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Emergent superconductivity at the LaAlO3/KTaOj; interfaces exhibits a mys-
terious dependence on the KTaO; crystallographic orientations. Here by soft
X-ray angle-resolved photoemission spectroscopy, we directly resolve the
electronic structure of the LaAlOs/KTaO; interfacial superconductors and the
non-superconducting counterpart. We find that the mobile electrons that
contribute to the interfacial superconductivity show strong k, dispersion.
Comparing the superconducting and non-superconducting interfaces, the
quasi-three-dimensional electron gas with over 5.5 nm spatial distribution
ubiquitously exists and shows similar orbital occupations. The signature of
electron-phonon coupling is observed and intriguingly dependent on the
interfacial orientations. Remarkably, the stronger electron-phonon coupling
signature correlates with the higher superconducting transition temperature.
Our observations help scrutinize the theories on the orientation-dependent
superconductivity and offer a plausible and straightforward explanation. The
interfacial orientation effect that can modify the electron-phonon coupling
strength over several nanometers sheds light on the applications of oxide
interfaces in general.

With the great success of semiconductor interfaces in electronic and
photonic applications over the past 50 years, interfaces between
complex oxides bring new hope for next-generation multifunctional
device applications. One paradigm example is the LaAlO5/SrTiO3 (LAO/
STO) interface, where the “two-dimensional electron gas” (2DEG)
emerges at the interface between two band-insulators’, and further
becomes superconducting at the transition temperature (7,) ~200 mK>,
So far its superconducting paring mechanism remains debated®™.
Recently, a second family of oxide interfacial superconductors is dis-
covered in LaAlO3/KTaO5; (LAO/KTO) and EuO/KTaOs;, which soon

becomes a new research spotlight*, Remarkably, the super-
conductivity develops at T.~2K in LAO/KTO(111)*5, T.~ 0.9 K in LAO/
KTO(110)", but is absent in LAO/KTO(001) down to 25 mK™. The higher
optimal-T. than LAO/STO and the extraordinary orientation-dependent
superconductivity at the KTO-based interfaces offer a new perspective
for exploring the characters and mechanism of interfacial super-
conductivity between oxide insulators.

The orientation-dependent superconductivity has barely been
observed in any other superconductors, whose origin remains a tan-
talizing puzzle. There are several possible explanations. First, if some
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Fig. 1| Orientation-dependent superconductivity at the LAO/KTO interfaces.
a Sketch of the LAO/KTO interfaces with (111), (110), and (001) orientations.

b Temperature-dependent sheet resistance (Rsheer) at the LAO/KTO interfaces of
the three orientations. The 749 js determined by Rypee(T™99) = 0.5 X Rypeec (3 K).
The lowest temperature in the measurements is 0.1K. ¢ Field-dependent Hall

resistance (Ryay) of the same set of samples at 9 K. d Two-dimensional carrier
density (n,p) and carrier mobility (1) determined at the same set of samples at 9 K.
nypis extracted from a linear fitting of the data in (c). p is extracted from the data in
(b) and (c), with 1™ = Rheectape, Where e is the elementary charge.

of the mobile electrons are confined to a single-interfacial layer*** and
are crucial to the superconductivity, the electron-phonon coupling
(EPC) and interfacial superconductivity could be sensitive to the local
atomic configuration at the interface”>. However, this scenario seems
inconsistent with the estimated superconducting layer thickness over
4 nm based on the upper critical field measurements at the KTO-based
interfaces”. Secondly, pairing through inter-orbital interactions
mediated by soft transverse optical (TO) phonons has been proposed
to explain the superconductivity”*, where the orientation depen-
dence is attributed to different orbital configurations caused by
dimensional confinement®. In contrast to the three degenerate t,,
orbitals in the interfacial states of LAO/KTO(111), it is proposed that the
number of occupying orbitals is reduced to two and one in LAO/
KTO(110) and LAO/KTO(001), respectively, which could suppress the
inter-orbital hopping and superconductivity?. Thirdly, the coupling
between electrons and longitudinal optical (LO) phonons has been
proposed to mediate superconducting pairing in LAO/STO*"™3,
however, it is unclear whether/how it can cause orientation-dependent
superconductivity. To examine the existing scenarios, direct mea-
surements of the interfacial electronic states, especially the dimen-
sionality, orbital characters, and EPC at differently oriented KTO-based
interfaces are demanded.

In the superconducting LAO/KTO heterostructures, the mobile
electrons are generally buried below the insulating LAO layers of over
10 nm thickness™". Only recently it is discovered that 1.5 nm-AlO,/
1nm-LAO/KTO(111) retains superconductivity with the relatively

thinner overlayer®. It is still challenging for angle-resolved photo-
emission spectroscopy (ARPES) measurements due to its surface sen-
sitivity. Though the bulk-sensitive hard X-ray ARPES could reach the
buried interfacial states', it lacks the energy/momentum resolution for
inspecting the dispersive information. Here we overcome this difficulty
by studying superconducting interfaces with the thinnest overlayers
and exploiting ~1000 eV-photon-excited soft X-ray (SX-) ARPES with
adequate probing depth and decent energy/momentum resolution®**,
which is demonstrated as a powerful tool in determining the dimen-
sionality of interfacial electronic states®. Our results show the quasi-
three-dimensional electronic structure of the interfacial states in both
superconducting and non-superconducting interfaces. On the other
hand, the observed spectral signature of EPC, which is between the
interfacial mobile electrons and surface phonons of KTO, is strikingly
orientation-dependent and correlates with the superconductivity.

Results

Transport properties

Amorphous overlayers were grown on top of KTO with (111), (110), and
(001) orientations (Fig. 1a) using pulsed laser deposition”. With the
optimized overlayer of 1.5nm-AlO,/1 nm-LAO/KTO, the temperature
dependence of the sheet resistance (Rsnee) Shows superconducting
transitions with 7M4%" =122 K and 0.35 K for (111) and (110) orientations,
respectively (Fig. 1b). As for the (001) orientation, the superconducting
transition is not observed down to 0.1K. Two-terminal resistance of
3 nm-LAO/KTO show 774 =13 K, 0.7K, and <0.4 K for LAO/KTO(111),
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LAO/KTO(110), and LAO/KTO(001), respectively (Supplementary
Note 1). Although the T is slightly lower than LAO/KTO with thicker
LAO™", the orientation dependence of T.(111) > T(110) > T.(001) per-
sists, in both AlO,/LAO/KTO and LAO/KTO. The two-dimensional carrier
density (nyp) at 9K was extracted from the field-dependent Hall resis-
tance (Fig. 1c), as summarized in Fig. 1d. According to the super-
conducting phase diagrams of electrical gate tuned EuO/KTO(111)*® and
EuO/KTO(110)*, our samples locate at the optimal n,p region. The
electron mobility (i) at 9K is determined from the corresponding n,p
and Rgneer, Showing u(111) <u(110) < u(001) (Fig. 1d). For LAO/KTO(111),
the perpendicular and parallel upper critical fields are measured. The
superconducting layer thickness (dsc) and the superconducting coher-
ence length (§) can be estimated by upper critical fields based on the
Ginzburg-Landau theory®, giving §~20nm and dsc~5nm (Supple-
mentary Note 2). The superconducting coherence length larger than the
superconducting thickness suggests the two-dimensional super-
conductivity at the LAO/KTO(111) interfaces, which is consistent with
previous studies'". These transport properties indicate that our sam-
ples of different orientations host the typical characters of LAO/KTO
interfaces despite the reduced thickness of the insulating overlayers.

Dimensionality of the interfacial states
As shown in Fig. 2a, the interfaces were well grounded by AlSi-wire and
silver paste for SX-ARPES measurements. The momentum-integrated

energy distribution curve (EDC) of LAO/KTO(111) shows a peak near £,
accompanied by a shoulder around -2 eV attributed to oxygen vacancy
states™ (Fig. 2b). These vacancies are reported to arise during LAO
deposition and are intrinsic to the interfacial state’”. The peak near E¢
indicates metallic interfacial states in contrast to its insulating com-
ponents. Notably, the EDCs exhibit consistent characteristics
throughout the measurement process, with minimal variation
observed during photon irradiation (Supplementary Note 3). This
behavior is distinct from the irradiation-induced metallic states at the
KTO surfaces®’, demonstrating the interfacial origin of the mobile
electrons. The density of states (DOS) at Eg is prominently contributed
by dispersive features (Fig. 2c-j), suggesting that the interfacial mobile
electrons accumulate at the crystalline KTO side rather than at the
amorphous LAO side.

Intriguingly, in stark contrast to a pure two-dimensional state, the
measured interfacial electronic structure is highly dispersive along k.
(ki for LAO/KTO(111)) (Fig. 2c-e). Specifically, the peak positions of
the momentum distribution curves (MDCs) integrated around E vary
along k, (Fig. 2e), and the changes of the Fermi velocity at different k.
further demonstrate the existence of k, dispersion rather than inten-
sity variation (Supplementary Note 4). Together with the Fermi
momenta (kgs) determined based on the major/minor axis of the
elongated Fermi surfaces (blue-filled markers in Fig. 2d, see Supple-
mentary Note 5 for details on determining kgs), they consistently form
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Fig. 2 | Quasi-three-dimensional characters of the mobile electronic states at
the LAO/KTO(111) interface. a Sketch of the sample mounting and grounding for
SX-ARPES measurements. b The momentum-integrated energy distribution curve
(EDC) of LAO/KTO(111). The inset shows the zoomed-in view near the E¢. ¢, d Out-of-
plane photoemission intensity maps integrated over [£r — 150 meV, £ +150 meV]in
kiinp-kium plane using p-polarized (p-pol.) photons. The photon energies range from
950 to 1280 eV in (c) and from 921 to 1044 eV in (d). In the lower part of (d), the
triangles mark the peak positions of the momentum distribution curves (MDCs) in
(e), and the circles mark the kgs that are determined based on the major/minor axis
of the ellipsoid Fermi surface. The blue and purple curves illustrate the Fermi
surfaces. e MDCs integrated over [£r — 150 meV, E¢ + 150 meV] of the spectra
measured at different photon energies, whose k, locations are illustrated in the
lower part of (d). The MDCs are fitted by two Lorentzian peaks and a linear

-05 00 05
k (A)

background to determine the kgs. f, g In-plane photoemission intensity maps
integrated over [Er — 150 meV, E¢ + 150 meV] using 1125 and 989 eV photons,
respectively. The corresponding k, locations are marked in (c) and (d).

h-j Photoemission spectra along cuts #1 (Kpio)), #2 (Kfigy), and #3 (kzy), respec-
tively. spectra in (j) is extracted from the map data in (d). The corresponding
momentum locations are marked in (d) and (g). The calculated electron-doped bulk
KTO bands are overlaid on the right side after a chemical potential shift to match
the experimental kgs and the orbital characters are noted. The insets show the
calculated Fermi surfaces and specify the direction of the cuts. k MDCs integrated
over [Er — 150 meV, E¢ + 150 meV] of spectra in (i) and (j). I Sketch of KTO bulk
Brillouin zone, zone boundaries from truncation at the (111) plane (orange solid
line), and the surface Brillouin zone (white dashed line). Some related high sym-
metric directions are indicated.
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a closed Fermi surface contour (Fig. 2d). The in-plane Fermi surfaces
also follow the periodicity of the bulk Brillouin zones (orange solid
lines in Fig. 2f) rather than the two-dimensional Brillouin zones of the
surface atomic layer (white dashed lines in Fig. 2f). Along two equiva-
lent cuts of the in-plane k5, (cut #2, Fig. 2i) and the dominantly out-of-
plane k12 (cut #3, Fig. 2j) in the bulk Brillouin zone, the photoemis-
sion spectra show similar features. The MDCs near £ are also identical
in width (Fig. 2k). Such accordance indicates that the out-of-plane
momentum broadening, which combines the effects from the thick-
ness confinement of interfacial states and the photoemission probing
depth®, is comparable to the in-plane momentum resolution, further
demonstrating the quasi-three-dimensionality of the electronic states.

Based on the Luttinger theorem®?, the carrier density (n3p) can be
extracted according to the Fermi surface volume (Supplementary
Note 5). Considering inhomogeneous doping in different depth at
oxide interfaces*>*, the nsp from ARPES should represent the portions
of higher carrier dopings. Therefore the thickness estimated by
de min = Nap/N3p, Where n,p is determined by Hall resistance measure-
ments, can represent a lower limit of the spatial distribution of
the interfacial mobile electrons. nsp and d, ., are estimated to be
3.2 x 10%° cm™ and 6.8 nm for LAO/KTO(111) interfacial states,
respectively (Supplementary Note 5). We also resolved the interfacial
electronic states in LAO/KTO(110) and LAO/KTO(001) samples, and all
the interfacial states show quasi-three-dimensional character (Sup-
plementary Note 4). The same analysis gives d,mi, of 6.0 nm and
5.5 nm for LAO/KTO(110) and LAO/KTO(001), respectively (Supple-
mentary Note 5), which are at the same scale as that of LAO/KTO(111).
Such a wide confined region of the electron gas would result in three-
dimensional electronic structures and a strong k, dispersion as shown
in the simulations of the extended quantum well scenario®>**?, which
are consistent with our experimental observations.

It is reported that the spatial distribution of interfacial charge
carriers in LAO/STO is significantly affected by the oxygen vacancies®.
Compared with previous SX-ARPES results on LAO/STO, the highly
dispersive electronic structure of LAO/KTO along k direction is dis-
tinct from that of in-situ oxygen-annealed LAO/STO, while similar to
that of oxygen-deficient LAO/STO interface®, which is consistent with
the presence of oxygen vacancy states” (Fig. 2b). The quasi-three
dimension character of the electron gas does not violate the reported
two-dimensional superconductivity in LAO/KTO™", as the super-
conducting thickness of the same sample is determined to be much
smaller than the superconducting coherence length (Supplementary
Note 2). The lower limit of the electron gas thickness d; ;;, is com-
parable to the superconducting thickness. Considering the super-
conducting thickness of 5 nm, the critical ingredients that lead to the
orientation-dependent superconductivity at the interface should be
active at tens of unit cells near the interface.

Orbital composition of the interfacial states

The orbital composition of the electronic states can be compared at
differently orientated interfaces to scrutinize the orbital-related pair-
ing scenario”. The photoemission intensity maps of LAO/KTO(110),
LAO/KTO(001), and LAO/KTO(111) all show Fermi surfaces extending
along the =X, I-Y, and I'-Z directions (Figs. 3a, b and 2d). The elon-
gated Fermi surface lobes at three perpendicular directions agree well
with the expected Fermi surface sheets of electronic bands formed by
Ta tyg orbitals (dy, d, dy) (Fig. 3¢c)*. As depicted in Fig. 3d for the d,,
orbital, the overlaps with neighboring d,, are smaller along x direction
than those along y and z directions, resulting in a heavy band mass and
alarger kg along I-X direction as shown by the theoretical calculations
(Fig. 3e). Similarly, dy, and d,, orbitals show heavy band mass and
elongation of Fermi surfaces along /~Y and /-Z directions, respec-
tively. Considering that the Ta ¢, orbitals are further hybridized by
spin-orbital coupling, we conducted the density functional theory
(DFT) calculations on bulk KTO, and the calculated band structure

roughly agrees with the experiments upon a chemical potential shift
(Figs. 2h, i, 3f-k). Note that there are minor differences that might be
caused by finite interfacial confinement (Supplementary Note 6);
however, the differences are much less conspicuous than those
between bulk KTO and KTO surface 2DEG*”, consistent with the lar-
ger thickness of the interfacial states observed in LAO/KTO.

Polarization-dependent ARPES measurement is a powerful tool to
identify orbital characters**¢ (the observable orbitals are noted on the
right part in Figs. 3f-k, 2h, i, see detailed analysis in Supplementary
Note 7). Combining the data from both p-polarized and s-polarized
geometries, all the three t,, orbitals are identified in LAO/KTO(110)
(Fig. 3f-h) and LAO/KTO(001) (Fig. 3i-k), suggesting no change in the
number of occupying orbitals as compared with those in LAO/KTO(111)
(Fig. 2h, i). These experimental observations exclude a significant dif-
ference in orbital occupation numbers among differently-orientated
LAO/KTO interfaces, which is consistent with the thick electron gas
and minor effect of dimensional confinement at the interfaces. These
results disfavor the direct relation between orientation-dependent
superconductivity and orbital occupations?.

Orientation-dependent spectral weight tail

The high symmetry direction M-/-M (k;10;) in the bulk Brillouin zone is
an equivalent in-plane momentum cut for three interfaces with (111),
(110), and (001) orientations (Fig. 4a), along which the photoemission
spectra of three samples can be well compared to explore the origin of
the orientation-dependent superconductivity (Fig. 4b-d). It isimportant
to note that even with the confinement of 1-2 nm thickness, the lowest-
lying bands of the KTO surface 2DEGs show negligible modifications in
the in-plane effective mass along k;;5,”*, and the confinement over 5.5
nm thickness in LAO/KTO should give even less change. Therefore, a
rigid chemical potential shift of the DFT-calculated bulk bands by
aligning the kr should give a reliable band bottom for the bare band. For
LAO/KTO(111), the bottom of t,, conduction band is expected at binding
energy Eg ~0.17 eV, and consistently the peak positions of EDCs support
an occupied bandwidth less than 0.2 eV (Supplementary Note 8).
However, the photoemission spectral weight extends far beyond the
calculated band bottom (Fig. 4b-d), with a long tail down to £ - 0.4 eV
for LAO/KTO(111) (Fig. 4d). Intriguingly, LAO/KTO(111) has the most
prominent spectral tail (Fig. 4d), followed by LAO/KTO(110) (Fig. 4c),
and LAO/KTO(001) the least (Fig. 4b). This difference in spectral weight
tail at differently-oriented interfaces can be observed both in the raw
spectral image (Fig. 4b-d), in the momentum-integrated EDCs (black
curves in Fig. 4h-j) and in the EDCs at kg (black curves in Fig. 4k-m).
Specifically, the EDC peak is the sharpest in LAO/KTO(001) (Fig. 4h),
while much broader in LAO/KTO(110) and LAO/KTO(11) (Fig. 4i, j),
showing an orientation dependence.

Discussion

We have presented the similarities and differences in the interfacial
electronic structure of LAO/KTO across three different interface
orientations: the consistent presence of a quasi-three-dimensional
electron gas with a distribution range of 5-7 nm at the interfaces,
accompanied by similar ¢,z orbital occupations, and the different
spectral weight tails with orientation dependence. The dimensionality
and orbital occupation underscore the uniformity and robustness of
the electronic structure at differently oriented interfaces. On the other
hand, the different spectra weight tail introduces a novel orientation-
dependent aspect of the KTO-based interfaces. Understanding this
phenomenon can provide insights into the possible origin of the
intriguing orientation-dependent superconductivity.

In SX-ARPES, the dominant effect of disorder scatterings is con-
verting the coherent dispersive spectra weight into the incoherent
non-dispersive background, while the energy broadening of spectral
function is relatively minor*’. The spectral tails observed at higher
binding energies retain the momentum distribution of bands near the
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Fig. 3 | Interfacial electronic structure of LAO/KTO(110) and LAO/KTO(001).
a, b In-plane photoemission intensity maps across I” of LAO/KTO(110) and LAO/
KTO(001), respectively. The intensity is integrated over [E¢ — 150 meV, E¢ + 150
meV]. ¢ Sketch of the ellipsoid-like Fermi surfaces of the electron-doped KTO and
truncating planes of (110) and (001). d Sketch of the electron hopping between
neighboring d,, orbitals. e Calculated band dispersions of the electron-doped bulk
KTO along M-I-X. The spin-orbital coupling in KTO mixes the three t,; orbitals
and lifts the /=1/2 band up by ~0.4 eV. It leaves two J = 3/2 bands crossing the £ to
form the double-layer Fermi surfaces, while the extremal parts of the extended
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K (A7)

lobes retain the nearly single orbital character of the corresponding t,; orbital, as
shown for d,,. f-k Photoemission spectra along cuts #4, #5, #6, and #7. The cor-
responding momentum locations are marked in (a) and (b). MDCs integrated
between [£; — 35 meV, E; + 35 meV] are overlaid on the top of each panel. The
calculated electron-doped bulk KTO bands are overlaid on the right side after a
chemical potential shift to match the experimental kgs and the orbital characters
are noted. The insets show the calculated Fermi surfaces and specify the direction
of the cuts. Data from s-polarized geometry, which are strongly suppressed owing
to matrix element effect®®, are amplified by a factor in (h) and (k).

Fermi energy, suggesting that they are unlikely induced by secondary
electrons or disorder scattering from random scattering processes.
Electron correlation is not likely a cause either, as it usually reduces the
bandwidth rather than enlarges it***°, A plausible explanation for the
spectral tail is the shaking off of phonon quanta due to electron cou-
pling with small-g¢ phonons”.

Due to the insufficient resolution of SX-ARPES with -1000 eV
photons, the peak-dip-hump structure with the separated main band
and replicas by phonon energy could not be resolved (Supplementary
Note 9). Note that superconductivity has recently been achieved at the
KTO surfaces under electric gating, displaying a similar orientation
dependence as the interface®". Therefore, as a supplement, we studied
the spectral weight tail on KTO(110) surface using VUV-ARPES with much
better energy resolution, where the peak-dip-hump structure can indeed
be resolved, showing an energy separation between the peak and hump
around 100 meV (Supplementary Fig. 15). Assuming that the spectral
weight tail observed in LAO/KTO is the combination of quasiparticle
peaks and their shake-off replicas by 100 meV phonons, the relative
intensity among different replica bands should follow Poisson distribu-
tion according to the Franck-Condon model. Consistently, the EDCs
can be well-fitted by the Franck-Condon model, which works as a

semi-quantitative estimation of the EPC strength. Note that the
slight variations in band filling attributing to different carrier con-
centrations have already been considered in the fitting (see details in
Supplementary Note 8 and Supplementary Note 13). Such fitting also
gives A(111) > A(110) > A(001). The relative spectra weight of the main
band (blue shade in Fig. 4h-j), shows orientation dependence, with
Z(111) < Z(110) < Z(001), and a similar trend has recently been reported at
the KTO surface as well*>. Note that the scenario of extrinsic energy loss
of emitted photoelectrons® can be excluded considering the high
kinetic energy of the photoelectrons in our experiments (Supplemen-
tary Note 10). The electron-phonon coupling can shorten the lifetime of
the quasiparticle, thereby increasing the normal state resistivity and
reducing the mobility, which likely explains the differences in normal
state resistance and mobility in differently-orientated LAO/KTO with
Rsheet(lu) > Rsheet(uo) > Rsheet(OO]-) (Flg lb) and ﬂ(lll) < /1(110) < IJ(OOD
(Fig. 1d). The EPC coupling strength with A(111) > A(110) > A(001) coin-
cides with that of the superconductivity with 7.(111) > 7(110) > 7.(001),
providing a plausible explanation for the orientation-dependent
superconductivity.

Concerning the origin of the 100 meV phonons, their energy is
close to that of the LO4 bulk phonons®** and LO4-derived Fuchs-
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Fig. 4 | Orientation-dependent electron-phonon coupling at the LAO/KTO
interfaces. a Sketch of the in-plane truncations of the KTO bulk Brillouin zone at
the (111) plane (orange), (110) plane (blue), and (001) plane (red). The cut along k[liO]
(r-M) is specified. b-d Three-dimensional plots of photoemission spectra along
k[liO] of LAO/KTO(001), (110), and (111), respectively. Data were measured at 19 K
using p-polarized photons. The photons with energies of 918 eV, 893 eV, and 989
eV, which cut the ' points of LAO/KTO(001), (110), and (111), respectively, were used
in the measurements. The photoemission intensities are normalized by the max-
imum in (b-d) and the contour lines are appended. Blue arrows at contour lines of
0.5 specify the spectral weight tails. e-g Photoemission spectra in (b-d) (left side)
and the renormalized main band and its replicas accounting for electron-phonon
coupling (right side). The transparency of bands indicates their relative intensity
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based on fitting the EDCs in (h-j). h—j EDCs integrated over [-0.3 A™, 0.3 A"] of the
spectra in (b-d). EDCs are fitted by the Franck-Condon model after subtracting the
Tougaard backgrounds (gray dashed curves), which are commonly used for
inelastically scattered electrons’®"2 Similar results can be obtained by subtracting
an incoherent and dispersionless background of EDCs (Supplementary Note 12).
The bandwidth and energy separation of the main band and replicas are renor-
malized by the EPC”>”* (Supplementary Note 13). The blue shade (So) represents the
density of states contributed by the main band in the fittings. k-m EDCs at ki of the
spectrain (b-d). The EDCs are fitted by the Franck-Condon model as the analysis in
(h-j), while the spectra weight of the main band and replica bands are represented
by Gaussians considering Fermi-Dirac distribution and energy resolution (Supple-
mentary Note 13).

Kliewer surface phonons (see HR-EELS results in Supplementary
Note 11). Given that superconductivity is absent in chemically doped
bulk KTO***°, EPC with the bulk phonons, if present, should be less
crucial for the superconductivity, while further investigations are
required to understand this. Among the surface phonons, Fuchs-
Kliewer surface phonon mode is known to be long-range, especially at
small wave vector g, with amplitude decaying exponentially into the
bulk by €% (d is the distance away from the surface or interface®).
Decay length of several tens of nanometers was reported in the Fuchs-
Kliewer modes of polar semiconductors®**. Therefore, there should
be a prominent spatial overlap between the depth scale of the small g
Fuchs-Kliewer modes at the LAO/KTO interface and the observed
quasi-three-dimensional and nanometer-thick interfacial electronic
states, which allows their coupling and can explain the observed
spectral weight tails. Phonon-mediated superconducting pairing in
LAO/KTO is consistent with the recent superfluid stiffness measure-
ments suggesting a nodeless superconducting order parameter at the
AlO,/KTO(111) interface®. Surface Fuchs-Kliewer phonons could be
sensitive to sample surfaces; for instance, the different polar strength
among the three KTO interfaces and the induced lattice relaxation may

modify the Fuchs-Kliewer modes and their coupling with the electrons.
While the detailed variation among crystalline orientations and how it
induces the observed orientation-dependent electron-phonon cou-
pling encourage future theoretical development.

To summarize, our results demonstrate the weak dimensional
confinement and the similar orbital characters at the interfaces of
differently-orientated LAO/KTO, which help scrutinize the theories
of orientation-dependent superconductivity. Meanwhile, the tuning
parameter of superconductivity in LAO/KTO is likely the coupling
between the interfacial mobile electrons and the Fuchs-Kliewer
phonons of KTO with small g. The measured Fermi surfaces and
possible electron-phonon coupling behavior in our study can pro-
vide experimental foundations for constructing theories describing
electron-phonon coupling and the orientation-dependent super-
conductivity in LAO/KTO. Furthermore, our observation suggests
that interfacial orientations can affect electron-phonon coupling
strength over several nanometers, which could provide new routes
for engineering various functional properties that are closely related
to electron-phonon coupling, including ferroelectricity, multi-
ferroism, and superconductivity.
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Methods

Sample fabrication

Amorphous LaAlO3 (LAO) and AlO,/LaAlO; (AlO,/LAO) were grown on
(111)-, (110)-, and (001)-oriented single crystalline KTaO3 (KTO) sub-
strates (MTI Corporation) by pulsed laser deposition (PLD) using a 248-
nm KrF excimer laser. During the growth, substrates were heated to
650-680 °C in a mixed atmosphere of 1x 10~ mbar O, and 1x 10”7 mbar
H,0 vapor following previous report®. The laser fluence was ~1] cm™
and the repetition rate was 2 Hz for both LAO and AlO,.

Transport measurements

The temperature-dependent electrical resistivity and Hall resistivity
were performed using a physical properties measurement system
(PPMS, Quantum Design, Inc.). For all the measurements, the excita-
tion current was 1 pA.

ARPES measurements

ARPES measurements were performed at Advanced Resonant
Spectroscopies (ADRESS) beamline in Swiss Light Source, Paul
Scherrer Institute, Switzerland. To avoid the photoemission char-
ging effect, the conducting interfaces were grounded by AlSi wire
to copper sample holder using ultrasonic wire bonding. Samples
were heated to 250 °C for half an hour before ARPES measurements
to remove the surface adsorbates owing to air-exposure, and such
low-temperature annealing is not expected to induce oxygen
vacancies in KTO*. Data were collected by a PHOIBIOS 150 (SPECS)
analyzer with 840-1280 eV photons under an ultra-high vacuum of
2 x 10 mbar. Photon flux was about 10 photons/s, and the beam
spot was 30 x 75 pm? The measurements were conducted at 19 K.
The overall energy resolution is ~140 meV, and the angular reso-
lution was 0.1

HR-EELS measurements

HR-EELS measurements were conducted on the single crystal KTO
substrates of (111)-, (110)-, and (001)-crystallographic orientations (MTI
Corporation). Clean surfaces were obtained by annealing at ~680°C in
an ultra-high vacuum of 5 x 10™° mbar for 45 min. RHEED and LEED
patterns were collected to verify the surface quality before HR-EELS
measurements. The incident electron beam in HR-EELS measurements
is produced by an electron gun of Model LK5000M (LK Technologies).
The incident electron energy was 13.6 eV and the incident angle with
respect to the surface normal was 45'. Data were collected by an ana-
lyzer A-1 (MBS) under an ultra-high vacuum of 5 x 10™ mbar. The
measurements were conducted at 295 K.

Theoretical calculations

Density functional theory (DFT) calculation of bulk KTaO; was
performed by the open source Quantum Espresso (QE) code®*,
The exchange-correlation potential is treated within the general-
ized gradient approximation (GGA) of the Perdew-Burke-Ernzerhof
variety®’. The strong spin-orbit coupling of Ta is included in the
calculation. The kinetic energy cutoffs for wave functions and
charge density are set to be 80 Ry and 800 Ry, respectively. Inte-
gration for the Brillouin zone is done using a I-centered 11 x 11 x 11 k-
point grid. A tight-binding (TB) Hamiltonian consisting of six Ta-t,,
orbitals (including spin) is constructed using the Wannier90
package®®. The Fermi surface is then computed based on this TB
Hamiltonian.

Data availability

Relevant data supporting the key findings of our study are available
within the article and the Supplementary Information file. All raw data
generated during our current study are available from the corre-
sponding authors upon request. Source data are provided with
this paper.
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