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Supplementary Note 1. Orientation-dependent superconductivity of 3 nm-LAO/KTO.

Supplementary Fig. 1 shows the superconducting transitions with 774 = 1.3 K and 0.7 K in 3 nm-LAO/KTO(111)
and 3 nm-LAO/KTO(110), respectively, while the superconductivity is absent down to 0.4 K in 3 nm-LAO/KTO(001).
The orientation-dependent superconductivity with 7.(111) > T.(110) > T.(001) is verified both in 3 nm-LAO/KTO
(Supplementary Fig. 1) and 1.5 nm-AlO,/1 nm-LAO/KTO (Fig. 1b in the main text).
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Supplementary Fig. 1: Orientation-dependent superconductivity of 3 nm-LAO/KTO. (A-C) Temperature-dependent
resistance of 3 nm-LAO/KTO(111), 3 nm-LAO/KTO(110), and 3 nm-LAO/KTO(001), respectively. Note that the mea-
surements were conducted in a two-terminal configuration, and the residual resistance in the superconducting state of the
LAO/KTO(110) and LAO/KTO(111) interfaces arise from the contact resistance.



Supplementary Note 2. Estimation of the superconducting coherence length
and superconducting layer thickness in LAO/KTO(111).

One can estimate the superconducting coherence length (£) and superconducting layer thickness (dsc) based on the
Ginzburg-Landau theory [1]:
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where ¢y is the flux quantum. From the measured temperature dependence of the out-of-plane upper critical field H.,
and the in-plane upper critical field H.,) (Supplementary Fig. 2), we extract the zero-temperature Ginzburg-Landau
coherence length £(0) and the corresponding superconducting layer thickness dsc, which are 20.3 nm and 5.0 nm,
respectively. The strong anisotropy of the upper critical field, together with the smaller superconducting layer thick-

ness compared with the in-plane coherence length (dsc < &), indicate the two-dimensional superconductivity at the
LAO/KTO(111) interface.
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Supplementary Fig. 2: Upper critical field of the LAO/KTO(111) interfacial superconductivity. (A) Temperature
dependence of the perpendicular upper critical field H, , . Data were measured when the magnetic field was perpendicular
to the (111) interface. (B) Temperature dependence of the parallel upper critical field H,). Data were measured when
the magnetic field was parallel to the (111) interface. All the data are fitted by the Ginzburg-Landau theory (red curves).



Supplementary Note 3. Negligible irradiation dependence of the interfacial
states during SX-ARPES measurements.

It is reported that the synchrotron irradiation would create oxygen vacancies on the surface of insulating KTO substrates
to form mobile electron gas [2, 3, 4]. To distinguish the intrinsic interfacial metallic states and the irradiation-induced
metallic states, we performed SX-ARPES measurements on the LAO/KTO(111) interface at varied irradiation times. As
shown in Supplementary Fig. 3A, the metallic states have always been presented since the beginning of the measurements,
in contrast to the irradiation-induced metallic states which should gradually emerge during irradiation [2, 3, 4]. After
20 minutes of irradiation, the lineshape of the photoemission spectra shows little variation (Supplementary Fig. 3B).
Quantitatively, the density of states at the Fermi energy measured at different irradiation times remains similar for the first
20 minutes and after 12.5 hours of irradiation (Supplementary Fig. 3A). These results indicate that the observed metallic
states mainly come from the intrinsic interfacial states, rather than from synchrotron irradiation. The interfacial states of
LAO/KTO(110) and (001) show similar results during irradiation, which were not shown here. The LAO overlayer may
have protected the interface and reduced the effect of creating oxygen vacancies at KTO by irradiation.

The oxygen-vacancy states at around -2 eV binding energy were likely generated during the LAO deposition process,
hence intrinsic to the interfacial electronic structures. The sample fabrication process involves low oxygen pressures (1 X
107> mbar) and high temperatures (~ 680 °C) by PLD, which leads to the generation of oxygen vacancies in both the films
and the substrates [5]. As the oxygen vacancies should be created above 450 °C [2], the creation of oxygen vacancies
during the 250 °C in-situ annealing process before SX-ARPES measurements should be negligible.
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Supplementary Fig. 3: Irradiation time dependence of the LAO/KTO(111) interfacial states. (A) Irradiation time de-
pendence of the relative peak area A(f)/A(12.5 hours). (B) Energy distribution curves (EDCs) with momentum-integration
over [-0.3 A!, 0.3 A~']. The two EDCs are measured during the irradiation time of 0~5 minutes (blue) and 15~20 min-

utes (red). The inset shows the zoomed-in view of EDCs near Er. The black box illustrates the region of integration to
get the peak area in (A).



Supplementary Note 4. Quasi-three-dimensional nature of the interfacial states
in LAO/KTO.

4.1. LAO/KTO(111).

For 1.5 nm-AlO,/1 nm-LAO/KTO(111), Supplementary Fig. 4C shows that the peak positions of the MDCs integrated at
Ef vary along k, . Together with the kgs determined based on the major/minor axis of the elongated Fermi surfaces (red
marker in Supplementary Fig. 4B, see details in Supplementary Figs. 6C-E), they consistently form a closed Fermi surface
contour (Supplementary Fig. 4B). Moreover, the Fermi velocity (vg) on both sides of the in-plane momentum center (i.e.,
ki1, = 0) evolves with the photon energy. Specifically, below the I" point, the vg on the left side is smaller than the vg
on the right side (Supplementary Figs. 4D-F). At the I point, the vg is equal on both sides (Supplementary Figs. 4G-H).
Above the I' point, the vg on the left side is larger than the vg on the right side (Supplementary Figs. 41-K). The evolution
of vg with photon energy is dramatically different from intensity variations that arise from the matrix element effect and
further demonstrates that the elongated Fermi surface is a genuine characteristic of the quasi-three-dimensionality.
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Supplementary Fig. 4: Out-of-plane Fermi surface of the LAO/KTO(111) interfacial states. (A-B) Out-of-plane
Fermi surface map of LAO/KTO(111) integrated over [Er - 150 meV, Er + 150 meV] in k1) — kp111) plane using p-
polarized photons from 921 eV to 1044 eV. The peak positions of the MDCs in (C) are marked by black triangles, and the
kgs determined by fitting MDCs along the major/minor axis of the elongated Fermi surface are marked by red squares. (C)
MDCs integrated over [Ep -150 meV, Er +150 meV] of spectra taken at different photon energies. Each selected MDC is
fitted by two Lorentzian peaks and a linear background. (D-K) Photoemission spectra measured at the k, positions below
the I" point (D-F), near the I point (G-H) and above the I" point (I-K). The fitted peak positions of the MDCs in (C) are
specified by arrows in each panel.



4.2. LAO/KTO(110) and LAO/KTO(001).

The interfacial states of LAO/KTO(110) and LAO/KTO(001) disperse strongly along k, direction, similar to those of
LAO/KTO(111).

Specifically, in contrast to the mere intensity variation along k, direction of the two-dimensional electron gas [2, 3], in
the spectra of LAO/KTO(110) and (001) that are measured at different photon energies, the peak positions of the MDCs
at Ep vary along k, direction, forming the closed Fermi surface contour (Supplementary Figs. 5C-D, G-H).

The depth of the electron gas is estimated as 5 ~ 7 nm, as will be discussed in Section 5 of Supplementary information,
which deviates from both purely two-dimensional and purely three-dimensional, and that’s why we call it “quasi-three-
dimensional” in the main text. Concerning this wide confined region, our results of the varied kps along k, can be
understood by the “extended quantum well” scenario [6, 7, 8]: a wide confined region introduces quantum well states
consecutively, leading to more bulk-like features in ARPES spectra, as reflected in the out-of-plane intensity distribution
around the virtual bulk Fermi surface and the formation of bands along &, . Our results are consistent with the simulations
in the work of S. Moser et al. [6], where the 5 nm depth of the electron gas would give three-dimensional electronic
structures and strong dispersion along k, . It would be surprising if the electronic structure remains two-dimensional in
such a thickness, while the observed dominant three-dimensional character is as expected. All these results indicate that
the interfacial states are located at the crystalline KTO side and are quasi-three-dimensional.
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Supplementary Fig. 5: Out-of-plane Fermi surfaces of the LAO/KTO(110) and LAO/KTO(001) interfacial states.
(A-B) Out-of-plane Fermi surface map integrated over [Eg — 150 meV, Er + 150 meV] in kj110;-kf1107 plane (the blue I'-M-
X plane in the upper-left inset) measured on 3 nm-LAO/KTO(110) and 1.5 nm-AlO,/1 nm-LAO/KTO(110), respectively.
(C) Zoomed-in view of the photoemission intensity map inside the dashed box in (B). The cuts #1 ~ #6 are marked
by black curves and the peak positions of the MDCs in (D) are marked by black triangles. (D) MDCs integrated over
[Er — 150 meV, Er + 150 meV] along cuts #1 ~ #6, which are fitted by two Lorentzian peaks and a linear background.
The peak positions of the MDCs at Er are marked by black triangles. (E-F) Out-of-plane Fermi surface map integrated
over [Er — 150 meV, Er + 150 meV] in kpj00) — kjoo17 plane (the blue I'-X-Z plane in the lower-left inset) measured on
3 nm-LAO/KTO(001) and 1.5 nm-AlO,/1 nm-LAO/KTO(001), respectively. (G) Zoomed-in view of the photoemission
intensity map inside the dashed box in (F). The cuts #7 ~ #10 are marked by black curves and the peak positions of
the MDCs in (H) are marked by black triangles. (H) MDCs integrated over [Er — 150 meV, Eg + 150 meV] along cuts
#7 ~ #10, which are fitted by two Lorentzian peaks and a linear background. The peak positions of the MDCs at Ef are
marked by black triangles. The photon energy ranges, photon polarizations, and specific sample types are noted.



Supplementary Note 5. Luttinger volume and three-dimensional carrier den-
sity analysis.

According to the Luttinger theorem [9], the carrier density per volume (n3p) can be estimated by the Luttinger volume
(VEs), which is the volume enclosed by the Fermi surface (FS) in & space:

ey

n3p = 0

The FS of the electron-doped bulk KTO states is contributed by three Ta #,, orbitals: d,y, d., and dy. (see details in
Section 7 of Supplementary information). Before considering the effect of spin-orbital coupling (SOC) and inter-orbital
hybridization, the three orbitals would form three identical ellipsoid-like FS sheets, respectively. SOC hybridizes the
three orbitals and lifts one band above Eg. The resulting FS is contributed by only two bands with hybridized #,, orbitals,
forming a double-layered FS. To account for the band lift above Ey, we subtracted one sphere as an approximation, and
the remaining volume Vgg could be estimated as:

Vis = 3 X inkak,f - fnkg )
3 3
where the k, and k, are Fermi momenta (kgs) along the ellipsoid major axis and the ellipsoid minor axis, respectively.

In LAO/KTO(111), the FS lobes are elongated along the major axis of the ellipsoid in the out-of-plane photoemission
map (kji1y — kr1117) (Supplementary Fig. 6C), from which the high symmetric cuts along #1 (k{1107) and #2 (kjoo17) are
extracted. Along cut #2, the MDCs near Ef give k, = 0.26 A~' (Supplementary Fig. 6E). Along cut #1, the two Fermi
momenta are not distinguishable in ARPES spectra. We take the MDC peak position as the mean value of the two Fermi
momenta (k, = 0.15 A (Supplementary Fig. 6D), and obtained k, = 0.12 A" based on the geometry of ellipsoid. n3p
is calculated by equations (1) and (2), which gives nap 111y = 3.2 X 10 cm™3.

In LAO/KTO(110), the in-plane photoemission map (kj;10; — kjoo1) gives the elongated Fermi surface along the major
axis of the ellipsoid (Supplementary Fig. 6H). Along cut #3, the MDCs near Er give k, = 0.24 A (Supplementary
Fig. 6J). Along cut #4, spectra measured by p-polarized photons should be dominated by the inner band with d,, orbital
character, whose MDCs near Ep give ky = 0.09 A~! (Supplementary Fig. 61). n3p is calculated by equations (1) and (2),
which giVGS n3p,110) = 1.7 x 10%0 cm™3.

In LAO/KTO(001), the elongated Fermi surface along the major axis of the ellipsoid could be observed in the in-plane
photoemission map (k(100) —kjo101) (Supplementary Fig. 6M). Along cut #5, spectra measured by p-polarized photons only
shows the inner band with d,, orbital character, whose MDCs near Ef give k, = 0.08 Al (Supplementary Fig. 6N). The
spectra measured by s-polarized photons shows the outer band with dominant dy, orbital character, whose MDCs near
Er give k, = 0.17 A~ (Supplementary Fig. 60). Along cut #6, the spectra measured by p-polarization photons show
only dy, orbital, which exhibits a downward shift in binding energy, resulting in a larger kg (see details in Section 6 of
Supplementary information). The MDCs near Er give its minor axis k; = 0.13 A" (Supplementary Fig. 6P). We assume
the ellipticity does not change during the expansion, so the major axis can be estimated as k; = kj (ky/kp) = 0.28 Al
VEs,001) 1s calculated by:

4 4 a4
VFS,(OO]) =2X gﬂ'kaktz) + §7Tk;kb2 - gﬂ'k%kby (3)

where the ellipsoid of d,, is calculated separately to account for its expansion. Using Equations (1) and (3), we further
get n3p o1y = 2.0%x10% cm™3

Supplementary Table 1 summarizes the fitting results of the Fermi momenta (kgs), three-dimensional carrier densities
(n3p, calculated by Luttinger volume), two-dimensional carrier densities (n;p, calculated by Hall resistivity) and the
estimated lower limit of the electron gas thickness of LAO/KTO (d, min = n2p/n3p)-
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Supplementary Fig. 6: Luttinger volume analysis of the LAO/KTO interfacial states. (A) Sketch of the bulk cubic
BZ and the ellipsoid-like FS of the electron-doped bulk KTO. The (110) plane is colored in blue. (B) FS of the electron-
doped bulk KTO in the (110) plane. (C) Out-of-plane photoemission intensity map integrated over [Ep — 150 meV,
Eg + 150 meV] in (110) plane (k(i12)-k11117 plane) of the LAO/KTO(111) interfacial states. (D-E) MDCs near Ef along
cuts #1 and #2 in (C), respectively. (F) Sketch of the bulk cubic BZ and the ellipsoid-like FS of the electron-doped
bulk KTO. The (110) plane is colored in pink. (G) FS of the electron-doped bulk KTO in the (110) plane. (H) In-plane
photoemission intensity map integrated over [Er — 150 meV, Eg + 150 meV] in (110) plane (kjoo11-kp110; plane) of the
LAO/KTO(110) interfacial states. (I-J) MDCs near Ef along cuts #4 and #3 in (H), respectively. (K) Sketch of the bulk
cubic BZ and the ellipsoid-like FS of the electron-doped bulk KTO. The (001) plane is colored in pink. (L) FS of the
electron-doped bulk KTO in the (001) plane. (M) In-plane photoemission intensity map integrated over [Er — 150 meV,
Er + 150 meV] in (001) plane (kji001-kjo10; plane) of the LAO/KTO(001) interfacial states. (N-P) MDCs near Ef along
cuts #5 (p-pol.), #5 (s-pol.) and #6 (p-pol.) in (M), respectively. All MDCs are fitted by the Lorentzian peaks and linear
background.



Supplementary Table 1: Summary of the Fermi momenta, carrier densities and the estimation on the thickness of the

interfacial states.

Samples Orbitals ko A7) ko (A7) map (em™)  nop (cm™2)  d, iy (nm)
LAO/KTO(111)  d,y, dy., dy,  0.26 0.12 32x10%  2.16x10™ 6.8
LAO/KTO(110)  dyy, dy;, dy, 024 0.09 1.7x10%° 1.04x10* 6.0

dy:, dy, 0.17 0.08 20 4
LAO/KTO(001) dy 028 013 2.0x10 1.12x10 5.5




Supplementary Note 6. Comparison of LAO/KTO interfacial states with the
KTO bulk states under a chemical potential shift.

With the widely-confined region of 5~7 nm for the interfacial states of LAO/KTO, the electronic structures roughly agree
with the density functional theory (DFT) calculations considering spin-orbital coupling on bulk KTO upon a chemical
potential shift (Figs. 2d, 2h-2i, 3a-3b and 3f-3k in the main text). Here we discuss the fine differences in the electronic
structure.

For LAO/KTO(111), upon a suitable chemical potential shift Au 11y to account for the electron doping, the DFT-
calculated Fermi surfaces (FS) consist of two hexagonal contours in the (111) plane (Supplementary Fig. 7A). In the
experimental data, while the kr along cut #1 agrees with the DFT-calculations under the chemical potential shift Ag 1)
(Supplementary Fig. 7B, and see details of the kr determination along the equivalent direction ki;10) in Supplementary
Fig. 6D), the experimental spectra along cut #2 show a larger kg than the calculation (Supplementary Fig. 7C). Therefore,
the experimental Fermi surface is slightly more anisotropic in the (111) plane than the calculations on bulk KTO.

For LAO/KTO(001), upon a suitable chemical potential shift Auyo), while the experimental kr along cut #3 agree
well with DFT calculations (Supplementary Fig. 7E), the experimental kg along cut #4 is larger than that of the DFT
calculations (Supplementary Figs. 7F-G), suggesting a slight expansion of d,, pocket (Supplementary Fig. 7D).

Similar differences between the experimental band structures and the calculations on the bulk materials were re-
ported in the KTO(111) and KTO(001) surface two-dimensional electron gas (2DEG) [2, 3], which are attributed to
the electron confinement effect [3, 4], but with a much-pronounced magnitude than that observed here. The finite but
weaker confinement effect in LAO/KTO than that in surface 2DEG systems suggests that the interfacial states here are
quasi-three-dimensional rather than pure two-dimensional or pure three-dimensional, consistent with the over 5 ~ 7 nm
thickness of the interfacial states.

It’s worth noting that although the finite interfacial confinement will modify the bulk band structure, it will not enlarge
the occupied bandwidth. Even with 1 nm confinement, the in-plane effective mass of the lowest-lying d,, component in
the KTO(001) surface 2DEG shows negligible change [3], and the in-plane effective mass along [110] in the KTO(111)
surface 2DEG remains almost unchanged [2]. Our analysis on determining the bandwidth of the bare band and simulating
EPC is based on the data along [110] direction (Fig. 4a in the main text), where the modification of the in-plane effective
mass is negligible with over 5 nm confinement. Therefore, the analysis along [110] direction considering a rigid shift
of the DFT-calculated bulk band gives a reliable bandwidth of the bare band, which represents the upper limit of the

A #2 B 0 ;
0.01----=gdig---- 1 d
Xz
s | ' | ‘
G
#1 w -0.44 | B ' dyz
w ; d
0 p-pol. Low —=m High
05 0.0
K101 (
D E F -
#4 0.0 e ZoLgE -
< ¥ .
3 1 I
#3 W 0.4 : !
w i |
A 1.0 O
ogfppol | e PRGRL A o3 [FINEEE D
05 00 05 05 00 05 0.3 0.0 0.3
k. (A7) k.. (A1) K. (A1)

[100]( [110]( [110](

Supplementary Fig. 7: Comparison between the LAO/KTO interfacial states and the calculated KTO bulk states
under a chemical potential shift. (A) DFT-calculated bulk KTO Fermi surface (FS) in the (111) plane, with a chemical
potential shift accounting for the electron doping. The arrows schematically indicate that the outer FS contour of the
LAO/KTO(111) interfacial state is slightly more anisotropic than the calculated one. (B-C) Photoemission intensity of
the LAO/KTO(111) interfacial states along cuts #1 and #2 in (A), respectively. The green arrows in (C) schematically
show the slight increase of kg along this direction in LAO/KTO(111). (D) DFT-calculated bulk KTO FS in the (001)
plane with a chemical potential shift accounting for the electron doping. The arrows schematically show that the kg
of the lowest-lying d,, components at the inner FS contour expands for the LAO/KTO(001) interfacial states. (E-F)
Photoemission intensity of LAO/KTO(001) interfacial states along cuts #3 and #4 in (D), respectively. The green arrows
in (F) and (G) schematically show the directions along which the lowest-lying d,, band shifts in binding energy (from the
dashed line to the solid line in (G)) upon finite confinement, inducing the expansion of the kg. (G) Zoomed-in view of the
black box region in (F). The photoemission spectra weight is mainly contributed by the d,, orbital along this direction.
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bandwidth before considering EPC.

Supplementary Note 7. Orbital characters of the LAO/KTO interfacial states
are determined by the polarization-dependent ARPES measurements.

Supplementary Fig. 8 shows the experimental geometry of our SX-ARPES measurements. The mirror plane (bc-plane,
colored in green in Supplementary Fig. 8) is defined by the analyzer slit and the surface normal. The photoemission
intensity matrix element is written as:

ME | o [(#% 1 - vl g @)

where ¢’lf. and ¢f° are wave functions of the final and initial states, respectively, and € is the unit vector of the syn-
chrotron radiation electric field. The spatial symmetry of (€ - ) with respect to the mirror plane is even (odd) for
p(s)-polarized photons. Since ¢’; can be approximated as a plane wave which always has even spatial symmetry with
respect to the mirror plane [10, 11], equation (1) indicates that only even (odd) initial states with respect to the mirror
plane are visible by using p(s)-polarized photons. Besides, in such experimental geometry, s-polarized photons will
cause strong suppression of photoemission intensity along the mirror plane compared with p-polarized photons even if
their photon beam intensity are the same [12], resulting in all the spectra measured by s-polarized photons are weaker
than those measured by p-polarized photons.

AC

hv .
sp\\analyzer slit
& e

Mirror plane

Sample o

Supplementary Fig. 8: Experimental geometry of the polarization-dependent SX-ARPES measurements. The
sample surface defines the ab plane (pink). The synchrotron radiation, analyzer slit and the sample surface normal lie in

the mirror plane (green). The unit vector of the synchrotron radiation electric field € is normal to the mirror plane for
s-polarized photons, while it is parallel to the mirror plane for p-polarized photons.

Next, we will discuss the orbital characters of the LAO/KTO(111), LAO/KTO(110) and LAO/KTO(001) interfacial
states through polarization-dependent ARPES analysis.
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7.1. LAO/KTO(111).

The measurement geometry along k(112 (I'-K) of LAO/KTO(111) and the corresponding photoemission spectra are shown
in Supplementary Figs. 9A-C. According to the spatial symmetry of three #,, orbitals with respect to the mirror plane (110)
(colored in green in Supplementary Fig. 9A), orbitals d,y, d., and d,, should be visible in the ARPES spectra measured by
p-polarized photons, while d., and d,, should be visible in the spectra measured by s-polarized photons (Supplementary
Fig. 9A). However, almost no spectral weight could be seen in s-polarization (Supplementary Fig. 9C), which may
be a result of photoemission intensity suppression by s-polarized photons [12] or the possible absence of d,, and d,,
orbitals along this high symmetry direction. Therefore, the orbital compositions of LAO/KTO(111) along kji5 (I'-K)
should mainly be contributed by d,, orbitals, while d,, and d,, are possibly absent and may dominate the other two I'-K
directions based on the symmetry of the (111) orientation.

The measurement geometry along k1o, (I'-M) of LAO/KTO(111) and the corresponding photoemission spectra are
shown in Supplementary Figs. 9D-F. All three ,, orbitals are neither even nor odd with respect to the mirror plane (112)
(colored in green in Supplementary Fig. 9D), indicating that all three orbitals d,,, d,; and d,, should be visible in both
p- and s-polarizations (Supplementary Fig. 9D). The finite photoemission intensity of both polarizations (Supplementary
Figs. 9E-F) indicate the presence of d,y, d.; or d,,. Considering that three #,, orbitals are equivalent with respect to the
[111] direction, the orbital compositions of the low-lying interfacial electronic state in LAO/KTO(111) should be con-
tributed by all three #,, orbitals: d,y, dy; and d,, with similar electron occupations.
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Supplementary Fig. 9: Polarization dependence of Ta #,, orbitals and orbital compositions of the LAO/KTO(111)
interfacial states. (A)(D) SX-ARPES experimental geometry along kjjjy (I-K) and kpy1; (I-M). The mirror plane
(colored in green) is (110) plane and (112) in (A) and (D), respectively. Because KTO is a simple cubic crystal, the index
of the mirror plane is identical both in reciprocal space (k. k,k;) and real space (xyz). Each 1, orbital is categorized as
‘even’ or ‘odd’ with respect to the mirror plane. If it is visible by p- or s-polarized photons, a ‘v mark is specified. The
colors differentiate the signs of the petal-shaped 7, wave functions. (B-C) Photoemission intensities along k11, (I-K)
measured by p- and s-polarized photons, respectively. (E-F) Photoemission intensities along kj;1q; (I'-M) measured by p-
and s-polarized photons, respectively. The orbitals that are visible in the spectra measured by specific polarized photons
are listed on the right of each panel. To show dispersions clearly, a factor is multiplied for all spectra measured by s-
polarized photons.
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7.2. LAO/KTO(110).

The measurement geometry along kjoo1; (I'-Z) of LAO/KTO(110) and the corresponding photoemission spectra are shown
in Supplementary Figs. 10A-C. According to the spatial symmetries of three 1, orbitals with respect to the mirror plane
(110) (colored in green in Supplementary Fig. 10A), d,y, d., and d,, should be visible in the spectra measured by p-
polarized photons, while d., and d,, should be visible in the spectra measured by s-polarized photons (Supplementary Fig.
10A). However, almost no spectra weight could be seen in the spectra measured by s-polarized photons (Supplementary
Fig. 10C), which may be a result of photoemission intensity suppression by s-polarized photons [12] or the possible
absence of d,; and d,, orbitals along this high symmetry direction. Therefore, the orbital compositions of LAO/KTO(110)
along kjoo1) (I'-Z) should mainly be contributed by d,, orbitals, while d,. and d,, are possibly absent along this specific
direction.

The measurements geometry along k(;1p; (I-M) of LAO/KTO(110) and the corresponding photoemission spectra are
shown in Supplementary Figs. 10D-F. According to the spatial symmetries of three #,, orbitals with respect to the mirror
plane (001) (colored in green in Supplementary Fig. 10D), d,, should be visible in the spectra measured by p-polarized
photons, while d,. and d,, should be visible in the spectra measured by s-polarized photons (Supplementary Fig. 10D).
The finite photoemission intensities in p-polarization suggest the presence of d,, orbital (Supplementary Fig. 10E), while
the finite photoemission intensities in s-polarization suggest the presence of either d,; or d,; orbital (Supplementary Fig.
10F). Considering that the d,, or d,, orbitals are equivalent with respect to the [110] direction, the orbital compositions

of the low-lying interfacial electronic state in LAO/KTO(110) should be contributed by all three #,, orbitals: d,y, d.. and
dy..
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Supplementary Fig. 10: Polarization dependence of Ta 1,, orbitals and orbital compositions of the LAO/KTO(110)
interfacial states. (A)(D) SX-ARPES experiment geometry along kjoo1; (I'-Z) and k(; 1) (I'-M). The mirror plane is (1 10
plane and (001) in (A) and (D), respectively. Because KTO is a simple cubic crystal, the index of the mirror plane is
identical both in reciprocal space (k. kyk;) and real space (xyz). Each t,, orbital is categorized as ‘even’ or ‘odd’ with
respect to the mirror plane. If it is visible in p- or s-polarized photons, a ‘v’ mark is specified. The colors differentiate
the signs of the petal-shaped ,, wave functions. (B-C) Photoemission intensities along kjgo1) (I'-Z) measured by p- and
s-polarized photons, respectively. (E-F) Photoemission intensities along k{7 (I'-M) measured by p- and s-polarized
photons, respectively. The orbitals that are visible in the spectra measured by specific polarized photons are listed on the
right of each panel. To show dispersions clearly, a factor is multiplied for all spectra measured by s-polarized photons.
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7.3. LAO/KTO(001).

The measurement geometry along ;100 (I'-X) of LAO/KTO(001) and the corresponding photoemission spectra are shown
in Supplementary Figs. 11A-C. According to the spacial symmetries of three #,, orbitals with respect to the mirror plane
(010) (colored in green in Supplementary Fig. 11A), d,, should be visible in the spectra measured by p-polarized photons,
while d,, and dy, should be visible in the spectra measured by s-polarized photons (Supplementary Fig. 11A). The finite
photoemission intensity in p-polarization indicates the presence of d,, orbital (Supplementary Fig. 11B), while the finite
photoemission intensity in s-polarization indicates the presence of either dy, or d,. orbitals (Supplementary Fig. 11C).

The measurement geometry along k1o; (I'-M) of LAO/KTO(001) and the corresponding photoemission spectra are
shown in Supplementary Figs. 11D-F. According to the spatial symmetry of the three #,, orbitals with respect to the mir-
ror plane (110) (colored in green in Supplementary Fig. 11D), d,y, d,; and dy, should be visible in the spectra measured
by p-polarized photons, while d., and d,, should be visible in the spectra measured by s-polarized photons (Supple-
mentary Fig. 11D). However, almost no spectra weight could be seen in the spectra measured by s-polarized photons
(Supplementary Fig. 11F), which may be a result of photoemission spectra weight suppression by s-polarized photons
[12] or possible absence of d,; and d,, orbitals along this high symmetry direction. The finite photoemission intensity in
p-polarization indicates the presence of d,, orbital (Supplementary Fig. 11E). Combining the analysis along k190 (I'-X),
the orbital compositions of the low-lying interfacial electronic state in LAO/KTO(001) should be contributed by all three
tye orbitals: dyy, d; and d,..
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Supplementary Fig. 11: Polarization dependence of Ta 1, orbitals and orbital compositions of the LAO/KTO(001)
interfacial states. (A)(D) SX-ARPES experiment geometry along kj100) (I'-X) and k1o, (I-M). The mirror plane is (010)
plane and (110) in (A) and (D), respectively. Because KTO is a simple cubic crystal, the index of the mirror plane is
the same both in reciprocal space (k:k,k;) and real space (xyz). Each 1,, orbital is categorized as ‘even’ or ‘odd’ with
respect to the mirror plane. If it is visible in p- or s-polarized photons, a ‘v is specified. The colors differentiate the
signs of the petal-shaped #,, wave functions. (B-C) Photoemission intensities along kjio0 (I-X) measured by p- and
s-polarized photons, respectively. (E-F) Photoemission intensities along kj 7 (I'-M) measured by p- and s-polarized
photons, respectively. The orbitals that are visible in the spectra measured by specific polarized photons are listed on the
right of each panel. To show dispersions clearly, a factor is multiplied for all spectra measured by s-polarized photons.
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Supplementary Note 8. The upper limit of the occupied bandwidth from the
EDCs of LAO/KTO and excluding different occupied bandwidth as the origin
of the different EDC linewidth.

In the main text, the occupied bandwidth before considering EPC (the bare bandwidth Wj) was obtained by aligning the
kes of the calculated bulk band and the experimental values. Here we show the EDCs around the I" point of the pho-
toemission data along [110] for LAOKTO(111), (110) and (001). The peaks of EDCs suggest that the band bottoms are
located at binding energies less than 0.2 eV for all three samples (red dashed line in Supplementary Fig. 12), supporting
the analysis by aligning the kgs with the DFT-calculated band, and attributing the extra spectra weight as the polaronic
tail. Expanding the occupied bandwidth to explain the spectra weight tail can be excluded.
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Supplementary Fig. 12: The upper limit of the occupied bandwidth. EDCs of the photoemission spectra of (A)
LAO/KTO(111), (B) LAO/KTO(110) and (C) LAO/KTO(001) along [110]. The corresponding polarizations used in the
measurements are noted in each panel. All these results show that the band bottom for three samples should be at binding
energy less than 0.2 eV (red dashed line).
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Supplementary Fig. 13 displays the large energy scale valence band of LAO/KTO(111), (110) and (001) and their
zoomed-in view near the Er. The occupied bandwidth (Wj in Supplementary Fig. 13B) determined by aligning ex-
perimental kr and DFT calculations are slightly different among the three samples. However, the different occupied
bandwidths cannot explain the different EDC linewidth (Supplementary Fig. 13B). In our Franck-Condon fittings (Figs.
4h-j in the main text, see details in Section 13 of Supplementary Information), we have also taken into account the
different occupied bandwidths.
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Supplementary Fig. 13: Excluding different occupied bandwidth as the origin of the different EDC linewidth.
(A) The momentum-integrated EDCs of LAO/KTO(111), (110) and (001). The integrated region is [-0.3, 0.3] Al B)
Zoomed-in view near the Er of the momentum-integrated EDCs. Wj is the bare occupied bandwidth obtained by aligning
experimental kg with the DFT calculations, as shown on the right side of panel B
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Supplementary Note 9. Origin of the observation of tail-like spectral weight
without peak-dip-hump structure.

Peak-dip-hump (PDH) structure typically appears in APRES spectra in the presence of the electron-phonon coupling
(EPC) when the energy resolution is sufficient, as shown by previous ARPES studies on LAO/STO using SX-ARPES near
the Ti L-edge (~ 460 eV) with an energy resolution of approximately 40 ~ 50 meV [13]. However, insufficient energy
resolution would smear out the PDH structure, resulting in a broad peak with tail-like spectral weight (see the simulations
with a fixed coupling strength and varied energy resolution in Supplementary Fig. 14A). Due to the thick overlayer of 2.5
~ 3 nm in LAO/KTO, the detection of the buried interface requires a large probing depth of the high-energy photons. We
have conducted measurements at photon energies lower than 800 eV, including the Ta N-edge resonance, but were unable
to observe the metallic electronic states at the interface (Supplementary Figs. 14B-C). Only with high energy photons
of ~ 1000 eV that significantly enhance the detection depth, can the interfacial metallic states be resolved. With the
high energy photons of ~ 1000 eV used, 140 meV is the optimized energy resolution based on the current experimental
setup. Such energy resolution would give a tail-like spectral weight without the peak-dip-hump structure (Supplementary
Fig. 14A), as observed in our experiments. After ruling out other possibilities, such as the inelastic scattered electrons
(non-dispersive), the electron correlation (reducing the bandwidth), the interfacial confinement (see details in Section 6
of Supplementary information), the large occupied bandwidth and different occupied bandwidth (see details in Section
8 of Supplementary information), we conclude that although the PDH structure cannot be resolved under the current
resolution, the EPC remains the only reasonable explanation for the observed spectra.
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Supplementary Fig. 14: (A) Simulations with a fixed electron-phonon coupling constant A of 0.85 and varied energy
resolutions AE of 40, 60, 80, 120 and 140 meV, respectively. The insufficient energy resolution (AE) smears out the
peak-dip-hump structure in the EDC of LAO/KTO(111). (B) Angle-integrated photoemission spectra measured at varied
photon energies across the Ta N2- and N3-edge. (C) Angle-integrated energy distribution curves (EDCs) taken at photon
energies of 400 eV, 463 eV and 992 eV, respectively.
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To complement the limitation of SX-ARPES measurements on KTO interfacial states, we conducted additional ex-
periments on KTO(110) surface 2DEG using vacuum-ultraviolet-ARPES (VUV-ARPES), which shows peak-dip-hump
structure and serves as a complement to our work on the LAO/KTO interface.

The advantage is that KTO surface states can be measured by VUV-ARPES with much better resolution. KTO(110)
shows the peak-dip-hump (PDH) lineshape with the hump located at around 100 meV, close to the energy of the LO4-
derived Fuchs-Kliewer surface phonon mode (Supplementary Fig. 15). In a previous ARPES study on the KTO(111)
surface 2DEG [14], a prominent PDH structure is also observed. These results emphasize the importance of EPC in the
KTO-related system.
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Supplementary Fig. 15: Peak-dip-hump lineshape of KTO(110) surface 2DEG. (A) ARPES spectra of KTO(110)
surface 2DEG. The spectra are measured using 63 eV photons at 11 K and the total energy resolution is ~ 30 meV. (B)
EDC integrated over [-0.3, 0.3] A-"around the I point of KTO(110) surface 2DEG, the integrated region is indicated as
a dashed red box in panel A. A peak-dip-hum structure is resolved with an energy separation of ~100 meV.
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Supplementary Note 10. Extrinsic energy loss of the emitted photoelectrons is
not the major contribution of the observed polaronic tails in LAO/KTO.

The extrinsic contribution of the intensity ratio between the first replica band and the main band (%), or the extrinsic
single-loss probability (P) is written as [15]:

2 /] 1 -1
P(Q,0,Ex) = — I
( ) aoQ) \2mEg coso m(e(Q) +1 )

where Q is the energy loss, ag is the Bohr radius, m, Ex and 6 are photoelectron’s mass, kinetic energy and emission angle
with respect to the surface norm, respectively, () is the dielectric function. In the spectra for EPC strength analysis
(Figs. 4b-4d in the main text), 6 is close to zero. Considering a fixed extrinsic energy loss that corresponds to a specific
phonon mode, the only variable to affect P is Ex.

In our studies, high-energy soft X-ray photons are used, and the kinetic energy is 10 ~ 50 times larger than the 22 ~
100 eV vacuum ultra-violet ARPRS [16]. Because P is inversely proportional to v/Ex, the intensity ratio f—é should be in

the order of 1 x 1073 (red dashed line in Supplementary Fig. 16), which could not explain the observed large intensity
ratio in our experiments (see details in Section 13 of Supplementary information). Moreover, the photoemission spectra
of the three interfaces were taken at different photon energies that correspond to the bulk I" points of LAO/KTO(111),
LAO/KTO(110) and LAO/KTO(001), which are 989 eV (I's ) for the (111) sample, 893 eV (I'77,0) for the (110) sample,
and 918 eV (I'g,10) for the (001) sample. If the coupling were primarily contributed by the extrinsic part, one would
expect ;—[‘)(1 10) > ;—[1)(001) > ;—:}(111) (red dashed curve in Supplementary Fig. 16). However, such an expected trend is
different from the observed EPC variation, that is f—(‘](lll) > %(1 10) > %(001) (blue curve in Supplementary Fig. 16).

Therefore, Extrinsic energy loss of the emitted photoelectrons is not the major contribution of the observed polaronic tails
in LAO/KTO.
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Supplementary Fig. 16: Excluding extrinsic energy loss of the emitted photoelectrons as the major origin of the
polaronic tail. Extrinsic single-loss probabilities at zero emission angle in photon energy range from 850 eV to 1050
eV (red dashed curve) are calculated based on the extrinsic energy loss theory [15]. The extrinsic single-loss probability
represents the extrinsic coupling contribution of the intensity ratio between the 1% replica band and the main band (I /I).
The experimental values of I; /1, based on the Franck-Condon fittings using 95 meV phonons (blue squares) do not show
the same trend with the extrinsic single-loss probability and they are far larger than the extrinsic contribution, which
excludes the extrinsic coupling as the main contribution of the polaronic tail in LAO/KTO.
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Supplementary Note 11. Fuchs-Kliewer phonon modes at KTO surfaces and
LAO/KTO interfaces with different orientations.

High-resolution electron energy loss spectroscopy (HR-EELS) measurements were performed to characterize the phonon
modes at the KTO surfaces and the LAO/KTO interfaces (Supplementary Fig. 17). At the KTO surfaces, three phonon
modes with energies Q; ~ 23.2 meV, Q; ~ 50.1 meV and Q3 ~ 95.5 meV are observed. €2, and Q3 are slightly
lower in energy than the corresponding bulk longitudinal optical (LO) modes (Q o3 = 52 meV and Qo4 = 103 meV)
[17, 18, 19, 20], indicating that they are LO-derived surface Fuchs-Kliewer modes [21, 22].

At the LAO/KTO interfaces, the Drude tail-like metallic backgrounds indicate the conducting interface. There are two
phonon modes with similar energy as the €, and Q3 Fuchs-Kliewer modes at KTO surfaces, yet with weaker intensity
and broader lineshape in LAO/KTO, which can be understood considering the surface sensitivity of HR-EELS and the
2.5 nm overlayer in LAO/KTO.
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Supplementary Fig. 17: Fuchs-Kliewer phonon modes at the KTO surfaces and LAO/KTO interfaces. High-
resolution electron energy loss spectra of the KTO surfaces and LAO/KTO interfaces. All the spectra were measured
at room temperature. Three Fuchs-Kliewer phonon modes are specified and the width of Q3 peaks are schematically
indicated by the green rectangles.

20



Supplementary Note 12. Background subtraction to remove the spectral weight
from the inelastically scattered electrons.

As the metallic interface is buried below 2.5 ~ 3 nm overlayers, inelastic electron scattering would induce a background
with the reduced kinetic energy of the scattered photoelectrons. Besides, oxygen-vacancy-induced intensities at the
binding energy E — Ep = —0.5 ~ =3 eV [4] were observed in the momentum-integrated EDCs of LAO/KTO, while the
localized oxygen-vacancy-induced states could extend near Er and may affect the semi-quantitative analysis. Here we
show two kinds of background subtraction to get the spectral weight from the dispersive band and its replicas.

12.1. Tougaard background.

Empirically, the spectral weight of the inelastically scattered electrons can be described as the Tougaard background
[23, 24, 25]. Following the method used in the work of C. Liu et al. [25], the intensity of the Tougaard background 7'(¢)
can be calculated by a Gaussian-type energy loss cross-section function for a certain EDC I(e):

O g -
TEe)=A f e v I(g)de

where € = E — Ep is electron binding energy. w is the full width at half maximum (FWHM) of the Gaussian-type energy
loss cross-section function. A is a normalization factor. The parameters are adjusted to give zero intensity at the inflection
points of the EDCs after the background is removed. The calculated Tougaard background for the momentum-integrated
EDC of LAO/KTO is shown in Supplementary Fig. 18. The Franck-Condon fittings on the near-Er peaks are shown and
the details of fittings are described in Section 13 of the Supplementary information.
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Supplementary Fig. 18: Removing the Tougaard background. (A-C) Original momentum-integrated EDCs (black),
Tougaard backgrounds (gray dashed curves), and EDCs after removing the Tougaard background of LAO/KTO(001),
LAO/KTO(110) and LAO/KTO(111), respectively. The corresponding Franck-Condon fittings and the retrieved
dimension-less EPC constant A are attached (see details in Section 13 of Supplementary Information).
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12.2. Dispersionless EDC background.

At large momenta away from the I" point (the blue boxes in Supplementary Figs. 19A-C), the dispersive band vanishes
whereas the dispersionless spectra weight appears with finite spectral weight near Fermi energy (grey dashed lines in
Supplementary Figs. 19E-G). It can arise from the tail of the oxygen-vacancy-induced states extending to the Fermi level,
or from photoelectrons that are quasielastically scattered yet the momenta are varied. After removing the dispersionless
EDC background (Supplementary Fig. 19D), LAO/KTO(111) still has the broadest peak and the most prominent spectral
tail (blue), followed by LAO/KTO(110) (green), and LAO/KTO(001) (green) the least. When compared to removing a
Tougaard background, removing a dispersionless EDC background keeps a longer spectral weight tail which could not be
well-fitted by the Franck-Condon model since the intensity of the high-order replicas decreases quickly. Therefore, there
still remains a large portion of the inelastically scattered photoelectrons after removing a dispersionless EDC background.
However, a consistent trend in the strength of EPC across three interfaces is observed regardless of the background used,
ie. A(111) > A(110) > A(001) (Supplementary Fig. 19E-G). In fact, this result is guaranteed by the different polaronic
tails in the spectra without any background subtraction (Figs. 4b-4d in the main text).
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Supplementary Fig. 19: Removing the dispersionless EDC background. (A-C) Photoemission spectra without re-
moving any background of LAO/KTO(001), (110) and (111), respectively. The momentum-integrated EDC and the
dispersionless EDC background are integrated over the momentum range indicated by the dashed black box and the blue
box, respectively. (D) The momentum-integrated EDCs after removing the dispersionless EDC background. (E-G) The
momentum-integrated EDCs (black curves), dispersionless EDC background (gray dashed curves), and EDCs after re-
moving the dispersionless EDC background of LAO/KTO(001), LAO/KTO(110) and LAO/KTO(111), respectively. The
corresponding Franck-Condon fittings and the retrieved dimension-less EPC constant A are attached.
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Supplementary Note 13. Details on electron-phonon coupling fittings.

In this section, we present the fitting details on the electron-phonon coupling (EPC) for the momentum-integrated EDC
after subtracting the Tougaard background (Fig. 4h-4j in the main text), including the fitting parameters, error bar de-
scription, and fittings with Q, phonons. We also present the fitting details for the EDC at kg after subtracting the Tougaard
background (Fig. 4k-4m in the main text).

After removing the Tougaard background of the inelastically-scattered electrons, we fit the momentum-integrated
EDCs as a function of binding energy (¢ = E — Ep) and the dimension-less EPC constant (1) according to the Franck-
Condon model, in which the relative intensity among different replica bands should follow Poisson distribution [26, 28,
27]:

n I
Ieh=) [“(;)] Si(e, D) 5)
1=0

where a(A) is a parameter determined by EPC [30]. S(e, 1) is a resolution-convolved rectangular function simulating
the density of states (DOS) of the main band whose bandwidth is renormalized by EPC with W(1) = Wy /(1 + 1) [29]
(Supplementary Fig. 20B), where W, is obtained by aligning the kg of the experimental value and the DFT-calculation
(Supplementary Fig. 20A). The DOS of a parabolic band integrated along one momentum cut should be o< E'/2, while
under the small electron filling and the practical energy/momentum broadening, the specific peak shape of DOS has a
minor effect on the fitting results of EPC A and the approximation by a rectangular function works well. The two edges of
So(e, 4), separating in energy by W(1), are located at the Fermi energy and the band bottom, respectively, which represent
the two energy cutoffs of the main band in the momentum-integrated EDC. S (¢, 1) represents the DOS of the /-th replica
(I=1,2,3...), which follows the lineshape of Sy(g, 1) but has an energy shift of / - Es(1) (Supplementary Fig. 20B). The
energy separation Es(A) is slightly larger than the phonon energy due to the renormalization induced by EPC [30]. The
renormalization of Eg(1) and a(A) are based on the the quantum Monte Carlo simulations [30].
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Supplementary Fig. 20: Details on the semi-quantitative Franck-Condon fittings for momentum-integrated EDCs
using Q3 (~ 95 meV) phonons. (A) The calculated bulk KTO band along [110] with a chemical potential shift to fit the
experimental determined three-dimensional carrier density (see details in Section 5 of Supplementary information). The
bandwidth without considering EPC is noted as W,. (B) Schematic sketch of the renormalized main band and replicas
of LAO/KTO(111) by EPC. The bandwidth W in (A) is renormalized to W(1) = Wy/(1 + 1) by EPC [29]. The relative
intensities of the main band and replicas a(1), as well as the energy separation Eg(A) are based on the simulations in [30].
The transparency of replicas reflects the relative intensity as the fitting results in (C). (C-E) Franck-Condon fittings for
EDCs integrated over [-0.3, 0.3] A1 of LAO/KTO(111), LAO/KTO(110) and LAO/KTO(001) respectively. Each EDC
was fitted by a renormalized main band (blue shade) and a series of replicas (blue curves), which are simulated by the
resolution-convolved rectangular functions. Their intensities follow the Poisson distribution of [@(D)]'/1!, where « is a
constant for a fixed 4. W(1), Es(1) and a(2) are all dependent on dimensionless coupling constant A in the fittings.
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As shown in Supplementary Fig. 21, the dimension-less EPC constant (1) with A(111) > A(110) > 2(001) coincides
with that of the superconductivity with T.(111) > T.(110) > T.(001) from both the qualitative comparison (Figs. 4b-4d in
the main text, Supplementary Fig. 19D) and the semi-quantitative fittings (Supplementary Figs. 18A-C, Supplementary
Figs. 19E-G). Our observation provides a straightforward explanation for the orientation-dependent superconductivity at
the LAO/KTO interfaces.
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Supplementary Fig. 21: Orentation-dependent dimension-less EPC constant 1 and superconducting critical tem-
perature 7. Dimension-less EPC constant A plotted as a function of superconducting 7. The error bars are determined
by analyzing the standard deviation (o) of the fittings (see details in Supplementary Fig. 22).
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The fitted As in Supplementary Figs. 18-21 correspond to the minimum standard deviation (o) of the fitted curves,
and the error bars in Supplementary Fig. 21 correspond to fittings within 125% of the oin, 1.€. 0 < %Umin (Supplemen-
tary Fig. 22A). This criterion ensures that the deviation between the fitted curve and the experimental EDC is acceptable
when the value of A falls within the boundaries of the error bar. (Supplementary Figs. 22B-D and Supplementary Figs.
22H-J).
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Supplementary Fig. 22: The descriptions of the error bar and the Franck-Condon fittings at the boundaries of the
error bar. (A) The standard deviation o of the Franck-Condon fittings with respect to the dimensionless EPC constant
A. The values of A that corresponds to the o, and the error bar boundaries are specified for LAO/KTO(001), (110) and
(111). (B-J) The Franck-Condon fittings using ~ 95 meV phonons with A corresponding to the o, and the error bar
boundaries. The deviations between the experimental EDC and the fitted curve using A at the error bar boundaries are
indicated by arrows in (B-D) and (H-J).
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Here we discuss the analysis of the EDCs at kg. Supplementary Fig. 23D shows the EDCs at kps and the EDC
linewidth also follows 111 > 110 > 001. We fit the EDCs with a series of Gaussian peaks considering Fermi-Dirac
distribution and energy resolution. The peak intensities follow the Poisson distribution as described in equation (5). As
shown in Supplementary Fig. 23E-G. The fitted EPC constant A also follows A(111) > A(110) > A(001).
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Supplementary Fig. 23: Semi-quantitative Franck-Condon fittings for EDCs at kr using Q3 (~ 95 meV) phonons.
(A-C) ARPES spectra measured along ki1, direction of LAO/KTO(001), (110) and (111), respectively. (D) EDCs of
LAO/KTO(001), (110) and (111) at the corresponding kg indicated in (a). (E-G) Franck-Condon fitting results of EDCs
in panel D. The Tougaard backgrounds are used in these fittings. The main band and replicas are represented by a series
of Gaussian peaks whose FWHM are set as the energy resolution in ARPES measurements. The Fermi-Dirac distribution
and energy resolution broadening are considered.

Due to the high photon energy used, the in-plane momentum resolution of Ak, ~ 0.02 A~! is poor as compared to the
small values of kg in the order of 0.1 A~!. The distinctions between EDCs at kes and those integrated over the electron
pocket region are not significant (Supplementary Fig. 24). Therefore, the integrated EDCs are retained in our manuscript
to improve the signal-to-noise ratio.
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Supplementary Fig. 24: Comparison between EDCs at kr and momentum-integrated EDCs.
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We also fit the spectra considering the coupling between electrons and Q, phonons of 50 meV. As shown in Sup-
plementary Figs. 25A-C, the fittings using Q, phonons cannot give out good results, and the deviation between the
experimental data and the fitted curves is more dramatic than the fittings using 3 phonons of 95 meV (Supplementary
Figs. 25D-F). Therefore, it is not likely that the long tails are fully induced by the coupling between electrons and Q,
phonons. Consistently, according to previous calculation results on SrTiOs, the ~ 99 meV optical phonons couple with
electrons more strongly than the ~58 meV phonons because the ~ 99 meV optical phonons are the most polar modes with
a larger electric dipole field [31, 32]. KTO has the same phonon spectra as STO which should show the same coupling
behaviors [19].

In real situations, multiple phonons should contribute to the polaronic spectra, and partial coupling with Q; is possible.
We emphasized that we aim to get a semi-quantitative trend of the EPC strength across three LAO/KTO interfaces using a
minimal set of fitting parameters rather than extracting a precise value of the dimensionless EPC constant. Consequently,
fittings that consider only Q3 phonons while neglecting the weaker EPC with €, are shown in the main text for simplicity
and rigidity.
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Supplementary Fig. 25: Semi-quantitative Franck-Condon fittings for momentum-integrated EDCs using Q, (~
50 meV) phonons. EDCs integrated over [-0.3, 0.3] A~! of the photoemission spectra in Figs. 4b-4d in the main text.
After subtracting Tougaard backgrounds (grey dashed curve), the EDCs are fitted by the Franck-Condon model using €,
phonons (~ 50 meV) in (A-C) and using €3 phonons (~ 95 meV) in (D-F). These fitted As correspond to the minimum
standard deviation of the fitted curve. The fittings using 50 meV phonons are not as good as those using 95 meV phonons.
The arrows in (A-C) indicate the obvious deviations between the fitted curves and the experimental data.
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