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Lattice dynamics of ultrathin FeSe films on SrTiO3
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Charge transfer and electron-phonon coupling (EPC) are proposed to be two important constituents associated
with enhanced superconductivity in the single unit cell FeSe films on oxide surfaces. Using high-resolution electron
energy loss spectroscopy combined with first-principles calculations, we have explored the lattice dynamics of
ultrathin FeSe films grown on SrTiO3. We show that, despite the significant effect from the substrate on the
electronic structure and superconductivity of the system, the FeSe phonons in the films are unaffected. The
energy dispersion and linewidth associated with the Fe- and Se-derived vibrational modes are thickness and
temperature independent. Theoretical calculations indicate the crucial role of antiferromagnetic correlation in
FeSe to reproduce the experimental phonon dispersion. Importantly, the only detectable change due to the growth
of FeSe films is the broadening of the Fuchs-Kliewer (F-K) phonons associated with the lattice vibrations of
SrTiO3(001) substrate. If EPC plays any role in the enhancement of film superconductivity, it must be the
interfacial coupling between the electrons in FeSe film and the F-K phonons from substrate rather than the
phonons of FeSe.
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I. INTRODUCTION

The superconducting transition temperature (TC) for mono-
layer FeSe films, with the thickness of one unit cell (uc), on
SrTiO3(001) substrate (1 uc-FeSe/STO) [1,2] is significantly
enhanced to ∼60–70 K [3–6] (even probably up to 109 K [7])
compared to bulk FeSe (8 K) [8]. This discovery serves as
a prototypical example of interfacial TC enhancement, which
has drawn the attention of the community [9–13]. Although
the mechanism of the interfacial TC enhancement is not fully
understood, electron doping from STO substrates due to the
oxygen vacancies [6] or band bending [14] at interface is
widely believed to be an indispensable ingredient [15,16].
On the other hand, in the systems such as the intercalated
(Li,Fe)OHFeSe [17,18], and thick FeSe films/flakes with
alkali-metal adatoms [19–22] or ionic liquid gating [23–25],
where the electron density of the FeSe layer can reach a value
as high as that in 1 uc-FeSe/STO, the TC is enhanced only up to
∼40 K. Thus, electron doping is not the only contributor to the
increased TC . There must be other interfacial effects involved
to give rise to the extra ∼20 K enhancement in 1 uc-FeSe/STO.

From the structural point of view, the tensile strain in-
duced by lattice mismatch [1,6,26] leads to the formation
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of strain strips [1]. The specific interfacial structure with
a double-TiOx termination has been observed by scanning
transmission electron microscopy [27,28], and thus the vibra-
tion of Ti-O bond might be crucial. Similar TC enhancement
behavior has also been discovered in 1 uc-FeSe grown on
various oxide substrates with Ti-O bonds such as BaTiO3(001)
[29], SrTiO3(110) [30,31], anatase TiO2(001) [32], and rutile
TiO2(001) [33], all with different lattice constants and crystal
orientations. These results suggest that it is essential to under-
stand the interfacial lattice dynamics.

From the dynamical point of view, phonons have been
studied to elucidate the possible contribution to the interfacial
TC enhancement. Some studies have proposed that Fe- and
Se-derived phonons (FeSe phonons) could participate in the
interfacial TC enhancement, which is supported by electron
scattering with FeSe phonons in inelastic electron tunneling
spectroscopy measurements [34]. Electron-phonon coupling
(EPC) of FeSe phonons is also addressed by ab initio cal-
culations [35–37]. On the other hand, several investigations
have shown that phonons from STO substrate can strongly
interact with the electrons in the FeSe film as evidenced by the
observations of FeSe band replica [5,9,38] in angle resolved
photoemission spectroscopy (ARPES) measurements and the
penetration of the STO Fuchs-Kliewer (F-K) phonons into
FeSe film in high-resolution electron energy loss spectroscopy
(HREELS) measurements [39]. However, none of the above
studies provide the lattice dynamical information of FeSe films,
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TABLE I. Samples used in the HREELS study.

Labels Substrate Films Substrate Preparation

treated STO 0.5% Nb-doped SrTiO3(001) - 950 ◦C annealing and Se treatment
clean STO 0.5% Nb-doped SrTiO3(001) - HF etching and 600◦C annealing
clean STO (without Nb) 0.5% Nb-doped SrTiO3(001) 40 uc SrTiO3(001) film (without Nb) HF etching and 600◦C annealing
1 uc-FeSe/STO 0.5% Nb-doped SrTiO3(001) 1 uc FeSe films 950 ◦C annealing and Se treatment
3 uc-FeSe/STO 0.5% Nb-doped SrTiO3(001) 3 uc FeSe films 950 ◦C annealing and Se treatment
10 uc-FeSe/STO 0.5% Nb-doped SrTiO3(001) 10 uc FeSe films 950◦C annealing and Se treatment
TiO2(110) (without Nb) rutile TiO2(110) - 900 ◦C annealing
BaTiO3 (without Nb) 0.5% Nb-doped SrTiO3(001) 40 uc BaTiO3(001) film (without Nb) HF etching and 600◦C annealing
STO(110) 2 × 8 0.5% Nb-doped SrTiO3(110) - Ar+ ion sputtering and 1470◦C annealing
STO(110) 4 × 1 0.5% Nb-doped SrTiO3(110) - Ar+ ion sputtering and 1470◦C annealing

such as the phonon energy and linewidth as a function of wave
vector, which can be used to understand the EPC related to
superconductivity enhancement.

If phonons are involved in the interfacial enhancement of
TC , several essential questions arise: Which phonons provide
the major contribution, the FeSe phonons in the thin film or the
STO phonons in the substrate? As the dipole field generated
by the STO phonons can penetrate into the thin FeSe film
[39], are the FeSe phonons affected by the STO lattice and its
dynamics? In this paper, we address these questions by mea-
suring the lattice dynamics using HREELS. We demonstrate
that although the electronic structure and superconducting
behavior vary in films with different thicknesses, the lattice
dynamics (phonon spectra and Debye temperature) of Fe- and
Se-derived phonons remain unchanged (from 1 uc to 10 uc
thickness). Thus FeSe phonons are not the essential component
in the enhanced interfacial superconductivity. Additionally, the
first-principles calculation shows that the antiferromagnetic
(AFM) correlation in FeSe is indispensable to quantitatively
reproduce the experimental phonon dispersions in the ultrathin
FeSe films, suggesting that the magnetic correlation or spin
fluctuation is critical not only in FeSe bulk [40,41] but also
in 1 uc-FeSe films. In contrast, surface F-K phonon modes of
the STO(001) substrate are strongly temperature dependent,
and clearly broaden after the growth of FeSe films. These
results indicate that the penetrating substrate F-K phonon field,
interacting with electrons therein, provides additional glue for
the existing electron pairing of FeSe.

II. EXPERIMENTS AND METHODS

Lattice dynamics including phonon spectra [42–45] and
Debye temperature [45–49] can be obtained using techniques
such as inelastic x-ray scattering [42], Raman scattering [43],
inelastic neutron scattering [44], nuclear inelastic scattering
[45], specific heat [46,47], elastic constant [48,49], etc. These
techniques, however, only measure the bulk properties of
materials. Substrate effects on an individual phonon branch of
ultrathin films, such as FeSe, can only be measured utilizing
surface-sensitive techniques such as HREELS or inelastic
helium atom scattering [50]. Due to the limitation of the
polycrystal nature of FeSe bulk in pervious studies [45,51],
the phonon dispersions of FeSe have not been obtained. Here,
the combination of a momentum resolved surface-sensitive
technique (HREELS) and the growth of high-quality single

crystalline FeSe films allows for the first observation of the
phonon dispersions.

A. Preparation of oxide substrates

In this study, HREELS measurements were performed on
various different samples, including single crystalline oxides,
oxide films, and ultrathin single crystalline FeSe films grown
on single crystalline oxides. The samples and the preparation
methods are summarized in Table I. The Nb-doped (0.5%)
SrTiO3 substrates are annealed at 600 ◦C for 12 h and then at
950 ◦C for 1 h in ultrahigh vacuum (UHV) condition, which
is labeled as “treated STO” in the paper and is used as the
substrate of FeSe films. The treated STO samples are covered
by thick amorphous selenium layer at room temperature, and
annealed at 600 ◦C to remove the Se capping layer before
HREELS measurements. To compare with treated STO, an-
other Nb-doped (0.5%) SrTiO3 substrate is etched by HF and
annealed at 600 ◦C for 12 h before EELS measurement, which
is labeled as “clean STO” in this paper. 40 uc SrTiO3 films
without Nb doping are grown by pulsed laser deposition (PLD)
at 600 ◦C in UHV condition and labeled as “clean STO (without
Nb).” 40 uc BaTiO3 films are grown by PLD at 670 ◦C in UHV
condition. Both clean STO (without Nb) and BaTiO3 films
are annealed at 600 ◦C for 12 h before EELS measurement.
TiO2(110) substrates are annealed at 600 ◦C for 12 h and
then at 900 ◦C for 1 min in UHV condition. The SrTiO3(110)
substrates with two different surface reconstructions, 2 × 8 and
4 × 1 superlattices respect to the lattice of STO(110) surface,
are prepared using the method in Ref. [52].

B. Growth of FeSe films

High-quality single crystalline FeSe films were grown by
codepositing high-purity Fe (99.99%) and Se (99.99+%) with
a flux ratio of ∼1 : 20 onto the treated STO held at 400 ◦C.
The as-prepared samples were postannealed at 470 ◦C for 5
h in UHV to make the first layer FeSe superconducting. The
in situ scanning tunneling microscopy (STM) measurements
were performed to confirm the sample quality [Fig. 1(a)]. 1
uc, 3 uc, and 10 uc-FeSe/STO samples were capped with
thick amorphous Se layer at 300 K and transferred to our
two-dimensional (2D) HREELS system [53]. The Se cap-
ping layer was removed by in situ annealing at 450◦C for
1 uc-FeSe/STO and 400 ◦C for 3 uc and 10 uc-FeSe/STO.
ARPES measurements were performed for 1 uc-FeSe/STO to
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FIG. 1. (a) STM topography of 1 uc-FeSe/STO sample (400 ×
400 nm, 5.0 V/50 pA). Inset: Atomically resolved STM topography of
1 uc-FeSe/STO sample (5 × 5 nm, 0.4 V/100 pA). (b) LEED patterns
of 1 uc-FeSe/STO sample taken at 35 K with the primary energy of
80 eV. Red dashed lines represent the first surface Brillouin zone.
(c) ARPES spectrum of 1 uc-FeSe/STO, taken at 35 K along the �M

direction and centered at M . The photon energy is 21.2 eV. The black
line represents the band fitting by a tight binding model [5]. (d) Plot of
the evolution of the ARPES symmetrized energy distribution curves
(EDCs) near kF as a function of temperature, indicating the gap closes
between 63 K and 73 K.

determine the superconducting gap and the superconducting
transition temperature TC ∼ 65 K. The Debye temperature
measurements were performed using low-energy electron
diffraction (LEED) on 1 uc and 10 uc-FeSe/STO samples.

C. ARPES measurements

Angle resolved photoemission spectroscopy (ARPES) mea-
surements were performed on 1 uc-FeSe/STO samples using
a He lamp (21.2 eV) and our 2D-HREELS analyzer along
the �M direction, corresponding to the horizontal direction in
the LEED pattern in Fig. 1(b). A parabolic electron band can
be clearly observed in the spectrum [Fig. 1(c)]. Temperature-
dependent EDCs symmetrized around kF reveal the supercon-
ducting gap at 35 K is ∼20 meV, which closes between 63 K
and 73 K [Fig. 1(d)].

D. Surface Debye temperature measurements

LEED has been used routinely to determine the surface
Debye temperature [54–56]. According to the Debye-Waller
theory [57,58], the coherent peak intensity will decay ex-
ponentially with increasing temperature due to the thermal
vibrations. The time-averaged scattered intensity affected by

thermal vibrations is given by [59]

〈I (S)〉 = 〈IBragg〉 + 〈ID〉 (1)

= |f0|2e−2M
∑

i

∑
j
eiS·(ri−rj ) + 〈ID〉,

with

M = 8π2〈u2〉 sin
2φ

λ2
, (2)

and

〈u2〉 = 3h̄2T

mkB�2
, (3)

where f0 is the structure factor, S is the diffraction vector (k −
k0), 〈u2〉 is the mean square displacement of the atoms’ thermal
vibrations from their equilibrium position parallel to S, λ is the
wavelength of the scattered radiation, φ is the Bragg angle, kB

is the Boltzmann constant, m is the atomic mass, and � is the
Debye temperature.

The first term 〈IBragg〉 in Eq. (1) shows that the Bragg

intensity is reduced by a prefactor e−2M . This prefactor is
known as the Debye-Waller factor, containing the effect of
the thermal vibrations of the atoms about their equilibrium
position. Since the mean square of displacement from equi-
librium will increase with increasing temperature [as shown
in Eq. (2) and Eq. (3), M is proportional to T ], the thermal
vibrations reduces exponentially the intensity of the Bragg
peaks [60]. Accordingly, the temperature dependence of LEED
spot intensity can be used to determine the Debye-Waller factor
and calculate the surface Debye temperature. The second term
〈ID〉 in Eq. (1) represents the first-order temperature diffuse
scattering, which induces a background in LEED pattern and
should be subtracted before calculating the Debye temperature.

E. HREELS measurements

As a surface-sensitive technique, HREELS is an ideal
candidate to study the interfacial lattice dynamics of FeSe/STO
systems. Compared with conventional HREELS, our recently
developed 2D-HREELS system [53] can directly map a 2D
energy-momentum dispersion over a very large momentum
range without mechanically rotating sample, monochromator,
or analyzer. Phonon spectra measurements were performed by
the 2D-HREELS on 1 uc, 3 uc, and 10 uc-FeSe/STO samples.

In HREELS, a monochromic electron beam with energy
Ei incident on the sample surface may interact with surface
elementary excitations such as phonons, and be scattered
with the final energy Ef . The energy loss Eloss = Ei − Ef

represents the energy of surface excitations. In our HREELS
measurements, the incident electron beam energies are Ei =
50 eV and 80 eV for the scattering direction along the �X

and �M directions, respectively, and the incident angle (θi) is
60◦ with respect to the surface normal. The surface phonon
momentum can be determined from the scattering angles by
q =

√
2meEi

h̄
(sin θi − sin θf ) when Eloss � Ei , where me is

the electron mass, θi and θf are the angles of the incident and
scattered electrons, respectively. The energy and momentum
resolutions of HREELS in this study are �E ∼ 3 meV and

�k ∼ 0.01 Å
−1

, respectively. For most samples, the HREELS
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measurements were carried out along both �X and �M direc-
tions with the sample temperature ranging from 35–300 K.

F. First-principles calculation details

For the calculations of FeSe phonon dispersions, we use
the frozen-phonon method as implemented in the PHONOPY

code [61] by performing density functional theory (DFT) cal-
culations to extract the interatomic force constant matrix. The
DFT calculations are performed using the plane-wave projector
augmented wave (PAW) method [62] as implemented in the
VASP code [63,64]. The phonon dispersion calculated with the
frozen-phonon method and VASP code (FP/VASP) is compared
with the phonon dispersion calculated with the density func-
tional perturbation theory (DFPT) method as implemented
in the QUANTUM ESPRESSO package [65] (DFPT/QE), and
they agree with each other well with a maximum difference
less than 1 meV. In the DFPT/QE calculations, we use the
plane-wave ultrasoft pseudopotential method and the GBRV
pseudopotential library [66]. In both FP/VASP and DFPT/QE
calculations, we take the exchange-correlation functional in the
generalized gradient approximation (GGA) of Perdew-Burke-
Ernzerhof (PBE) type [67].

In experiment the monolayer FeSe thin film is deposited
on the SrTiO3 substrate, which exerts strong tensile strain
on the monolayer FeSe. To take into account this effect, in
the calculations we set the in-plane lattice parameter a =
3.905 Å for the monolayer FeSe thin film, the same as the
lattice parameter for a bulk SrTiO3 crystal. Lattice constants
corresponding to the 3 and 10 unit cell FeSe films are extracted
from Ref. [26]. We place a vacuum layer around 12 Å in
height above the monolayer FeSe before it is repeated in
the c direction. Before phonon dispersion calculations, the
internal atomic coordinates are relaxed until a force smaller
than 1 meV/Å is found on each atom. We have performed
phonon dispersion calculations for both nonmagnetic (NM)
and checkerboard antiferromagnetic (cAFM) phases and find
that the phonon dispersion of the cAFM phase quantitatively
agrees with the EELS experiment much better than that of NM
phase. For the VASP monolayer FeSe calculations 15 × 15 × 1
k-point grids were used to relax the atoms in the unit cells and
3 × 3 × 1 k grids were used in 3 × 3 × 1 supercells to compute
the phonon dispersions. For the VASP bulk FeSe calculations
15 × 15 × 10 k-point grids were used to relax the atoms in
the unit cells and 3 × 3 × 3 k grids were used in 3 × 3 × 2
supercells to compute the phonon dispersions. For all VASP

calculations a 500 eV kinetic energy cutoff was employed.

III. RESULTS

A. Surface phonon spectra

The HREELS results are summarized in Fig. 2. Figure 2(a)
is a schematic drawing of the FeSe layer on SrTiO3. The
FeSe lattice is consisted of Se-Fe-Se triple layers stacked by
van der Waals forces, with the primitive unit cell containing
two Fe atoms and two Se atoms. In each Se-Fe-Se triple
layer, Fe atoms form a square lattice and Se atoms staggered
above and below the Fe plane, as shown in Fig. 2(c). The
film with 1 uc thickness (5.5 Å) corresponds to one Se-Fe-
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FIG. 2. (a) Schematic structure of the FeSe film on STO sub-
strate. (b) Illustration of ionic vibrations of F-K phonons in STO.
(c) Illustration of ionic vibrations of phonons in FeSe at � point.
(d) Energy-momentum mapping of 2D HREELS measurements of 1
uc-FeSe/STO samples along �X direction at 35 K, where red solid
lines are guides to the eye. Orange stars label the A1g mode (22.6 meV)
and B1g mode (25.6 meV) measured by Raman scattering at 7 K [43].
(e) Second derivative image of (d).

Se triple layer. Figures 2(b) and 2(c) depict the vibrational
modes of some relevant optical phonons at q = 0 of the
STO and FeSe, respectively. To illustrate the phonon dis-
persions at 1uc-FeSe/STO surface, in Figs. 2(d) and 2(e),
we show a typical 2D-HREELS energy-momentum mapping
for the 1 uc-FeSe/STO(001) sample along �X direction
at 36 K.

In a HREELS measurement, there are two scattering mech-
anisms [68]. One is referred to as impact scattering, where
the incident electrons are scattered by impacting with nuclei
of the sample. In this mechanism, the penetration depth or
free electron path of incident electrons (with the energy of
50 eV) is nearly three atomic layers, i.e., around one Se-Fe-Se
triple layer (one unit cell thick in c direction of FeSe crystal).
In this context, most the detected signals of FeSe phonons
come from the topmost Se-Fe-Se layer of FeSe films. In the
low-energy range 0–40 meV (Fig. 3), five Fe- and Se-derived
phonon branches are clearly observed: one acoustic branch
with energy from 0–8 meV, and the other four optical branches
with energies ranging from 18–40 meV. Another branch around
15 meV [Eg(1) mode] has a very weak signal that is barely
discernible in the second derivative image from the data at
T = 35 K. The energies of two bulk phonon modes determined
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FIG. 3. (a) Energy-momentum mapping (0–40 meV) of 2D HREELS measurements of 1uc-FeSe/STO samples along �X direction at 35 K.
(b) Second derivative image of (a). (c) Momentum-dependent EDCs of (a), where black lines are only guides. (d)–(f) Corresponding results
along �M direction.

from Raman scattering experiment [43] are also labeled at the
� point in Figs. 2(d) and 2(e), indicating that the corresponding
phonon energies of single-layer FeSe films are similar to the
bulk modes.

The other mechanism is called dipole scattering, where
the incident electrons are scattered by dipole fields generated
by ionic vibrations. The ultrasensitivity to F-K phonons in
HREELS measurements is due to this mechanism. In this
case, the incident electrons may scatter outside the surface
nuclei position, depending on the strength of the dipole field.
The STO substrate has two obvious F-K surface phonons,
labeled by α and β, which can generate strong electric
fields and penetrate through FeSe films. The buried STO
signal can be observed because the electrons in FeSe layers
can not completely screen the electric field from the F-K
phonons [39].

B. Thickness independence of FeSe phonons

1. Surface phonon dispersions

To check the substrate effect on the FeSe phonons as
a function of film thickness, phonon spectra of 3 uc and
10 uc-FeSe/STO are also measured, and compared with

1 uc-FeSe/STO in Fig. 4. Phonon energies and dispersions
of thick FeSe films show no obvious difference (within the
energy resolution) compared to the phonons of 1 uc-FeSe
films at 35 K. This indicates that charge transfer or other
interfacial coupling such as tensile strain does not renormalize
the phonon dispersions. As shown by the energy distribution
curves (EDCs) at different momentum points in Figs. 4(d)–4(f),
the line widths of FeSe phonons in different thickness samples
are also similar and all close to the instrument resolution.
Since the line widths and dispersion profiles of phonons can
reflect the strength of mode-specific EPC [69], the similar
linewidth and dispersion for different thickness films provide
evidence that the EPC from FeSe phonons is not altered by
the existence of substrate or the thickness of the film. Thus,
FeSe phonons are not directly related to the interfacial TC

enhancement.

2. Surface Debye temperature

The thickness independence of FeSe phonons is further
confirmed by the measurements of the surface Debye tem-
perature. To check the lattice contribution in electron pair-
ing, Debye temperature (�) is a vital factor in the McMil-
lan equation [70] and sets the energy scale for TC in the
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guides to eyes. EDCs from different samples are compared at different momentum points: (d) q = 0.3 Å
−1

at 35 K, (e) q = 0.8 Å
−1

at 35 K,

and (f) q = 0.8 Å
−1

at 300 K.

standard BCS approach in bulk iron pnictides [46,71]. We
use the surface-sensitive probe LEED to determine the sur-
face Debye temperature (see Sec. II D for details of this
technique).

We performed LEED I/V measurements to determine the
positions of the Bragg peaks (Bragg positions) for three
different samples: STO, 1 uc-FeSe/STO, and 10 uc-FeSe/STO
as shown in Fig. 5(a). To acquire the Debye-Waller factor,
LEED I/V spectra measurements were performed at different
temperatures from 35–300 K. Figures 5(b) and 5(c) show
the LEED patterns of 1uc-FeSe/STO at 35 K and 300 K
respectively. Clearly, the spot intensity at 35 K [Fig. 5(b)] is
much stronger than that at 300 K [Fig. 5(c)] because of the
reduced thermal vibrations. The spot intensities as a function
of temperature at a given voltage (Bragg positions) are plotted
and fitted exponentially with I (T ) ∝ e−2M to determine the
Debye temperature. As an example of the analysis, the LEED
(00) spot intensity for 1 uc-FeSe/STO at 220 eV is shown
in Fig. 5(d), giving �(220 eV) = 253 K. In the fitting, we
approximate the Bragg angle φ as 90◦, and m the average
atomic mass of FeSe. The average surface Debye temper-
ature measured from different Bragg positions is �1uc ∼
249 ± 33 K for 1 uc-FeSe/STO and �10uc ∼ 230 ± 33 K

for 10 uc-FeSe/STO, showing no obvious difference within
the statistical error. The surface Debye temperatures for the
two different film thicknesses are both located in the range
of reported values for bulk FeSe, from 210 K (measured by
specific heat [47]) to 285 K (measured by 57Fe nuclear inelastic
scattering [45]).

C. Changes of substrate phonons

In stark contrast to the unflappable FeSe phonons, the
F-K phonons of STO substrate respond to every change in
the system. As shown in Fig. 6 and Fig. 7, the phonon
spectra of the F-K modes for various samples are plotted for
comparison. The F-K phonons from the 1 uc-FeSe/STO surface
show several important features: (i) appearance of new energy
loss modes; (ii) dramatic temperature dependence; and (iii)
linewidth broadening compared to the F-K modes of clean
STO.

1. Appearance of new energy loss modes

The first feature is the appearance of new energy loss
modes, Df and β + A1g/B1g , as shown in Figs. 6(b), 6(c)
and Figs. 7(a), 7(b). It turns out that the Df originates from
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(a) (b) (c)

(d)

10uc-FeSe/STO
1uc-FeSe/STO

STO

35 K 300 K

FIG. 5. (a) LEED I/V spectra at 35 K of the (00) spot for STO (pink), 1 uc-FeSe/STO (purple), and 10 uc-FeSe/STO (orange). (b) LEED
patterns for 1 uc-FeSe/STO at 35 K and (c) 300 K, for a primary energy of 140 eV. The red circles indicate the (00) spot. (d) The intensity of
the (00) spot of 1 uc-FeSe/STO as a function of temperature with the primary energy of 220 eV.

Nb-induced defects in STO substrate and the β + A1g/B1g

mode is an overtone of β mode in STO and A1g or B1g mode
in FeSe films.

To illuminate the origin of the new energy loss modes,
all energy loss modes observed on clean STO (without Nb)
surface are labeled in Fig. 6(a) and summarized in Table II.
There are four optical phonon modes and four overtones. The
overtone of χ + β modes can also be observed on treated STO
surface as shown in Fig. 6(b). After the growth of FeSe films,
A1g and B1g modes from Fe- and Se-derived phonons are
also involved into the overtone [labeled as β + A1g/B1g in

Fig. 6(c)] with the energy similar to χ + β mode. Thus, thicker
FeSe films have larger intensity ratio I (β + A1g/B1g)/I (α), as
shown in Fig. 7(b).

For STO with Nb doping, a new energy loss mode with
65.3 meV labeled by Df emerges as shown Fig. 6(b), while
this Df mode does not exist in samples without Nb doping.
Thus the Df mode should originate from Nb-induced defects
in STO substrate. It is well known that the superconducting
behavior of FeSe films does not depend on Nb doping of the
STO substrate, thus the Df mode is not related to the TC in 1
uc-FeSe/STO samples.

α

A1g & B1g

)c()b()a(

α
Dfβ

χ

β+χ

× 15

χ
φ

β+χ

α

β

χ + α
β + α 2α

β + (A /B )
α

α

(d)

FIG. 6. (a) EDCs of phonon spectra at � point of clean STO(001) (without Nb) at 35K. Red data are expanded by 15 times from the raw
data in black. (b) Temperature-dependent EDCs of treated STO at � point. (c) Temperature-dependent EDCs of 1 uc-FeSe/STO at � point.
(d) Plot of the energies of several modes as a function of temperature for treated STO and 1 uc-FeSe/STO at � point.
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TABLE II. The assignments of energy loss modes at � point of
clean STO (without Nb) surface at 35 K.

Phonon Phonon Overtone
Mode Energy (meV) Overtone Energy (meV)

χ 22.8 χ + β 84.2
φ 32.9 χ + α 115.9
β 58.9 β + α 152.2
α 94.6 2α 188.1

2. Dramatic temperature dependence

The second feature is the dramatic temperature dependence
in phonon energy of F-K phonons as shown in Fig. 6(c). From
the comparison between Figs. 6(b) and 6(c), the line profile of
the energy loss spectra is different with or without the growth
of FeSe films. The difference of temperature-dependent line
profile contains two part of contributions: (i) overtone of β and
A1g/B1g; (ii) energy softening caused by anharmonic phonon-
phonon interaction.

First, as observed from Figs. 6(b) and 6(c), the intensity of
A1g and B1g modes in FeSe films increase with increasing
temperature, thus the intensity of the overtone β + A1g/B1g

becomes stronger at high temperature than that of χ + β on
treated STO surface.

Second, on 1 uc-FeSe/STO surface [Fig. 6(d)], the energy
of α mode is strongly temperature dependent, softening from
∼ 97 meV at 35 K to ∼ 92 meV at 254 K. In contrast, it is almost
temperature independent on all STO substrates without FeSe.
This energy shift accompanied with linewidth broadening is
due to the anharmonic phonon-phonon interaction, which will
lead to the decay of F-K modes into other low-energy FeSe
phonons. The low-energy FeSe phonons provide more possible
decay channels for the F-K phonons [39]. As an example in
MgB2 [72], the anharmonic phonon-phonon interaction can
adjust the band structure and then generate strong EPC. Thus,
F-K phonons from the STO substrate and interfacial electronic
structure might be critical to reveal the interfacial EPC.

3. Linewidth broadening compared to the F-K modes of clean STO

The third feature is that the linewidths (�ep) of F-K phonon
modes associated with 1 uc-FeSe/STO are larger than those
of clean STO(001) as illustrated in Table III. The phonon
linewidth broadening can be either from EPC or anharmonic
phonon-phonon interaction. The phonon-phonon interactions
are strongly temperature dependent and can be neglected at
low temperature. So the strength of the mode-specific EPC
is approximately proportional to the phonon linewidth at 35
K. After the growth of FeSe film, the linewidth of α mode
(9.1 ± 1.5 meV) is broadened comparing to that of clean STO
(6.5 ± 0.7 meV). This linewidth broadening is a signature of
EPC enhancement, implying the penetrated F-K phonons do
interact with electrons in FeSe films. While the broadening
of the β mode is less obvious than the α mode, indicating a
relatively weaker coupling between electrons and the β mode.
However, this broadening at q = 0 is currently a challenge for
theory [73,74] of interfacial e-ph coupling, rooted in Migdal-
Eliashberg-based approaches with dynamics screening.

Additionally, thicker FeSe films accompany with larger
linewidth, also shown in Table III. Since the electric field
generated by STO F-K phonons can penetrate into FeSe
films, F-K phonons from substrate STO interact with all the
electrons in FeSe films. The total amount of electrons in FeSe
films increase with increasing thickness, thus the linewidth
broadening of the F-K phonon is an additive effect layer by
layer with the growth of FeSe films. As a result, thicker FeSe
films will always show a larger phonon linewidth than that of
thinner films. Electrons in the FeSe layer closest to FeSe/STO
interface contribute the largest electron-phonon coupling. This
contribution becomes smaller in the layers further from the
interface, because the electric field decays exponentially inside
the FeSe films [39].

If EPC of F-K phonons play a vital role on the super-
conductivity of FeSe films, these high-energy F-K phonons
should also be present in a variety of oxide substrates.
Surface phonons on other oxides, such as rutile TiO2(110),
BaTiO3(001), and SrTiO3(110) [52], are measured and shown

α

β
Dfχ β+χ

(a) (b) α

β
β + (A1g/B1g)

Df

A1g & B1g

A2u

α
β

(c)

FIG. 7. (a) Comparison of EDCs of phonon spectra at � point of clean STO(001) (without Nb) and clean STO(001). (b) Comparison of
EDCs of phonon spectra at � point of 1 uc, 3 uc, and 10 uc-FeSe/STO. (c) Energy loss spectra at � point of several typical oxide surfaces:
rutile TiO2(110) (without Nb), BaTiO3 (without Nb), STO(110) 2 × 8, STO(110) 4 × 1, and clean STO, all at room temperature.

035408-8



LATTICE DYNAMICS OF ULTRATHIN FeSe FILMS ON … PHYSICAL REVIEW B 97, 035408 (2018)

TABLE III. Energies and linewidth of F-K modes at 35 K. �ep is the linewidth [full width at half maximum (FWHM)] in meV, after
deconvoluting the elastic peak width � = 5.6 meV. All the substrates in this table are Nb-doped STO unless stated otherwise.

mode clean STO (without Nb) clean STO 1uc-FeSe/STO 3uc-FeSe/STO 10uc-FeSe/STO

Energy (meV) α 94.1 96.5 96.9 96.4 93.4
β 59.0 58.8 59.3 58.3 58.6

Linewidth �ep (meV) α 6.0 7.0 7.4–10.2a 9.7 13.7
β 1.6 2.9 1.8–3.4a 5.6 8.3

aThe linewidth of 1 uc-FeSe/STO varies with the substrate batches and film growth conditions. The average value is 9.1 ± 1.5 meV for α mode,
and 2.4 ± 0.9 meV for β mode.

in Fig. 7(c). As a ubiquitous characteristic of oxides [75],
all those sample surfaces have F-K phonons with similar
energies that are accompanied with strong electric field, in-
dependent of the crystal orientation, surface reconstruction,
crystal symmetry, or lattice constant. These facts establish
the critical role played by oxide F-K phonons on the TC

enhancement at FeSe/oxides interface. Thus the specific
F-K phonon energy scale ∼100 meV and the metal-oxygen
chemical bond strength should be vital for the interfacial TC

enhancement.

D. First-principles calculations and magnetic structure
in FeSe films

Although the F-K phonons from STO substrate play an
essential role, the TC enhancement in FeSe-derived systems
without the substrate indicate that these modes do not act alone.
Magnetic interactions have been always speculated as one of
the most possible candidate origins of the pairing in FeSe bulk.
However, the existence of magnetic interaction in FeSe/STO
is still elusive, due to the limitation of the experimental
techniques to measure the magnetic ordering of ultrathin films.
In this study our first-principles calculation results show that
the AFM correlation in FeSe is indispensable to quantitatively
reproduce the experimental phonon dispersions in the ultrathin
FeSe films.

First-principles calculations are performed to calculate
the dispersions of the Fe- and Se-derived phonons in the
single-layer FeSe film. The technical details of computation
have been given in Sec. II F. In the calculations, when the
AFM spin configuration on Fe lattice is taken into account,
the total energy per Fe is 103 meV lower compared to the
nonmagnetic configuration. Moreover, the AFM results exhibit
significant phonon energy renormalization and provide much
better consistency with our experimental results than these
from nonmagnetic structure, as shown in Figs. 8(a) and 8(b).
In addition, these figures show that the AFM calculations
agree better with Raman scattering at 7 K [43] compared
to the NM calculations. We note that phonon bands 6 and
7 (counting from the low energy bands) at � in the AFM
and NM calculations correspond to the A1g (Se) and B1g

(Fe) modes respectively. These results verify the existence of
AFM correlations in single-layer FeSe films, which implies
spin fluctuation is still important to the superconductivity of
single-layer FeSe films, similar to the case in FeSe bulk [40,41].
As seen from the comparisons in Figs. 8(c) and 8(d), film
thicknesses and lattice constant cannot significantly modify
the energies of FeSe phonons, which is also consistent with the

HREELS experimental results. The unflappable FeSe phonons
for different film thickness suggest that similar magnetic
moments or AFM correlations are possessed by Fe atoms for
various thickness FeSe films, since the phonon energy directly
reflects the AFM ground state of FeSe as discussed above.
As a result, from a similar strength of AFM correlations,
the spin fluctuations are not expected to be enhanced from
the FeSe bulk to thin films. Rather than directly increasing the
AFM correlation in the films to enhance the superconductivity
mediated by the spin fluctuations, the F-K phonons of STO
must take effect by itself or in an indirect way to give a
significantly higher Tc, which requires further theoretical and
experimental investigations.

IV. CONCLUSION

In summary, although the electronic structure is tuned by
STO substrates, lattice dynamics of FeSe films are unaffected.
The phonon energy dispersions associated with the Fe and Se
atoms are not only temperature independent but also thickness
independent. In contrast, the F-K phonons of STO substrate
are strongly temperature dependent in line profile, and change
drastically with or without FeSe films. Therefore, if there is
EPC, which could enhance the interfacial superconductivity,
it must be the interaction between the F-K modes of the
substrate (with electric field penetrating into the film) and
electrons in the FeSe film. Coupling to the FeSe-derived
phonon modes does not increase the superconducting TC .
Moreover, combination of the calculations and experimental
phonon dispersions strongly suggest the existence of AFM
correlations in 1 uc-FeSe/STO, which is also verified to be
thickness independent. Since the superconductivity pairing
mechanism of bulk FeSe is still elusive, how the F-K phonon
modes in the substrates enhance the existing pairing still needs
to be elucidated in future studies.
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