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Theremarkable increase in superconducting transition temperature (7,) observed at
theinterface of one-unit-cell FeSe films on SrTiO, substrates (1 uc FeSe/STO)! has

attracted considerable research into the interface effects? ®. Although this high T_ is
thought to be associated with electron-phonon coupling (EPC)?, the microscopic
coupling mechanism and itsrole in the superconductivity remain elusive. Here we
use momentume-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 oxygenatomsin
theinterfacial double-TiO,layer and the apical oxygens in STO. Our results also
demonstrate that the EPC strength and superconducting gap of 1uc FeSe/STO are
closely related to the interlayer spacing between FeSe and the TiO, terminated STO.
These findings shed light on the microscopic origin of the interfacial EPC and provide
insightsinto achievinglarge and consistent 7.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 (7,)”°.
Although electron doping of FeSe without oxide substrates raises its
T.toaround 40 K (refs.10-12),1 uc FeSe/STO shows even higher 7.>,
The enhanced pairing is also evidenced by the significantly higher
gap-closing temperature up to 80 Kand the large superconducting gap
of nearly 20 meV, as observed through angle-resolved photoemission
spectroscopy (ARPES)® " and scanning tunnelling microscopy and
spectroscopy (STM-STS)"*'8, A critical factor contributing to the excep-
tional T.enhancement is the coupling with interfacial bosonic modes, as
indicated by thereplica electronbands in ARPES**"*%, Oxygen optical
phononsinSTO are often considered responsible for the replicabands
andtheresulting EPC. Additionally, Fuchs-Kliewer phonons?, observed
inreflection electron energy loss spectroscopy (EELS) studies®*, 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 aninterfacial double-TiO, layer®%,
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 ofthe cross-interface
coupling. The connectionbetween the structure, phonons, and EPC at
the FeSe/STO interface, remains unclear.

Here, we use monochromated EELS in an aberration-corrected
STEM?to directly image phonons across the FeSe/STO interface with
atomic column sensitivity?*~*', Whereas this technique has recently

been applied to study the FeSe/STO interface®, the accompanying
large momentum integration? poses challenges in understanding
phonons at acomplex interface. To identify the phonon modes with
significant contribution to EPC, here we use a newly developed tech-
nique® to separately measure the in-plane and out-of-plane vibrations.
Out-of-plane vibrations of oxygen atoms in the interfacial TiO, layers
and the adjacent STO substrate are directly imaged at atomic resolu-
tionusingmomentum-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 7.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
at5 K. Figure 1a shows a d//dV curve of the sample postannealed in
ultrahigh vacuum (UHV) at 500 °Cfor 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
astandard lift-out process. High-angle annular dark-field (HAADF)
STEM imaging reveals continuous FeSe films with good uniformity,
evenatlucthick (Extended DataFig.1). The atomic-resolution HAADF
image in Fig. 1b shows an extra atomic layer of TiO, between the 1 uc
FeSefilm and the TiO, terminated STO substrate, which we refer as the
Ti-O layer O in this study. This TiO, layer, characteristic of a
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Fig.1|Interfacestructure and vibrational spectraof superconductingluc
FeSe/STO.a,Ad//dVcurveofalucFeSe/STO sample measuredat5K.b, HAADF-
STEMimage of a Te capped 1 uc FeSe/STO sample along the [010] zone axis of
STO. ¢, Core-lossEELS of Ti-L, ;edges and O-K edges measured from Ti-Olayer 0,1
and the STO substrate.d,e, Vibrational EELS of FeSe (d) and STO (e) compared

reconstructed STO surface® ¢, has been consistently observed at FeSe/
STO interfaces in previous STEM studies® . Despite evidence for
potential (/5 x -/5)R26.6°and (/13 x -/13)R33.7° reconstructions>>">$,
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 e,
peak of T-L, ; edge redshifts by 0.3 eV going from the STO substrate
to the double-TiO,layers. The reduced crystal-field splitting is prob-
ably caused by the TiOs truncated octahedrons from the STO surface
reconstruction®®, suggesting the presence of Ti*" at the interface. The
O-Kedges 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-TiO,
layers. Taken together, we believe Ti-O layer O consists of a periodic
network of TiO;s 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
inthe phonon energy rangeisacquired fromelectrons scatteredin the
dark-field regions of the diffraction plane to minimize the influence of
delocalized phonon polariton signal***° (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 1shows a vibrational spectrum that
differs from the TiO, 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 75and 88 meV (red shad-
ing). A more pronounced change in vibrational spectrum occurs at
Ti-O layer O, 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
inthe 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 termsin
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with DFT phonon density of states (grey shading). f,g, Vibrational EELS of Ti-O
layer1(f)and 0 (g), withthe TiO,layersinSTO (blue curves) shown for comparison.
Thered shading highlights the difference between interfacial and bulk
vibrational spectra, withinterface phononsindicated by the vertical dashed
lines. Scalebar,10 A.

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 andin-plane measurements. Figure 2c-e
highlight the vibrational anisotropy of theinterface. Forinstance, Fig.2c
presents the EELS of oxygen columnsinSr-Olayer 1, where the 100 meV
optical phonon peakis prominent in out-of-plane EELS but is rather weak
inthe in-plane EELS (filled and open arrows). Conversely, the optical
phonon peak of oxygen in the Ti-O layer 1is stronger in the in-plane
EELS, asshowninFig.2d. Suchvibrational anisotropy can be attributed
tothe preference of oxygen vibration along the Ti-O bond direction near
100 meV, where longitudinal optical phonons predominate. In Ti-O
layer O, despite the phonon peaks beingless pronounced dueto lowered
symmetry, astronger 93 meV optical phonon peakisstill observedinthe
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
inFig. 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
alongwith the Sr columns in STO. The medium energy optical phonons
(40-70 meV) involve rotations of the TiO, 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 columnsinthe out-of-plane and in-planeimages, located within
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Fig.2|Atomicallyresolved phononspectroscopy andimaging. a,b, Schematic
ofthe STEM-EELS experiment (a) and the diffraction pattern (b) with EELS
entrance aperture locations for out-of-plane (OP) and in-plane (IP) acquisitions.
Thedirection of the FeSe/STO interfaceinreal spaceisindicated by the vertical
dashed line.c-e, Atomic column-resolved EELS of the interfacial layers from
out-of-plane and in-plane acquisitions: O columnsin Sr-O layer1(c), O columns
inTi-Olayer1(d)and ‘O’ columnsin Ti-Olayer O (e). The blacklines are spline fit
of background subtracted EELS data. The real-space acquisitionlocations are

the Sr-O layers and Ti-O layers, respectively. As mentioned above,
thisenergy 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 simulations*? shown
inFig. 2j,k.In our FRFPMS simulations, we used DFT-calculated vibra-
tional properties asinputand considered the EELS collection aperture
positions (Methods).

The atomically resolved phonon maps clearly show the interface
vibrations. The double-TiO, 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
inFig.2l,m. Detailed analyses suggest that the 76 and 84 meV interface
modes (Extended Data Fig. 4) originate from different oxygen sitesin
the double-TiO, layers. As shown in Fig. 2h, the 76 meV out-of-plane
image highlights the ‘oxygen’ columns in Ti-O layer O, 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 O,
with stronger contribution from oxygenin 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
backtothe EEL spectralfeaturesinFigs.1f,gand 2d,e. The extradetails
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 simulationsin terms of
energy and image contrast are noted, potentially due to the difference
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marked with thered rectanglesinthe HAADF image on the left. The filled and
empty arrows indicate strong and weak optical phonon peaks, respectively.

f.g, Bulk phonons from out-of-plane (f) and in-plane acquisition (g). h,i, Interface
phonons from out-of-plane (h) and in-plane acquisition (i). The position of the
double-TiO,layers and Sr-O layer1areindicated by the blue and green arrows.
j—m, FRFPMS simulation of the phonon maps corresponding to f-i. ADF, annular
dark field; BF, bright field disk. Scale bars, 4 A.

inthe structure of Ti-O layer O and limited STO thickness in our DFT
calculations.

To study the role of the extra Ti-O layer in the T, enhancement, we
perform first-principles calculations on the FeSe/STO with the TiO,
interface layer. Given the complexities of its structures, here we focus
on the Ti,0, interlayer structures with the lowest formation energy
(Supplementary Fig. 6). The phonon dispersions of FeSe/Ti,0,/STO
(1uc) areplottedinFig.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 scattering>****, 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 theinterface (Extended DataFig. 5). Furthermore, we directly
calculate the Eliashberg spectral function a*f(w) and find A= 0.57 for
the FeSe/Ti,0,/STO system, as shownin Fig.3b (Supplementary Infor-
mation, ‘EPC analysis’).

Phonons of a FeSe/Ti,0,/STO model with 3 uc of STO are also calcu-
lated to better compare with experiments. The high- and low-energy
phononsinFig.3aareshifted to91and 75 meVin the 3 uc model, respec-
tively, as shown in Fig. 3c. The 91 meV high-energy mode originates
fromthe O atomsinthe Sr-0O layer 1. Thismode corresponds well with
the apical oxygen vibrations in the 99 meV out-of-plane phonon map,
which hasthe 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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Fig.3|EPCfromDFT. a, Phonondispersions of FeSe/Ti,0,/STO (1uc). The
phononlinewidths of the low-energy (LE) and high-energy (HE) modes at 65.7
and 78.0 meV are denoted by the size of red dots. b, The Eliashberg spectral
function a®F(w) and cumulative frequency-dependent EPC strength A(w),
represented by the black and red curves, respectively.c, The structure model
of FeSe/Ti,0,/STO (3 uc). The atomic displacement patterns of the LEand HE
modesatq=0arelabelled by redarrows.

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
phononmodes with strong contributionto EPC are enabled by the extra
TiO, layer attheinterface, asitintroduces out-of-plane Ti-O bonding
between the double-TiO, layers.

Furthermore, our DFT calculations demonstrate the interfacial TiO,
canintroduce additional bands crossing the Fermi level, with charge
density distributed around the Ti-O layer O and 1, Sr-O layer 1, as well as
the FeSe monolayer (Extended DataFig. 6). Because of these bands, the
electrons and out-of-plane oxygen phonons coexist at the double-TiO,
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.

Itisimportant to note that the double-TiO, interface is not the sole
type of atomic structure observed inthe FeSe/STO samples. Figure 4a
shows adifferent type of interface that features an extralayer of atoms
betweenthe FeSe and the double-TiO, interface. The extralayer possibly
consists of Se atoms according to core-loss EELS*, which enlarges the
distance betweenthe firstunitcell of FeSe and the STO substrate. For the
double-TiO, typeinterface, theinterlayer spacing, d.;, defined as the
distance between Fe planein the1uc FeSe and Ti-O layer O, measures
approximately 4.3 A. For the Se/TiO, interface, di.;is aslarge as 6.5 A.
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 d.;interface, the 1uc 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 d;.;
of more than 6 A or a small d;.; of nearly 4.3 A, as summarized in
Fig. 4c. In thick (10 uc) FeSe films grown on STO substrate, only
large d,.1;interfaces are observed. For the annealed 1 uc FeSe/STO
samples, both small and large d,.;; interfaces coexist. Specifically,
the small d;.5;, double-TiO, 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 d;.; interface
was observed more frequently. Transition regions between large
and small d;..; interface were occasionally observed (Extended Data
Fig.7).

To correlate the interface structure and phonons with supercon-
ducting properties, we measured the superconductinggap of the 1 uc
FeSe/STO samples with varying annealing temperatures. Because both
STEM-EELS and STM-STS are local probes, we performed multiple
measurementsinthe same region with both techniques. Histogramsin
Fig.4d show that the mean and largest A both increase with annealing
temperature. However, regions without observable gap openingat 5K
were also encountered, whichis probably related to the coexistence of
large and small d.;interfaces in 1 uc FeSe/STO samples.

c d
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Fig.4|Influence of interlayer spacing on phonons and superconductivity.
a, Left, HAADF-STEM image of FeSe/STO interface with large interlayer
spacing, di.;. Right, intensity line profiles of 75and 99 meV phonons across
thelarged;.yinterface.b, HAADF image and phononline profilesacross the
smalld;.r;interface. The Felayerin FeSe and top-most TiO, layer are indicated

Growth and annealing
temperature (°C)

A (meV)

by the two horizontal lines. ¢, di.;;measured from various samples with
differentgrowth and annealing temperature. d, Statistical distribution of
superconducting gap measured at5 K from1uc FeSe/STO samples with
different annealing temperatures. Scalebars, 5 A.
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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
g-transfer direction, we captured the out-of-plane vibrations of oxy-
gen atoms in both the STO substrate and the interfacial double-TiO,
layer. The presence of the double-TiO, layer facilitates the out-of-plane
vibrations of oxygenin 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 electrons*. Besides the high- and
low-energy modes discovered here, it is conceivable that other struc-
tures of Ti-O layer O might also show out-of-plane vibrations closer
to the FeSe film®.

Furthermore, we discovered the coexistence of two types of interface
insuperconducting1 uc FeSe/STO samples, characterized by different
d;.1i. The correlationbetween d;.;;and 4 indicates that the EPCis rather
short ranged, given the variation between large and small d..+; is rela-
tively small compared to the spatial extent of the Fuchs-Kliewer phon-
ons. This variationin d;.; may account for the broad range of reported
T.and the pseudogap behaviour®®** These findings indicate a close
relationship between the interface structure and EPC, highlighting the
importance of interface homogeneity for the high 7. of 1 uc FeSe/STO.

In conclusion, our vibrational spectroscopy with g-selectivity has
provided detailed imaging of atomic vibrations at the 1 uc FeSe/STO
interface. We identified strong EPC contributions from out-of-plane
oxygenvibrations at the interfacial double-TiO, layer and at the apical
oxygens of STO. The observed variationininterlayer spacing correlates
with superconducting gap, suggesting the crucial role of spacing in
influencing EPC strength and superconductivity. These findings offer
microscopicinsights into the T_.enhancement at this unique interface
and guidance for discovering new high T. 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 method.
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 1uc samples superconducting®. The postannealing parameters
were: 4 roughly 15 mV sample (500 °C for 2 h) and 4 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 x 100 pm region in which STM-
STS measurements were performed. The final polishing was done with
3-5kV Gaion beam followed by 700-900 eV Ar ion beam polishing
using aFischione 1040 Nanomill. Before STEM-EELS experiments, the
TEM specimens were cleanedinthe TEM sample holder by a mild bake
under UHV at 80-120 °C.

STEMimaging

HAADF-STEM imaging was performed using bothJEOLJEM-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 alow-dose condition
(5 pAbeam 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 imagesin
Figs.1and 4 areresults of aligned and summed 10-12 frames of HAADF
images acquired with 1 ps per pixel dwell time.

Monochromated EELS

EELS experiments were conducted at 60 kV using a Nion UltraSTEM
HERMES200. The microscope was equipped with asource 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
dipolesinthe projector lens suchthat the electrons scattered outside
ofthebright-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
tothediffractiontilt up tothe 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, whichistypically4to5 pA. The smallbeam currentalso

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 A/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 x 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-
rectionontheacquired EELS maps. The short acquisition time resulted
inrelatively 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. 1shows the results of
summed spectra from out-of-plane and in-plane acquisitions. Back-
ground subtraction for vibrational EEL spectrain Figs.1and 2 was per-
formed using a previously reported Pearson VII function®*2, We also
multiplied the background subtracted EELS with energy Eto take into
account the Boson occupation statistics at finite temperature®. For
phonon spectral maps, we simply removed the background by using
the /(E) x E» method* to avoid introducing artefacts from background
fitting, where I(E) is the raw EELS intensity, Fis 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 canbe 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/TiO,/STO were performed using DFT with
the projector-augmented wave pseudopotentials®** and the local
density approximation® using Vienna Ab initio Simulation Package>’
code. An energy cut-off of 550 eV and a 4 x 4 x 1 Monkhorst-Pack
k-point grid was used*. The calculations of phonon bands were based
on density-functional perturbation theory (DFPT)**®., The structure
was optimized until the atomic forces were smaller than 0.001 eV/A.
The vacuum layer was 15 A thick to ensure decoupling between neigh-
bouring slabs. The Hubbard U term® with U=3.2and/=0.9 eV was
considered for the Ti-3d orbitals.

The superconducting properties were calculated by QUANTUM
ESPRESSO code® using the Perdew-Burke-Ernzerhof®* 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 x 16 x 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 x 4 x1q-point mesh and a broadening = 0.015 Ry
was used. The lattice constants were set to the experimental values of
bulk STO, with a lattice parameter a = 3.905 A (ref. 65).

FRFPMS simulations

FRFPMS® were performed using a set of snapshots generated
using phonon eigenmodes calculated by DFT. A supercell of size
3.86 x3.50 x 25.49 nm was generated, following the maximal sample
thickness used in experiments. This supercell consisted of 5and 33 rep-
etitions of the DFT FeSe/Ti,0,/STO simulation cell along the supercell a
and caxes, respectively. Phonon eigenmodes were evaluated on a grid
of 5 x1x 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 O up to
26 THz, withabinwidth of 1 THz. Then we followed a procedure outlined
inref. 67 separately for every energy bin, to generate 200 snapshots
in each frequency bin. Multislice simulations were performed using
DrProbe®, STEM simulation was calculated on a grid of 32 x 92 beam
positions spanning the region of 7.72 x 22.2 Awith a scan step of roughly
0.24 A 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 DataFig.1|STMand STEM images of the luc FeSe/STO samples. (d) Low-maghnification cross-section HAADF image of the same sample after
(a) Alarge-scale STMimage of the 1luc FeSe film on STO before post-annealing Te capping, showingatypical luc FeSeregion. (e) HAADF image of a2uc FeSe
and Te capping, with some brighter islands due to 2uc FeSe at the edges of region from the same 1uc FeSe/STO sample.

the STO surface steps. (b) and (c) zoom-in STM image after post-annealing.
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30 mrad
|

Extended DataFig.2|Schematic ofthe momentum-selectivedark-fieldEELS  Te/FeSe/STO and the interface direction. (c) A diffraction pattern with intensity
experiment. (a) Scatteringgeometry (b) Adiffraction patternunder defocused  showninlogscale. The electronbeamfocused onthe STO region. The EELS
conditionshowing ashadow image of the TEM specimen ofamorphous carbon/  entrance aperture locations for OP and IP acquisitions are shownin (b).
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Extended DataFig. 3 |Raw columnsresolved dark-field EELS. (a) EELS of O
and Srcolumnsinthe Sr-O layer 1. The 14 meV peak corresponds to the Sr phonons,
65and 100 meV phonon peaks are stronger on the O column. (b) O columns
inthe Ti-O layer1(blue curve) compared with equatorial O columnsinSTO
(orange curve). New vibrational loss peaks near 76 and 85 meV are indicated by
theblue arrows, which are associated with the Ti-O bonding between Ti-O layer
1and 0. (c) O columnsintheTi-Olayer O (blue curve) compared with the average

Energy loss (meV)

Energy loss (meV)

of both apicaland equatorial O columnsinSTO (orange curve). All EEL spectra
in(d, e, f) are from OP measurements. The EELS acquisition locations are shown
with color-matchingrectanglesin theinserted HAADF image (dimension1x2 nm).
Differences between each pair of EEL spectrain(a,b, c) areplottedin(d, e, f).
Thespectraaremultiplied with Etobetter visualized the EELS intensity differences
asafunctionofenergy.
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Extended DataFig. 4 |Additional phononspectralimages. (a, b) Medium
energy Ti+O phonon maps from OP and IP acquisition, respectively. The bright
atomic columnsinthe STOregion correspond tothe Ti+ O atom columns. The
images show elongationin either horizontal (41 meV and 50 meV, OP) or vertical
(33 meV and 45 meV, IP) direction. Thisis due to the vibration of different

O columns near the Ti+ O columns, asillustrated with the TiO; octahedronsin the
50 meV OP and 45 meV IP images. The oxygen vibration directions are indicated
withdouble headed arrows. The 60 meV and 65 meV imagesinvolve all O columns
surroundingthe Ti+ O columns, therefore show less elongations. (c,d) OPand

IPinterface phonons. The OPinterface phonons were found between 76 and
84 meV, whereas the IP interface vibrations were observed near 50 meV and
77 meV.Thevibration of the “O” columns in Ti-O layer O is stronger at 76 meV
thanat 84 meVinthe OP maps, asindicated by the solid and openarrows. The
two IPinterface phonon maps differ fromeach other by their vibrational intensity
of 0inTi-Olayer 1. The stronger oxygen columnvibrations were observedin
the 77 meV map, asindicated by the arrows as well. (e, f) FRFPMS simulation
oftheinterface phononscorrespondto (c, d), which agree qualitatively with
EELS data.
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Extended DataFig.5|Electron-phonon coupling of luc STO models. (a) The
phonondispersions for the structure FeSe/STO (1uc, without additional TiO,
layer) with phononlinewidthy,, denoted by red circles. The right panel shows
the Eliashberg spectral function a’F(w) (black line) and cumulative frequency-
dependentA(w) (red line). (b) The atomic displacements for the 88 meV

strong-couplingmodesin (a) atq = 0. (c) The atomic displacements for the HE
and LE modes at 78.0 and 65.7 meV, calculated for the FeSe/Ti,0,/STO (1uc)
modelinFig.3. Theadditional Ti,O, interfacial layer introduces new out-of-
plane vibration modes of O atomsin Ti-O layer 1.
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Extended DataFig. 6 | Electronic structure of FeSe/Ti,0,/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. Thered
shadedareain[-0.05,0.05] eV correspondsto the energy range for the charge
density plotin (b). (b) The charge density (yellow) with electronic states around
the Fermilevel with the isosurface values of 0.0005 e/bohr?.




Extended DataFig.7| HAADF-STEM images of FeSe/STO interfaces with
differentd;. ;. (@) Anas-grown 10uc FeSe/STO sample with large d;. ;interface.
(b)A2ucFeSeregioninthe500 °Cannealed sample withlarge d;. ;. (c) A different
region from the same specimenin (b) but with small d;.1;. (d) Aregioninthe
500 °Cannealed sample featuring gradual interface structure transition from

large dp..; (left) tosmall d;.; (right). (e) Aregionin the 460 °C annealed sample
featuring sharp interface structure transition fromlarge d;.; to small d; ;.
Thetransitionregion has disordersin the FeSe film. The vertical positions of
the Felayerintheluc FeSeand the Ti-O layer 0 of STO surface, as well as the
corresponding d.1;are horizontal lines and double headed arrows.
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Extended DataFig. 8 | Dataacquisition and statisticalimprovement for andenergy filtered dark-field EELS maps at 15 meV,40-70, meV 99 meV, 74-86 meV.
momentum-selective dark-field EELS mapping. Fromleft toright:asymmetric ~ Fromtoptobottom:sets ofimageswithincreasing number of averaged datasets,
annular dark-field (@aADF) image acquired simultaneously with EELS mapping, with (a), (b), (c),and (d) averaging 2, 4, 8, and 15 datasets, respectively.
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