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The discovery of monolayer FeSe on SrTiO3 (STO) with the boosting superconducting transition temperature
has prompted an intense increase in experimental and theoretical researches on interfacial superconductivity
enhancement. One of the most concerning research subjects is to explore the nature of the interfacial coupling.
Here, we performed a comparative study between the isostructural CoSe/STO and FeSe/STO by measuring
the phonons and plasmons via high-resolution electron energy loss spectroscopy. With the increasing thickness
of the epitaxial film, the measured intensity of the Fuchs-Kliewer (F-K) phonons and the plasmon from STO
decay much faster in the CoSe film than those in FeSe, owing to the higher carrier concentration in CoSe.
By comparing the temperature-dependent behaviors of the F-K phonons and plasmons, we discovered that the
interfacial coupling in CoSe/STO is adiabatic because of its large Fermi energy. In contrast, the interfacial
electron-phonon coupling in FeSe/STO is nonadiabatic, resulting in the formation of interfacial polarons that
plays an important role in the superconductivity enhancement.
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I. INTRODUCTION

Single-layer FeSe film grown on SrTiO3 (1 uc-
FeSe/STO) [1] has been receiving growing attention
due to the characteristics of simple structure and high
superconducting temperature [2–10]. The superconducting
gap opening temperature Tg of 1 uc-FeSe/STO reaches
up to 60–70 K [11–13], which is almost one order of
magnitude higher than the superconducting transition
temperature Tc ∼ 8 K [14] of the pristine FeSe at ambient
pressure. Although electron doping [15–23] and interfacial
coupling [1,24–32] are widely regarded as two essential
factors for the substantially enhanced superconductivity in
FeSe/STO, the inherent physical picture of the enhancement
mechanism remains elusive at present and deserves further
efforts to explore.

The enhancement mechanism in most of the existing stud-
ies has pointed to the electron-phonon coupling (EPC) across
the interface [24,29,33,34]. The model of dynamic interfacial
polaron [33] is a representative picture in which the EPC
between FeSe and oxide substrates is interpreted from the
perspective of elementary excitations. In the dynamic inter-
facial polaron model, the Fuchs-Kliewer (F-K) phonons [35]
widely existing in the oxide substrates play a key role: The
F-K phonons accompanied with a dipole field can penetrate
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into the FeSe films [28,30] and dress electrons therein, form-
ing the interfacial polarons [33]. Most importantly, a proper
electron density positions 1 uc-FeSe/STO into the framework
of nonadiabatic EPC where the Fermi energy (EF) is lower
than the phonon energy (h̄ω). The nonadiabatic EPC has been
theoretically proved to give rise to a strong enhancement of
Tc with respect to the usual theory (Migdal’s theorem) within
the framework of adiabatic EPC [36–38]. In contrast to the
adiabatic EPC in metals (EF � h̄ω) where the response of
phonons to the fast electrons are retarded, in the nonadiabatic
model (EF � h̄ω) phonons respond instantly to the slowly
moving electrons so that interfacial polarons can move in
the lattice. These dynamic polarons are proposed to yield the
strengthened Cooper pairing, which may be responsible for
the dramatically boosted superconductivity in FeSe/STO.

Despite these appealing progress, the condition of the
nonadiabatic interfacial EPC is still not experimentally
confirmed. Especially, why the nonadiabatic interfacial cou-
pling only occurs in FeSe/STO needs to be experimentally
explored.

In this context, CoSe film grown on STO with considerably
larger EF [40,42] than FeSe stands out as a strong candi-
date. In this paper, using high-resolution electron energy loss
spectroscopy (HREELS), we present an extensive compara-
tive study of the phonons and plasmons in the isostructural
FeSe/STO and CoSe/STO. The phonon branches in FeSe and
CoSe films, F-K phonons from STO, as well as the polaronic
plasmons across the interfaces, were unambiguously revealed
in the HREELS spectra of both FeSe/STO and CoSe/STO.
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It is found that both the F-K phonons and the plasmon are
more strongly screened by CoSe compared to FeSe due to
the much higher carrier density in CoSe films. More im-
portantly, in striking contrast to FeSe/STO where the F-K
phonons and the plasmon decay synchronously with tempera-
ture increasing, they exhibit a nonsynchronous decay behavior
in CoSe/STO. This indicates the absence of interfacial po-
larons in CoSe/STO as a result of the adiabatic nature of
EPC therein. Our results demonstrate that the proper band
structure and Fermi level in FeSe happen to well satisfy the
nonadiabatic EPC condition, which is an essential factor for
the significantly enhanced Tc in FeSe/STO.

II. METHODS

Before the epitaxial growth of FeSe and CoSe films, the
Nb-doped (0.5 wt %) STO (001) substrates were pretreated
in ultrahigh vacuum at 1000 ◦C for 1 h to obtain a TiO2-
terminated surface. The FeSe films were grown on STO by
molecular beam epitaxy (MBE), the details of the growth
can be found in previous studies [1,30]. CoSe films with
different thicknesses were grown by co-depositing high-purity
Co (99.995%) and Se (99.999%) from Knudsen cells with a
flux ratio of 1:5 onto the treated STO held at 360 ◦C [40,42].
All the samples were characterized by scanning tunneling
microscopy (STM) to confirm the high quality.

To prevent surface contamination, the FeSe/STO samples
were capped with amorphous Se layer and then transferred
into the HREELS system followed by in situ annealing at
450 ◦C for 3 h to make the first layer of FeSe supercon-
ducting. And Tg of 1 uc-FeSe/STO is around 65 K, deter-
mined by in situ angle-resolved photoemission spectroscopy
(ARPES) [30]. The CoSe/STO samples were transferred from
MBE to HREELS via a homemade vacuum suitcase with a
base pressure better than 1 × 10−9 Torr. Low-energy electron
diffraction (LEED) patterns were taken at 300 K to further
verify the sample quality and determine the crystallographic
direction. The HREELS measurements were carried out on a
system with the capability of two-dimensional (2D) energy-
momentum mapping [43]. The used incident electron-beam
energies were Ei = 50 and 110 eV and the scattering direc-
tion was along the �̄-X̄ direction for both FeSe and CoSe
samples if not specified otherwise. The incident angle used in
the measurements was 60◦ with respect to the surface normal.
The energy resolution was about 3 meV.

The phonon dispersion of CoSe was calculated using the
PHONOPY code through the density functional perturbation
theory method [44] on a 4 × 4 × 1 supercell. Here, the Hub-
bard U correction via the Perdew-Burke-Ernzerhof (PBE) +
U method [45] was applied for considering the correlation
effect associated with the Co-3d orbitals. The forces were
calculated with the Vienna ab initio simulation package code.
The generalized gradient approximation of PBE [46,47] was
used for the exchange-correlation potential. The plane-wave
energy cutoff was set to be 400 eV. All the structures were
adequately optimized with the energy and force convergence
criteria of 10−7 eV and 10−4 eV/Å, respectively. The calcula-
tion of the phonon dispersion of FeSe was adopted from our
previous study [30].

FIG. 1. (a) Top and side views of the atomic structure of anti-
PbO-type CoSe (FeSe). (b) and (c) Schematics of the electronic
band structure along �̄-M̄ of 1 uc-FeSe/STO and 1 uc-CoSe/STO,
respectively, extracted from Refs. [39,40]. The double-headed arrows
indicate the value of the Fermi energy. (d) and (e) Atomically re-
solved STM images (obtained by WSXM [41]) of 1 uc-FeSe/STO
and 1 uc-CoSe/STO measured at 4.8 K, respectively. The insets in
(d) and (e) are the corresponding LEED patterns taken at 300 K with
the primary energy of 80 and 65 eV, respectively. Red lines represent
the least irreducible surface Brillouin zone.

III. RESULTS AND DISCUSSION

A. Crystal and band structure

As schematically depicted in Fig. 1(a), anti-PbO-type CoSe
shares a similar crystal structure with FeSe, consisting of
Se-Co-Se triple layers stacked by van der Waals interactions
along the c axis [40,42,48–50]. Furthermore, the band struc-
ture of monolayer CoSe on STO resembles that of its iron
analog, except for the chemical potential remarkably shifted
up as a result of the fact that Co atom donates one more elec-
tron from the 3d shell than the Fe atom [40,42]. For clarity,
the band structure of 1 uc-FeSe/STO and 1 uc-CoSe/STO
along the �̄-M̄ direction extracted from Refs. [33,39,40] are
presented in Figs. 1(b) and 1(c) where the EF of CoSe is
about 780 meV, much higher than 56 meV in FeSe. Thus,
there is a great difference in the electron density between
CoSe and FeSe, which is consistent with the results by the
transport measurements [40,51] and ARPES [42,52]. The
LEED patterns of 1 uc-FeSe/STO and 1 uc-CoSe/STO [insets
of Figs. 1(d) and 1(e)] captured at 300 K both show sharp
diffraction spots. Additionally, the corresponding atomic-
resolution images from STM measured at 4.8 K [Figs. 1(d)
and 1(e), respectively] reveal well-defined tetragonal lat-
tices. All the results here indicate the high quality of our
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FIG. 2. (a) and (b) Energy-momentum mapping of 2D-HREELS
measurements along the �̄-X̄ direction at 35 K of 1 uc-FeSe/STO
and 1 uc-CoSe/STO, respectively. (c) and (d) Second derivative
images of (a) and (b) from 0 to 110 meV, superimposed with the
calculated phonon spectra of FeSe and CoSe films, respectively. The
right panel of each figure shows the corresponding energy distribu-
tion curve (EDC) at q = 0.

samples and guarantee the reliability of data obtained via
HREELS.

B. Two-dimensional-HREELS measurements

The HREELS measurements reveal the energy-loss sig-
nals from FeSe and CoSe films on STO. Figures 2(a)
and 2(b) show the energy and momentum mapping of 1
uc-FeSe/STO and 1 uc-CoSe/STO, respectively, taken at
35 K along the �̄-X̄ direction. As exhibited in the energy
distribution curves (EDCs) at q = 0 [the right panels of
Figs. 2(a) and 2(b)], three apparent energy-loss modes la-
beled by α, β, and ρ can be discerned in both samples.
α (∼100 meV) and β (∼60 meV) in 1 uc-CoSe/STO are
identified as the F-K surface phonons in the STO sub-
strate [28,53], demonstrating that the electric field induced
by the F-K phonons can also penetrate into a monolayer
CoSe film and be detected in HREELS, the same as that in
FeSe/STO. Another branch ρ (∼220 meV) with relatively
high energy is recognized as the polaronic plasmon [54],
which will be discussed in detail in the following. In addition,
Figs. 2(c) and 2(d) show the second derivative images of

Figs. 2(a) and 2(b) in the energy region from 0 to 110 meV,
respectively. Besides the F-K phonon modes (α and β) from
the STO substrate, the phonon branches of CoSe and
FeSe films are clearly observed within the energy range of
0–40 meV. These phonon modes can also be discerned in
the calculated phonon dispersions of FeSe and CoSe films
denoted as the red solid lines superimposed on the images.
It is worth noting that only those phonon modes following
the selection rule of the impacting scattering [55,56] can be
detected in the HREELS measurements, and, thus, not all the
calculated branches have a one-to-one correspondence in the
experimental results here. In this paper, we mainly discuss the
features of the STO F-K phonons (α and β) as well as the
plasmon mode ρ in FeSe/STO and CoSe/STO.

C. Temperature-dependent HREELS

To gain more insights into the plasmon and the F-K
phonons after different films grown on STO, we performed
temperature-dependent HREELS measurements from 35 to
300 K. Figure 3 displays the stacked EDCs at the �̄ point
at several temperatures for the treated STO, 1 uc-FeSe/STO
and 1 uc-CoSe/STO. In all three samples, the F-K phonons α

and β show no obvious change, whereas the energy of plas-
mon ρ decreases dramatically with temperature increasing.
In conventional doped semiconductors, the plasmon energy
usually increases due to the thermal excitations of carriers
upon temperature increase [57]. The anomalous behavior of
the plasmon observed here has been proved to relate to the po-
lar semiconductor nature of doped STO in which the electrons
and their companying lattice polarization (or phonons) form
quasiparticles called polarons [58]. The anomalous tempera-
ture dependence was attributed to an increase in the effective
mass of the polarons that give rise to the plasmon mode
therein [59–61]. And the plasmon mode resulting from the
collective excitation of polarons was called the polaronic plas-
mon [54]. Consequently, we infer that the plasmon modes
observed in 1 uc-FeSe/STO and 1 uc-CoSe/STO are also
polaronic plasmons.

Although they show similar anomalous temperature-
dependent behavior, the energy of the polaronic plasmon
varies a lot in these samples at low temperature: 223 meV
for CoSe/STO, 152 meV for FeSe/STO and 186 meV for
STO, seen in Fig. 4. Taking STO as a reference, a blueshift
is clearly observed in CoSe/STO, whereas a redshift is ob-
served in FeSe/STO. The reverse shift can be attributed to
the difference in charge transfer between the film and the
STO substrate, which is consistent with the reported STM re-
sults [40]. From the Fermi level shown in Figs. 1(b) and 1(c),
there is a great disparity of carrier density in CoSe and FeSe.
The density of electrons in the CoSe film is much higher than
that of the STO substrate, and, thus, electrons should move
from CoSe towards STO, either accumulate at the interface
or transfer into the STO substrate. In contrast, the density of
electrons in the FeSe film is lower than the STO substrate so
that electrons transfer from STO into the FeSe film [16,62,63].

D. Decay of the F-K phonon and the plasmon

Aside from the electron transfer across the interface, the
coupling between the film and the substrate is another focus

125410-3



XIAOFENG XU et al. PHYSICAL REVIEW B 105, 125410 (2022)

FIG. 3. Comparison of the EDCs at the �̄ point with varying temperature in (a) STO, (b) 1uc-FeSe/STO, and (c) 1 uc-CoSe/STO,
respectively.

in this paper. We performed the HREELS measurements on
samples with various CoSe (FeSe) film thicknesses in order
to study the interaction of the CoSe (FeSe) film and the STO
substrate. Figures 5(a) and 5(b) exhibit the stacked EDCs at
the �̄ point for FeSe and CoSe samples, respectively, with
different film thicknesses. With film thickness increasing, the
intensities of the F-K phonons (α and β) and the polaronic
plasmon (ρ) all show an obvious decay in both FeSe/STO
and CoSe/STO. The intensity of the HREELS spectrum is
not only related to the intrinsic sample properties, but also
to the extrinsic instrument effect. Here, with all experimental

FIG. 4. EDCs at the �̄ point for STO, 1 uc-FeSe/STO, and 1
uc-CoSe/STO at low temperature (35–37 K) with Ei = 110 eV. The
dashed lines are guides to the eye.

conditions maintained, but only the film thickness changed,
it allows us to quantitatively determine the intensity decay
length. After subtracting the background mainly involving the
extrinsic effect, we extract the normalized intensity of the
phonon mode α and the plasmon ρ from Figs. 5(a) and 5(b)
with the results plotted in Fig. 5(c). By fitting the intensity
with an exponential curve (solid lines), it is found that the
decay lengths of α and ρ in CoSe/STO are both 1.0 uc,
significantly shorter than the value of 2.5 uc (α) and 3.8 uc
(ρ) in FeSe/STO, suggesting the electric fields induced by
the F-K phonons and the plasmon are almost fully screened
by the large density of electrons existing in CoSe.

Additionally, a redshift of plasmon as the thickness in-
creases in FeSe/STO is also shown in Fig. 5(a). It is worth
noting that both the EPC and the carrier density will influence
the energy of the polaronic plasmon. Although there is charge
transfer from STO into FeSe which could decrease the en-
ergy of plasmon, the electrons are proved to only accumulate
within the first two layers of the FeSe films near STO [23].
Consequently, such a continuous redshift with increasing film
thickness can be mainly attributed to the EPC which atten-
uates with increasing thickness. In contrast, a blueshift is
observed in CoSe/STO [Fig. 5(b)] as a result of the consid-
erable electron transfer from CoSe towards the STO interface
rather than the coupling effect.

E. Adiabatic or nonadiabatic interfacial coupling?

To further find out the particularity from the perspective of
elementary excitations in FeSe/STO, we extract the energy
of the polaronic plasmon ρ and the F-K phonon α upon
varying the temperature from Fig. 3 with the results illustrated
in Fig. 6. For FeSe/STO, the temperature dependence of
the F-K phonon is astonishingly synchronous to that of the
polaronic plasmon as shown in Fig. 6(b). The synchronous
behavior indicates that the F-K phonons in STO participate
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FIG. 5. (a) and (b) Comparison of the EDCs with different thicknesses at the �̄ point at 35 K for FeSe/STO and CoSe/STO, respectively.
The dashed lines indicate the trend of energy shift of the plasmon as guides to the eye. (c) Plot and exponential fitting of the intensity of the
F-K phonon α (upper panel) and the plasmon ρ (lower panel) as a function of the film thickness for FeSe and CoSe. The yellow star denotes
the intensity of bare STO. Here, the intensity of the phonon and plasmon of FeSe/STO (CoSe/STO) is normalized by that of bare STO with
Ei = 50 eV (110 eV). The error bars are from different background subtraction methods used in the peak fitting.

in the formation of the interfacial polaronic plasmon [33].
The electrons in the FeSe film are part of the interfacial po-
larons. Consequently, such an interface-related plasmon gives
rise to a longer decay length compared with the F-K phonon
[Fig. 5(c)]. However, CoSe/STO shows similar behaviors
with STO, i.e., the plasmon is strongly temperature dependent,
whereas the F-K phonon is weakly temperature dependent
[Figs. 6(a) and 6(c)]. The independent decay behavior in
CoSe/STO hints that the F-K phonon does not participate in

the formation of the polaronic plasmon. This feature explicitly
demonstrates that the polaronic plasmon of CoSe/STO totally
originates from polarons in STO, consistent with the view of
electron transfer from CoSe into the substrate. So it is rea-
sonable that the decay length of plasmon and the F-K phonon
is the same in CoSe/STO [Fig. 5(c)] since both of them are
related to the dipole field from the STO that penetrates the
CoSe films. This fact, hence, provides more specific evidence
of the strong interaction between the F-K phonons in STO

FIG. 6. Comparison of the energies of the polaronic plasmon ρ and the F-K phonon α at different temperatures extracted from Fig. 3 for
(a) STO, (b) FeSe/STO, and (c) CoSe/STO, respectively. The dashed lines are guides to the eye. The error bars are from different background
subtraction methods used in the peak fitting.
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with the electrons in FeSe film and consolidates the existence
of interfacial polarons [33].

As previously reported, the nonadiabatic EPC is the key
to forming the interfacial polarons [33]. The different po-
laron nature between FeSe/STO and CoSe/STO is largely
attributed to the distinct Fermi energies as illustrated in
Figs. 1(b) and 1(c). For 1 uc-FeSe/STO, the EF (56 meV) is
much smaller than the energy of the F-K phonon α (97 meV),
leading the EPC to be nonadiabatic. On the contrary, for 1 uc-
CoSe/STO, the EF (780 meV) is far larger than the energy
of the α mode (97 meV), going beyond the framework of
nonadiabatic EPC. Even if there was EPC in the CoSe films,
it would be the adiabatic EPC, such as the cases in metals
in which the electrons move much more quickly than the
phonons. Since the Fermi energy plays an important role in
the nature of the EPC, it would be helpful to investigate the
relationship between the EPC and superconductivity by tuning
the Fermi level in one system, e.g., Co-doped FeSe/STO.
Base on FeSe/STO samples with a superconducting gap of
16 meV, previous STM measurements demonstrated that the
substitution of Fe with Co indeed provides extra electrons
and shifts up the Fermi level [64]. The superconductivity is
substantially suppressed within the doping area, pointing to
the adiabatic EPC. Therefore, the above analyses generate two
clear results: (1) the interfacial polarons can hardly form when
the EF of the system is larger than the phonon energy of STO;
and (2) the nonadiabatic EPC present in FeSe/STO is not a
coincidence but an indispensable factor for the superconduc-
tivity enhancement.

IV. CONCLUSIONS

The comparison of the HREELS spectra between
CoSe/STO and FeSe/STO demonstrates that the penetration
of the F-K phonons and plasmon into the film is more strongly
screened due to the larger electron density in CoSe films.
Moreover, the nonsynchronous decay behavior as well as the
same screening length of the F-K phonons and the plasmon in
CoSe/STO evidence the failure of the formation of interfacial
polarons. This is attributed to the fact that the condition of the
nonadiabatic interfacial coupling is not satisfied in CoSe/STO
since the Fermi energy in CoSe is much larger than the
highest phonon energy of STO. In contrast, the behaviors of
the phonons and the plasmon in FeSe/STO consolidate the
existence of the nonadiabatic interfacial coupling. The current
comparative HREELS study further verifies the essential role
of the nonadiabatic EPC in FeSe/STO, which may become
a new barometer for the exploration of more systems with
pronounced interfacial superconductivity enhancement.
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