top several UCs of Nb-STO into FeSe
ML. Doping has been found to greatly enhance Tc of both

bulk as well as thick FeSe films [18,45–48]. In order to verify
that the charge transfer and the depletion layer are intimately
interconnected and to see the consequences of the presence
of the depletion layer on the electronic bands, the system was
modeled in a similar way as suggested in Refs. [24,49,50].
In this model the heavily doped Fe atomic plane in FeSe ML
is considered as a charged sheet placed in the distance dFe

above the STO(001) [the structure shown in Fig. 1(b)]. The
charged sheet generates an electric field and consequently, a
displacement vector D, which is a function of distance from
the charge sheet z, and extends into the depletion region.
After considering the boundary conditions, the generalized
displacement vector in the model system sketched in Fig. 1(b)
can be written as

D(z) =
{

σ ẑ = Dẑ for 0 < z � dFe,

D
(
1 − z

z

)
ẑ for dFe � z < d,

(1)

where D = σ is the surface charge density of the Fe plane
and is given by D = 0.24e/a2 (here a represents the in-plane
lattice constant of the Fe plane, which is the same as that of
FeSe ML). d is the thickness of the depletion layer after the
charge transfer. z is a constant in the units of z. It is given
by the ratio of the surface charge density of the sheet and
the volume charge density inside Nb-STO (see below). In
this model z = 0 is placed on the Fe plane and ẑ is pointing
towards the inner part of Nb-STO(001). At an infinitesimal
distance δ just above the STO surface, the displacement vec-
tor is given by D(z = dFe − δ) = σ . On the other hand, just
below the surface inside STO at z = dFe + δ, D is given by
∇ · D(z) |z=dFe+δ= −en, where n is the carrier density inside
Nb-STO (n = 1.18 × 1026 m−3). In order to estimate z one
may use the boundary conditions. The field continuity at
the interface [D(z = dFe − δ) = D(z = dFe + δ)] implies that
z = σ/n � 34 UCs. The thickness of the depletion layer af-
ter the charge transfer shall, however, be smaller than this
value. The value found by analyzing the HREEL spectra was
d � 6.5 ± 1 nm (17 ± 3 UCs).

In order to estimate the band bending above the STO sur-
face and inside the depletion layer the potential profile φ(z)
should be calculated based on D(z) = −εST O[D(z)]∇φ(z).
We note that due to the ferroelectric behavior of STO its
dielectric constant εST O is no longer a constant and depends
on D. Using the function suggested in Refs. [19,49] for ε(D),
the potential was calculated and the results are summarized in
Fig. 3. The STO band gap was assumed to be 3.2 eV.

When FeSe ML and Nb-STO are far apart they possess
different work functions and their Fermi levels are located
at different energies [for an illustration see the sketches in
Fig. 3(a)]. Upon attaching these two materials, FeSe ML is
negatively charged and a potential will be built up at the inter-
face. Recently, it has been proposed that the Se layer plays an
important role in the charge transfer [51]. The profile of the
built-in potential near the interface is presented in Fig. 3(a).
The magnitude of this potential is large enough to balance the
Fermi levels of the two materials and, at the same time, lead
to a charge transfer. Such a built-in potential leads to a band
banding in the STO in the vicinity of the interface. The profile
shown in Fig. 3(b) shows how the valence and conduction
band just above the STO surface and also in the depletion
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FIG. 3. (a) A schematic representation of the electronic bands
of FeSe ML and those of Nd-STO, when they are far apart. The
electronic bands of FeSe ML are filled up to the Fermi level, shown
by the shaded green area. The filled states of STO are shown by
the shaded blue area. The curve represents the calculated potential
profile due to the charge transfer as a function of the distance from
the Fe plane, when these two are brought in contact. Fermi levels
are shown by the dashed horizontal lines. The reference is put on the
Fermi level of FeSe ML. (b) The band bending of the STO substrate
in the vicinity of the interface, above eφabove

bb = 0.8 eV and inside
eφinside

bb = 1.3 eV, the depletion layer.

layer are altered. Our analysis indicates a band bending of the
conduction and valence band of about eφinside

bb = 1.3 eV inside
the depletion region. This is estimated based on the build-in
potential profile and represents the potential difference of the
STO surface and the edge of the depletion region. The value
of eφinside

bb is in agreement with the values of 0.7 eV and 0.4 eV
reported for an 8- and a 14-ML-thick film, respectively [14].
In Ref. [19] a band bending in the range of 0.1–0.6 eV has
been reported for the FeSe ML, depending on the prepara-
tion condition. The presence of the depletion layer at the
FeSe/STO interface would also lead to a redistribution of
charges at the interface. The strong variation of the potential
in the vicinity of the interface just above the STO surface and
below the Fe plane is about eφabove

bb = 0.8 eV. Moreover, the
interfacial electric field can induce a Rashba-Dresselhaus type
of spin-orbit coupling and lead to interesting spin-dependent
effects, as has recently been reported [52].

In the case of bulk FeSe it has been discussed that the
Cooper pairing mechanism is mediated by spin fluctuations
[53–59]. In the case of FeSe/STO the electronic structure is
significantly simpler. The Fermi surface consists of only two
electron bands near the zone boundary. The hole pockets are
located below the Fermi level by about 80 meV. Hence it is
not straightforward to imagine an electronic coupling via the

well-known (π–π ) spin fluctuations [60]. However, uncon-
ventional pairing states may emerge from other states within
the electronic bands [61,62], as has been observed by means
of tunneling spectroscopy experiments [36,63]. The spin-orbit
coupling induced or boosted by the interfacial electric field
can play a decisive role in this scenario [64].

On the other hand, observation of the replica bands
in ARPES experiments has been considered as an indica-
tion of a phonon-mediated superconductivity in this system
[7,11,13,37,39–41]. This suggestion is based on probing the
quasiparticle band dispersions, and no solid evidence has been
reported by probing the phononic excitations of the system. It
has also been suggested that a cooperative effect of several
bosonic excitations may be responsible for the high Tc of
this system [16,40,65]. Irrespective of the pairing mechanism
responsible for the superconductivity, the observed depletion
layer, the large band renormalizations, and the associated in-
terfacial electric field have very important consequences on
the properties of FeSe ML [24,38].

IV. CONCLUSION

In conclusion, by probing the dynamic charge response
of the FeSe superconducting ML on STO, we identified a
charge depletion layer at the interface. The formation of the
depletion layer explains the long-standing question regarding
the origin of the large charge density in FeSe ML when
it is grown on STO(001). The existence of the depletion
layer has several consequences on the electronic properties
of the system. We anticipate that the observed phenomenon
is general and exists also at the interface of superconducting
monolayers with many other oxide substrates, allowing an
interfacial engineering of the superconducting states either by
growing ML FeSe on other dielectric surfaces or by growing
MLs of other high-temperature superconducting materials on
dielectric oxides. Moreover, the observed effect is also of great
importance for nonsuperconducting vdW MLs put in contact
with oxide or semiconducting substrates. In a similar way,
the exotic properties of these vdW MLs can be altered/tuned
through interfacing with dielectric oxides.
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Plumb, J. H. Dil, and M. Radović, Universal structural influence
on the 2D electron gas at SrTiO3 surfaces, Adv. Sci. 8, 2100602
(2021).

[87] K. Zakeri and C. Berthod, Theory of spin-polarized high-
resolution electron energy loss spectroscopy from nonmagnetic
surfaces with a large spin-orbit coupling, Phys. Rev. B 106,
235117 (2022).

184508-7

https://doi.org/10.1103/PhysRevB.88.205130
https://doi.org/10.1038/nmat4371
https://doi.org/10.1103/PhysRevB.102.014502
https://doi.org/10.3390/sym13020169
https://doi.org/10.1038/s41467-021-23317-3
https://doi.org/10.1088/1367-2630/11/2/025016
https://doi.org/10.1103/PhysRevLett.117.077003
https://doi.org/10.1021/acs.nanolett.9b00144
https://doi.org/10.1038/nphys3594
https://doi.org/10.1103/PhysRevB.102.180501
https://doi.org/10.1088/0953-8984/26/26/265002
https://doi.org/10.1063/1.1597954
https://doi.org/10.1103/PhysRevLett.91.147201
https://doi.org/10.1016/j.physrep.2014.08.001
https://doi.org/10.1103/PhysRevLett.52.1242
https://doi.org/10.1103/PhysRevLett.53.2059
https://doi.org/10.1016/0042-207X(88)90049-8
https://doi.org/10.1038/s42005-021-00729-7
https://doi.org/10.1103/PhysRevB.3.719
https://doi.org/10.1016/0079-6816(72)90002-0
https://doi.org/10.1016/0010-4655(90)90034-X
https://doi.org/10.1103/PhysRevB.98.075432
https://doi.org/10.1038/srep00221
https://doi.org/10.1103/PhysRevB.47.8187
https://doi.org/10.1016/0038-1098(82)90189-2
https://doi.org/10.1103/PhysRevB.54.22
https://doi.org/10.1103/PhysRevX.10.031025
https://doi.org/10.1038/ncomms9585
https://doi.org/10.1073/pnas.1821937116
https://doi.org/10.1002/advs.202100602
https://doi.org/10.1103/PhysRevB.106.235117

