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Phonon modes and electron–phonon 
coupling at the FeSe/SrTiO3 interface

Hongbin Yang1, Yinong Zhou2, Guangyao Miao3, Ján Rusz4, Xingxu Yan1, Francisco Guzman1, 
Xiaofeng Xu3, Xianghan Xu5, Toshihiro Aoki6, Paul Zeiger4, Xuetao Zhu3, Weihua Wang3, 
Jiandong Guo3, Ruqian Wu2 & Xiaoqing Pan1,6 ✉

The remarkable increase in superconducting transition temperature (Tc) observed at 
the interface of one-unit-cell FeSe films on SrTiO3 substrates (1 uc FeSe/STO)1 has 
attracted considerable research into the interface effects2–6. Although this high Tc is 
thought to be associated with electron–phonon coupling (EPC)2, the microscopic 
coupling mechanism and its role in the superconductivity remain elusive. Here we  
use momentum-selective high-resolution electron energy loss spectroscopy to 
atomically resolve the phonons at the FeSe/STO interface. We uncover new optical 
phonon modes, coupling strongly with electrons, in the energy range of 75–99 meV. 
These modes are characterized by out-of-plane vibrations of oxygen atoms in  
the interfacial double-TiOx layer and the apical oxygens in STO. Our results also 
demonstrate that the EPC strength and superconducting gap of 1 uc FeSe/STO are 
closely related to the interlayer spacing between FeSe and the TiOx terminated STO. 
These findings shed light on the microscopic origin of the interfacial EPC and provide 
insights into achieving large and consistent Tc enhancement in FeSe/STO and 
potentially other superconducting systems.

Extensive studies on the electronic structure of 1 unit cell (uc) FeSe/
STO have shown that charge transfer from oxide substrates is essen-
tial for the enhanced superconducting transition temperature (Tc)7–9. 
Although electron doping of FeSe without oxide substrates raises its 
Tc to around 40 K (refs. 10–12), 1 uc FeSe/STO shows even higher Tc

13,14. 
The enhanced pairing is also evidenced by the significantly higher 
gap-closing temperature up to 80 K and the large superconducting gap 
of nearly 20 meV, as observed through angle-resolved photoemission 
spectroscopy (ARPES)15–17 and scanning tunnelling microscopy and 
spectroscopy (STM–STS)1,8,18. A critical factor contributing to the excep-
tional Tc enhancement is the coupling with interfacial bosonic modes, as 
indicated by the replica electron bands in ARPES2,5,19–21. Oxygen optical 
phonons in STO are often considered responsible for the replica bands 
and the resulting EPC. Additionally, Fuchs–Kliewer phonons22, observed 
in reflection electron energy loss spectroscopy (EELS) studies23,24, have 
also been linked to the EPC due to the long-ranged electrical field.

Atomic-resolution imaging by scanning transmission electron 
microscopy (STEM) have observed an interfacial double-TiOx layer25–27, 
revealing that the STO substrate is not in direct contact with the 1 uc 
FeSe film. The substantial spatial separation between the FeSe elec-
trons and the STO lattice contrasts with most bulk superconductors, 
raising questions on the microscopic mechanism of the cross-interface 
coupling. The connection between the structure, phonons, and EPC at 
the FeSe/STO interface, remains unclear.

Here, we use monochromated EELS in an aberration-corrected 
STEM28 to directly image phonons across the FeSe/STO interface with 
atomic column sensitivity29–31. Whereas this technique has recently 

been applied to study the FeSe/STO interface6, the accompanying 
large momentum integration32 poses challenges in understanding 
phonons at a complex interface. To identify the phonon modes with 
significant contribution to EPC, here we use a newly developed tech-
nique33 to separately measure the in-plane and out-of-plane vibrations. 
Out-of-plane vibrations of oxygen atoms in the interfacial TiOx layers 
and the adjacent STO substrate are directly imaged at atomic resolu-
tion using momentum-selective EELS, which we further analysed using 
density-functional theory (DFT) and frequency-resolved frozen phonon 
multislice (FRFPMS) simulations. We also investigated 1 uc FeSe/STO 
samples under varying annealing conditions and demonstrated that 
interlayer spacing is a key parameter for the Tc enhancement.

We grew FeSe films on STO using molecular beam epitaxy and meas-
ured the superconducting gap of 1 uc FeSe/STO samples by STM–STS 
at 5 K. Figure 1a shows a dI/dV curve of the sample postannealed in 
ultrahigh vacuum (UHV) at 500 °C for 2 h, revealing a superconducting 
gap of approximately 18 meV, which confirms the enhanced super-
conductivity.

Following the STM–STS measurements, we deposit a Te protection 
layer on top of the FeSe film to prevent oxidation before subsequent 
STEM–EELS study. Cross-section TEM specimens are prepared using 
a standard lift-out process. High-angle annular dark-field (HAADF) 
STEM imaging reveals continuous FeSe films with good uniformity, 
even at 1 uc thick (Extended Data Fig. 1). The atomic-resolution HAADF 
image in Fig. 1b shows an extra atomic layer of TiOx between the 1 uc 
FeSe film and the TiO2 terminated STO substrate, which we refer as the 
Ti–O layer 0 in this study. This TiOx layer, characteristic of a 
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reconstructed STO surface34–36, has been consistently observed at FeSe/
STO interfaces in previous STEM studies25–27. Despite evidence for 
potential ( 5 × 5 )R26.6° and  ( 13 × 13 )R33.7° reconstructions2,37,38, 
the exact structure at the FeSe/STO interfaces is not fully resolved.

To better understand the interfacial structure and bonding, we 
perform high-resolution core-loss EELS. As shown in Fig. 1c, the eg 
peak of T–L2,3 edge redshifts by 0.3 eV going from the STO substrate 
to the double-TiOx layers. The reduced crystal-field splitting is prob-
ably caused by the TiO5 truncated octahedrons from the STO surface 
reconstruction36, suggesting the presence of Ti3+ at the interface. The 
O–K edges show similar onset energy but differ at the second peak near 
538 eV, which is due to the absence of a Sr 4d state in the double-TiOx 
layers. Taken together, we believe Ti–O layer 0 consists of a periodic 
network of TiO5 truncated octahedrons featuring Ti–O bonding with 
the Ti–O layer 1 (Supplementary Information, ‘Interface structure 
analysis’).

Next, we investigate the phonons across the FeSe/STO interface. EELS 
in the phonon energy range is acquired from electrons scattered in the 
dark-field regions of the diffraction plane to minimize the influence of 
delocalized phonon polariton signal39,40 (Methods). Figure 1d,e shows 
that the measured phonons of the FeSe film and the STO substrate 
agree well with the phonon density of states from DFT calculations. 
At the interface, the Ti–O layer 1 shows a vibrational spectrum that 
differs from the TiO2 layers in STO (Fig. 1f). By comparing the two EEL 
spectra, we identify new vibrational modes specific to the interface 
(interface phonons) near 53 meV and between 75 and 88 meV (red shad-
ing). A more pronounced change in vibrational spectrum occurs at 
Ti–O layer 0, where the interface modes near 76 and 84 meV are more 
distinct (Fig. 1g).

To gain deeper insight into the phonons at FeSe/STO interface, we 
further refine our dark-field EELS experiment by introducing selectivity 
in the momentum transfer (q) direction. We deliberately position the 
EELS entrance aperture either parallel or perpendicular to the inter-
face plane (Fig. 2a,b and Extended Data Fig. 2). Thanks to q∙e terms in 

the differential scattering cross-section, this gives higher weight to 
modes with atomic displacements parallel to q (ref. 41), thus allow-
ing selective probing of in-plane (IP) or out-of-plane (OP) vibrations, 
respectively (Methods).

Using this refined approach, we then explore the atomic column- 
resolved EELS from out-of-plane and in-plane measurements. Figure 2c–e 
highlight the vibrational anisotropy of the interface. For instance, Fig. 2c 
presents the EELS of oxygen columns in Sr–O layer 1, where the 100 meV 
optical phonon peak is prominent in out-of-plane EELS but is rather weak 
in the in-plane EELS (filled and open arrows). Conversely, the optical 
phonon peak of oxygen in the Ti–O layer 1 is stronger in the in-plane 
EELS, as shown in Fig. 2d. Such vibrational anisotropy can be attributed 
to the preference of oxygen vibration along the Ti–O bond direction near 
100 meV, where longitudinal optical phonons predominate. In Ti–O 
layer 0, despite the phonon peaks being less pronounced due to lowered 
symmetry, a stronger 93 meV optical phonon peak is still observed in the 
out-of-plane EELS. Noticeable vibrational anisotropy was also identified 
in our DFT simulations (Supplementary Information). Furthermore, 
new oxygen vibration peaks near 85 and 76 meV are shown in Fig. 2d,e, 
which are absent in the oxygen columns of STO (Extended Data Fig. 3).

Leveraging the high spatial and energy resolutions, along with the 
selectivity in the q-transfer direction, we conduct atomic-resolution 
dark-field EELS mapping for the interface, resulting in two sets of 
phonon spectral images (Fig. 2f–i). The energy-filtered images are 
obtained by integrating within the labelled energy window. Images 
in Fig. 2f,g are formed by phonons of the STO substrate and FeSe film. 
The substrate region shows the atomic columns of Sr, Ti+O and O in 
the spectral image at 15, 40–70 and 100 meV, respectively. Phonons 
in FeSe are below 50 meV, thus appear primarily in the 15 meV image 
along with the Sr columns in STO. The medium energy optical phonons 
(40–70 meV) involve rotations of the TiO6 octahedra (Extended Data 
Fig. 4a,b), whereas the high-energy ones are primarily O stretching 
vibrations. In the 99 meV images, we observe the apical and equato-
rial O columns in the out-of-plane and in-plane images, located within 
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Fig. 1 | Interface structure and vibrational spectra of superconducting 1 uc 
FeSe/STO. a, A dI/dV curve of a 1 uc FeSe/STO sample measured at 5 K. b, HAADF– 
STEM image of a Te capped 1 uc FeSe/STO sample along the [010] zone axis of 
STO. c, Core-loss EELS of Ti-L2,3 edges and O–K edges measured from Ti–O layer 0, 1 
and the STO substrate. d,e, Vibrational EELS of FeSe (d) and STO (e) compared 

with DFT phonon density of states (grey shading). f,g, Vibrational EELS of Ti–O 
layer 1 (f) and 0 (g), with the TiO2 layers in STO (blue curves) shown for comparison. 
The red shading highlights the difference between interfacial and bulk 
vibrational spectra, with interface phonons indicated by the vertical dashed 
lines. Scale bar, 10 Å.
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the Sr–O layers and Ti–O layers, respectively. As mentioned above, 
this energy corresponds to the longitudinal opticals phonons of STO, 
which involve O stretching vibrations along the Ti–O bonds. These 
observations are corroborated by our FRFPMS simulations42 shown 
in Fig. 2j,k. In our FRFPMS simulations, we used DFT-calculated vibra-
tional properties as input and considered the EELS collection aperture 
positions (Methods).

The atomically resolved phonon maps clearly show the interface 
vibrations. The double-TiOx layers exhibit stronger vibrational signal 
near 53, 76 and 84 meV, with the primary interface phonons observed 
near 76 meV in Fig. 2h,i, consistent with the simulated phonon maps 
in Fig. 2l,m. Detailed analyses suggest that the 76 and 84 meV interface 
modes (Extended Data Fig. 4) originate from different oxygen sites in 
the double-TiOx layers. As shown in Fig. 2h, the 76 meV out-of-plane 
image highlights the ‘oxygen’ columns in Ti–O layer 0, distinguish-
ing it from other vibrational modes. Conversely, the out-of-plane 
image at 84 meV shows less involvement of oxygen in Ti–O layer 0, 
with stronger contribution from oxygen in Ti–O layer 1, probably due 
to its out-of-plane Ti–O bonding (Extended Data Fig. 3). The energy 
and atomic columns of these interface vibrations can also be traced 
back to the EEL spectral features in Figs. 1f,g and 2d,e. The extra details 
provide the atomic-scale origin of the interface vibrations for study-
ing other physical properties, such as EPC and superconductivity. 
Slight discrepancies between experiments and simulations in terms of 
energy and image contrast are noted, potentially due to the difference 

in the structure of Ti–O layer 0 and limited STO thickness in our DFT 
calculations.

To study the role of the extra Ti–O layer in the Tc enhancement, we 
perform first-principles calculations on the FeSe/STO with the TiOx 
interface layer. Given the complexities of its structures, here we focus 
on the Ti2O2 interlayer structures with the lowest formation energy 
(Supplementary Fig. 6). The phonon dispersions of FeSe/Ti2O2/STO 
(1 uc) are plotted in Fig. 3a, along with the calculated phonon linewidths 
for the two modes with significant contribution to the EPC. The pho-
non linewidth peaks strongly around q = 0, indicating the strong for-
ward scattering2,43,44. Both the high-energy mode at 78.0 meV and the 
low-energy mode at 65.7 meV involve out-of-plane vibrations of oxygen 
atoms at the interface (Extended Data Fig. 5). Furthermore, we directly 
calculate the Eliashberg spectral function α2F(ω) and find λ = 0.57 for 
the FeSe/Ti2O2/STO system, as shown in Fig. 3b (Supplementary Infor-
mation, ‘EPC analysis’).

Phonons of a FeSe/Ti2O2/STO model with 3 uc of STO are also calcu-
lated to better compare with experiments. The high- and low-energy 
phonons in Fig. 3a are shifted to 91 and 75 meV in the 3 uc model, respec-
tively, as shown in Fig. 3c. The 91 meV high-energy mode originates 
from the O atoms in the Sr–O layer 1. This mode corresponds well with 
the apical oxygen vibrations in the 99 meV out-of-plane phonon map, 
which has the same origin as the 100 meV longitudinal optical phonons 
of STO. The 75 meV low-energy phonon primarily originates from the 
out-of-plane vibrations of O atoms in the Ti–O layer 1. This mode is 
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probably associated with the new out-of-plane vibrations of oxygen 
in Ti–O layer 1, which are detected in EELS near 76 and 84 meV. New 
phonon modes with strong contribution to EPC are enabled by the extra 
TiOx layer at the interface, as it introduces out-of-plane Ti–O bonding 
between the double-TiOx layers.

Furthermore, our DFT calculations demonstrate the interfacial TiOx 
can introduce additional bands crossing the Fermi level, with charge 
density distributed around the Ti–O layer 0 and 1, Sr–O layer 1, as well as 
the FeSe monolayer (Extended Data Fig. 6). Because of these bands, the 
electrons and out-of-plane oxygen phonons coexist at the double-TiOx 
layers and the first unit cell of STO. The spatial overlap between the 
electron and phonon wave functions makes such a region crucial for 
the interfacial EPC.

It is important to note that the double-TiOx interface is not the sole 
type of atomic structure observed in the FeSe/STO samples. Figure 4a 
shows a different type of interface that features an extra layer of atoms 
between the FeSe and the double-TiOx interface. The extra layer possibly 
consists of Se atoms according to core-loss EELS45, which enlarges the 
distance between the first unit cell of FeSe and the STO substrate. For the 
double-TiOx type interface, the interlayer spacing, dFe-Ti, defined as the 
distance between Fe plane in the 1 uc FeSe and Ti–O layer 0, measures 
approximately 4.3 Å. For the Se/TiOx interface, dFe-Ti is as large as 6.5 Å. 
The phonon intensities across the two types of interface are shown 
in the right panels of Fig. 4a,b. The intensities of both 75 and 99 meV 
phonons decrease when approaching the 1 uc FeSe. In the case of the 
large dFe-Ti interface, the 1 uc FeSe is further separated from the STO 
substrate, which reduces the spatial overlap between the Fe electrons 
and the strong-coupling phonons.

HAADF imaging of a series of FeSe/STO samples reveals that the 
local interface structures are characterized by either a large dFe-Ti 
of more than 6 Å or a small dFe-Ti of nearly 4.3 Å, as summarized in 
Fig. 4c. In thick (10 uc) FeSe films grown on STO substrate, only 
large dFe-Ti interfaces are observed. For the annealed 1 uc FeSe/STO 
samples, both small and large dFe-Ti interfaces coexist. Specifically, 
the small dFe-Ti, double-TiOx structure predominates in the 500 °C 
annealed 1 uc FeSe/STO sample, as shown in Figs. 1b and 4b. Whereas 
in the as-grown (non-superconducting) and lower temperature 
(460 °C) annealed 1 uc FeSe/STO samples, the large dFe-Ti interface 
was observed more frequently. Transition regions between large 
and small dFe-Ti interface were occasionally observed (Extended Data  
Fig. 7).

To correlate the interface structure and phonons with supercon-
ducting properties, we measured the superconducting gap of the 1 uc 
FeSe/STO samples with varying annealing temperatures. Because both 
STEM–EELS and STM–STS are local probes, we performed multiple 
measurements in the same region with both techniques. Histograms in 
Fig. 4d show that the mean and largest Δ both increase with annealing 
temperature. However, regions without observable gap opening at 5 K 
were also encountered, which is probably related to the coexistence of 
large and small dFe-Ti interfaces in 1 uc FeSe/STO samples.
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Discussion and conclusion
Our approach demonstrates the ability to understand the phonon 
modes of a complex interface by resolving the fine distinctions 
in atomic-scale vibrational characteristics. With the selectivity in 
q-transfer direction, we captured the out-of-plane vibrations of oxy-
gen atoms in both the STO substrate and the interfacial double-TiOx 
layer. The presence of the double-TiOx layer facilitates the out-of-plane 
vibrations of oxygen in Ti–O layer 1, thereby providing an extra phonon 
mode for EPC. These out-of-plane vibrations create dipole moments 
that are essential for coupling with electrons46. Besides the high- and 
low-energy modes discovered here, it is conceivable that other struc-
tures of Ti–O layer 0 might also show out-of-plane vibrations closer 
to the FeSe film6.

Furthermore, we discovered the coexistence of two types of interface 
in superconducting 1 uc FeSe/STO samples, characterized by different 
dFe-Ti. The correlation between dFe-Ti and Δ indicates that the EPC is rather 
short ranged, given the variation between large and small dFe-Ti is rela-
tively small compared to the spatial extent of the Fuchs–Kliewer phon-
ons. This variation in dFe-Ti may account for the broad range of reported 
Tc and the pseudogap behaviour38,47–49. These findings indicate a close 
relationship between the interface structure and EPC, highlighting the 
importance of interface homogeneity for the high Tc of 1 uc FeSe/STO.

In conclusion, our vibrational spectroscopy with q-selectivity has 
provided detailed imaging of atomic vibrations at the 1 uc FeSe/STO 
interface. We identified strong EPC contributions from out-of-plane 
oxygen vibrations at the interfacial double-TiOx layer and at the apical 
oxygens of STO. The observed variation in interlayer spacing correlates 
with superconducting gap, suggesting the crucial role of spacing in 
influencing EPC strength and superconductivity. These findings offer 
microscopic insights into the Tc enhancement at this unique interface 
and guidance for discovering new high Tc superconductors in which 
interface effects are critical.
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Methods

FeSe/STO thin film growth and STM–STS measurements
The FeSe films with varying thickness (1, 3, 10 uc) were grown on 
Nb-doped (0.5% wt) STO (001) substrates by the reported method1. 
The as-grown 1 uc FeSe/STO samples were characterized by in situ 
STM at room temperature. Then, the 1uc FeSe/STO samples were 
capped with amorphous Se layers more than 10 nm thick and trans-
ferred to the Unisoku UHV low-temperature scanning tunnelling 
microscope-molecular beam epitaxial system for STM–STS meas-
urements. Before the STM and STS measurements, postannealing 
in UHV was conducted to remove the Se capping layers and to make 
the 1 uc samples superconducting50. The postannealing parameters 
were: Δ roughly 15 mV sample (500 °C for 2 h) and Δ roughly 10 mV 
sample (460 °C for 6 h). Polycrystalline Pt–Ir tips, cleaned by electron 
beam bombardment and verified on Au (111), were used in the STM–
STS measurements. The STM topographic images were acquired in 
constant-current mode with the bias voltage applied to the sample. 
Unless otherwise specified, the STM experiments were performed at 
5.0 K and the STS were measured with a bias modulation of 0.5 mV at 
1,517 Hz.

TEM sample preparation
TEM specimens of FeSe/STO were prepared using a Tescan dual beam 
SEM–FIB. Before the SEM–FIB experiments, we deposited a 500–
1,000 nm amorphous carbon protection layer above the Te capping 
film. The cross-section TEM specimens were prepared by a standard 
lift-out procedure from the same 100 × 100 μm region in which STM–
STS measurements were performed. The final polishing was done with 
3–5 kV Ga ion beam followed by 700–900 eV Ar ion beam polishing 
using a Fischione 1040 Nanomill. Before STEM–EELS experiments, the 
TEM specimens were cleaned in the TEM sample holder by a mild bake 
under UHV at 80–120 °C.

STEM imaging
HAADF–STEM imaging was performed using both JEOL JEM-ARM300F 
transmission electron microscope at 300 kV and Nion UltraSTEM 
HERMES200 at 60 kV. The FeSe/STO interface, in particular the 1 uc 
FeSe film, is prone to electron beam damage, which can be mitigated 
by low dose and low acceleration voltage. We used a low-dose condition 
(5 pA beam current) for high-resolution HAADF–STEM imaging to avoid 
damaging the 1 uc FeSe film on STO. The convergence half angle was 
30 mrad. HAADF collection angle was 80–180 mrad. HAADF images in 
Figs. 1 and 4 are results of aligned and summed 10–12 frames of HAADF 
images acquired with 1 μs per pixel dwell time.

Monochromated EELS
EELS experiments were conducted at 60 kV using a Nion UltraSTEM 
HERMES200. The microscope was equipped with a source monochro-
mator and the Dectris ELA direct electron detector for EELS acquisi-
tion. The beam convergence and EELS collection half angles in our 
experiments were 33 and 17 mrad, respectively. The energy resolution 
of on-axis EELS was about 7 meV, as measured from the full-width at 
half-maximum of the zero-loss peak (ZLP). In the dark-field EELS con-
dition, we displaced the whole diffraction pattern using diffraction 
dipoles in the projector lens such that the electrons scattered outside 
of the bright-field disk were collected through the EELS entrance aper-
ture. The angle of diffraction tilt we typically used was between 70 and 
85 mrad. We corrected the extra EELS aberrations at large angles due 
to the diffraction tilt up to the second order. Under this condition, the 
energy resolution of dark-field EELS was about 9 meV, as measured from 
the ZLP full-width at half-maximum when the beam passed through 
a thin amorphous carbon film. We adjusted the monochromator slit 
size such that the monochromated ZLP contained 3–5% of the total 
beam current, which is typically 4 to 5 pA. The small beam current also 

helped to mitigate the beam damage to the 1 uc FeSe film. For dark-field 
vibrational EELS, we used 0.5 meV per channel for the EELS dispersion, 
0.35 Å/pixel size for real-space sampling and 20 to 40 ms for EELS detec-
tor exposure time. The typical field of view was about 4 × 4 nm, which 
gave a total acquisition time for each dataset of 3–4 min. With these 
parameters, we acquired multiple EELS mapping datasets across the 
FeSe/STO interface.

For EELS data processing and analysis, we first performed a drift cor-
rection on the acquired EELS maps. The short acquisition time resulted 
in relatively small and linear drift but also resulted in weaker signals, 
especially for high-energy phonons. To enhance the statistics of the 
phonon spectral images, we averaged several drift-corrected EELS 
datasets (Extended Data Fig. 8). Gaussian filtering was applied to fur-
ther reduce noise. Up to 15 drift-corrected datasets were aligned and 
summed for each series of out-of-plane and in-plane dark-field-EELS 
energy-filtered maps shown in Fig. 2. The layer and column-resolved 
EEL spectra were extracted from the summed EELS datasets. The 
layer resolved dark-field vibrational EELS in Fig. 1 shows the results of 
summed spectra from out-of-plane and in-plane acquisitions. Back-
ground subtraction for vibrational EEL spectra in Figs. 1 and 2 was per-
formed using a previously reported Pearson VII function51,52. We also 
multiplied the background subtracted EELS with energy E to take into 
account the Boson occupation statistics at finite temperature53. For 
phonon spectral maps, we simply removed the background by using 
the I(E) × Ep method52 to avoid introducing artefacts from background 
fitting, where I(E) is the raw EELS intensity, E is energy of the EELS spec-
trum and p is the exponent of E. No normalization of EEL spectra was 
done when producing the phonon spectral images. Therefore, the 
images can be thought of as energy-filtered annular dark-field images 
with asymmetric detector placement. All EELS data analysis was done 
using our custom Python code.

DFT calculations
The calculations for FeSe/TiOx/STO were performed using DFT with 
the projector-augmented wave pseudopotentials54,55 and the local 
density approximation56 using Vienna Ab initio Simulation Package57 
code. An energy cut-off of 550 eV and a 4 × 4 × 1 Monkhorst–Pack 
k-point grid was used58. The calculations of phonon bands were based 
on density-functional perturbation theory (DFPT)59–61. The structure 
was optimized until the atomic forces were smaller than 0.001 eV/Å. 
The vacuum layer was 15 Å thick to ensure decoupling between neigh-
bouring slabs. The Hubbard U term62 with U = 3.2 and J = 0.9 eV was 
considered for the Ti-3d orbitals.

The superconducting properties were calculated by QUANTUM 
ESPRESSO code63 using the Perdew–Burke–Ernzerhof64 ultrasoft 
pseudopotentials. A cut-off of 60 Ry was used for the wave functions 
and 600 Ry for the charge densities. The Brillouin zone sampling used 
16 × 16 × 1 Monkhorst–Pack k-point grids. Using the above k point 
samplings for the self-consistent cycle, the dynamic matrices were 
calculated on a 4 × 4 × 1 q-point mesh and a broadening η = 0.015 Ry 
was used. The lattice constants were set to the experimental values of 
bulk STO, with a lattice parameter a = 3.905 Å (ref. 65).

FRFPMS simulations
FRFPMS66 were performed using a set of snapshots generated 
using phonon eigenmodes calculated by DFT. A supercell of size 
3.86 × 3.50 × 25.49 nm was generated, following the maximal sample 
thickness used in experiments. This supercell consisted of 5 and 33 rep-
etitions of the DFT FeSe/Ti2O2/STO simulation cell along the supercell a 
and c axes, respectively. Phonon eigenmodes were evaluated on a grid 
of 5 × 1 × 33 q-points, to guarantee periodicity of atomic displacements 
across the supercell boundaries. Convergence and collection angles 
and aperture positions were set according to experiments. To generate 
atomic displacements, the DFT-calculated phonon modes were first 
distributed into 26 frequency bins based on their eigenfrequencies 
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(ignoring the modes with imaginary frequencies) starting from 0 up to 
26 THz, with a bin width of 1 THz. Then we followed a procedure outlined 
in ref. 67 separately for every energy bin, to generate 200 snapshots 
in each frequency bin. Multislice simulations were performed using 
DrProbe68. STEM simulation was calculated on a grid of 32 × 92 beam 
positions spanning the region of 7.72 × 22.2 Å with a scan step of roughly 
0.24 Å along both dimensions.

Data availability
Raw data for key experimental results are presented in Extended Data 
Figs. 3 and 8. Further data can be requested from the corresponding 
author.
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Extended Data Fig. 1 | STM and STEM images of the 1uc FeSe/STO samples. 
(a) A large-scale STM image of the 1uc FeSe film on STO before post-annealing 
and Te capping, with some brighter islands due to 2uc FeSe at the edges of  
the STO surface steps. (b) and (c) zoom-in STM image after post-annealing.  

(d) Low-magnification cross-section HAADF image of the same sample after  
Te capping, showing a typical 1uc FeSe region. (e) HAADF image of a 2uc FeSe 
region from the same 1uc FeSe/STO sample.
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Extended Data Fig. 2 | Schematic of the momentum-selective dark-field EELS 
experiment. (a) Scattering geometry (b) A diffraction pattern under defocused 
condition showing a shadow image of the TEM specimen of amorphous carbon/

Te/FeSe/STO and the interface direction. (c) A diffraction pattern with intensity 
shown in log scale. The electron beam focused on the STO region. The EELS 
entrance aperture locations for OP and IP acquisitions are shown in (b).



Extended Data Fig. 3 | Raw columns resolved dark-field EELS. (a) EELS of O 
and Sr columns in the Sr-O layer 1. The 14 meV peak corresponds to the Sr phonons, 
65 and 100 meV phonon peaks are stronger on the O column. (b) O columns  
in the Ti-O layer 1 (blue curve) compared with equatorial O columns in STO 
(orange curve). New vibrational loss peaks near 76 and 85 meV are indicated by 
the blue arrows, which are associated with the Ti-O bonding between Ti-O layer 
1 and 0. (c) O columns in the Ti-O layer 0 (blue curve) compared with the average 

of both apical and equatorial O columns in STO (orange curve). All EEL spectra 
in (d, e, f) are from OP measurements. The EELS acquisition locations are shown 
with color-matching rectangles in the inserted HAADF image (dimension 1 × 2 nm). 
Differences between each pair of EEL spectra in (a, b, c) are plotted in (d, e, f). 
The spectra are multiplied with E to better visualized the EELS intensity differences 
as a function of energy.
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Extended Data Fig. 4 | Additional phonon spectral images. (a, b) Medium 
energy Ti+O phonon maps from OP and IP acquisition, respectively. The bright 
atomic columns in the STO region correspond to the Ti + O atom columns. The 
images show elongation in either horizontal (41 meV and 50 meV, OP) or vertical 
(33 meV and 45 meV, IP) direction. This is due to the vibration of different  
O columns near the Ti + O columns, as illustrated with the TiO6 octahedrons in the 
50 meV OP and 45 meV IP images. The oxygen vibration directions are indicated 
with double headed arrows. The 60 meV and 65 meV images involve all O columns 
surrounding the Ti + O columns, therefore show less elongations. (c, d) OP and 

IP interface phonons. The OP interface phonons were found between 76 and 
84 meV, whereas the IP interface vibrations were observed near 50 meV and 
77 meV. The vibration of the “O” columns in Ti-O layer 0 is stronger at 76 meV 
than at 84 meV in the OP maps, as indicated by the solid and open arrows. The 
two IP interface phonon maps differ from each other by their vibrational intensity 
of O in Ti-O layer 1. The stronger oxygen column vibrations were observed in 
the 77 meV map, as indicated by the arrows as well. (e, f) FRFPMS simulation  
of the interface phonons correspond to (c, d), which agree qualitatively with 
EELS data.



Extended Data Fig. 5 | Electron-phonon coupling of 1uc STO models. (a) The 
phonon dispersions for the structure FeSe/STO (1uc, without additional TiOx 
layer) with phonon linewidth γqν denoted by red circles. The right panel shows 
the Eliashberg spectral function α2F(ω) (black line) and cumulative frequency- 
dependent λ(ω) (red line). (b) The atomic displacements for the 88 meV 

strong-coupling modes in (a) at q = 0. (c) The atomic displacements for the HE 
and LE modes at 78.0 and 65.7 meV, calculated for the FeSe/Ti2O2/STO (1uc) 
model in Fig. 3. The additional Ti2O2 interfacial layer introduces new out-of- 
plane vibration modes of O atoms in Ti-O layer 1.
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Extended Data Fig. 6 | Electronic structure of FeSe/Ti2O2/STO. (a) The band 
structures and projected orbital contributions. The blue, yellow, and red dots 
represent the total orbital contributions of Ti, Fe, and O, respectively. The red 
shaded area in [−0.05, 0.05] eV corresponds to the energy range for the charge 
density plot in (b). (b) The charge density (yellow) with electronic states around 
the Fermi level with the isosurface values of 0.0005 e/bohr3.



Extended Data Fig. 7 | HAADF-STEM images of FeSe/STO interfaces with 
different dFe-Ti. (a) An as-grown 10uc FeSe/STO sample with large dFe-Ti interface. 
(b) A 2uc FeSe region in the 500 °C annealed sample with large dFe-Ti. (c) A different 
region from the same specimen in (b) but with small dFe-Ti. (d) A region in the 
500 °C annealed sample featuring gradual interface structure transition from 

large dFe-Ti (left) to small dFe-Ti (right). (e) A region in the 460 °C annealed sample 
featuring sharp interface structure transition from large dFe-Ti to small dFe-Ti.  
The transition region has disorders in the FeSe film. The vertical positions of 
the Fe layer in the 1uc FeSe and the Ti-O layer 0 of STO surface, as well as the 
corresponding dFe-Ti are horizontal lines and double headed arrows.



Article

Extended Data Fig. 8 | Data acquisition and statistical improvement for 
momentum-selective dark-field EELS mapping. From left to right: asymmetric 
annular dark-field (aADF) image acquired simultaneously with EELS mapping, 

and energy filtered dark-field EELS maps at 15 meV, 40–70, meV 99 meV, 74–86 meV. 
From top to bottom: sets of images with increasing number of averaged datasets, 
with (a), (b), (c), and (d) averaging 2, 4, 8, and 15 datasets, respectively.
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