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Note 1: Back gating effect of a-CZO/KTO(111) sample

We systematically investigated the back gating effect for the a-CZO/KTO(111)
sample with ns=3.8x10'* cm™, which corresponds to the ns value of the as-grown
sample. Fig. S6a presents the temperature dependence of Rs measured under varying
gating voltage V. When Vi changes from +150 V to -100 V, the normal-state sheet
resistance at 7=1.2 K (Ri2k) increases from 1220.9 to 1863.0 /], while
superconducting transition shifts to higher temperatures. As illustrated in the inset of
Fig. S6a, the midpoint 7¢, derived from the Rs-7 curves, increases monotonically as Vg
decreases. To further characterize the tunable effects, we carried out normal-state Hall-
effect measurements at 2 K for different Vi values. The deduced carrier density ns and
Hall mobility ¢ are summarized in Fig. S6b. The Hall mobility decreases from ~134.0
to ~113.8 cm?/Vs as Vg changes from +150 V to —100 V, while the carrier density
decreases from ~3.8x10"® to ~2.9x10'* cm™. Using ns and Rs values in Figs. S6a and
S6b, we calculated the mean free path /g as a function of Vg, as shown in Fig. S6c. As
VG decreases from +150 to —100 V, the /ngp decreases from 13.7 to 10.2 nm. The
application of a negative Vg will push charge carriers towards the a-CZO/KTO(111)
interface, leading to a higher degree of disorder and, consequently, an increase of
resistance, as indicated by the increase in normal-state sheet resistance Riok. Fig. S6c
also plots the peak resistance ARs as a function of V. Notably, ARs decreases from 13.4
to 9.8 Q/1 as Vi changes from +150 V to —100 V. This reduction in ARs cannot be
explained by enhanced disorder, as the higher disorder induced by negative Vg
generally results in an increased resistance. The decrease in ARs as Vi decreases could
be attributed to reduced carrier density, which results in more sparsely distributed
superconducting islands in a non-superconducting background. Consequently, the
resistance effect induced by vortex motion across the weak links between
superconducting grains is weakened.

To explore the dependence of Hcz on ns, the sheet resistance as a function of
magnetic field at 0.05 K for various back gate voltages is shown in Figs. S6d and S6e
under out-of-plane and in-plane magnetic fields, respectively. The dependence of

uoHco1, poHez) and poHe, on Vg is shown in Fig. S6f, where uoHc, is calculated using



the values of T¢ for different V. The much higher uoHcy) relative to uoHc, is observed.
Based on the dependence of carrier density ns on Vg at 2 K (Fig. S6b), the uoHcz) is
plotted as a function of ns in Fig. S6g, and uoHcy increase from 3.6 to 5.0 T as ns
decreases from 3.8x10"* cm™2 to 2.9x10'* cm 2. Note that a higher uoHcy) is observed
in the a-CZO/KTO(111) system compared to LAO/STO (111) systems (~4.5 T)'.

For a 2D superconductor with strong spin-orbit interaction, the in-plane upper

critical field uoHc2)(0) can be expressed as!:

ﬂoHc2||(T =0) =\/

1.76hkgT¢
[311%31'50 +D(dsce)?/3]

(S1)

where 75, is the spin-orbit scattering lifetime, with spin-orbit energy esc=%#/7s0, D is the
diffusion constant, and ds. is the superconductive layer thickness. The diffusion
constant D can be obtained from the slope of the out-of-plane upper critical field: [-
d(ropoHc21)/dT ) r=1c = 4kp/nDe, and D=9.6x10* J/CT for sample with ns=3.8x10'3 cm™
by fitting the data shown in Fig. 2c. Based on Ginzburg-Landau theory, we can track
the evolution of L. and dsc as a function of ns (Fig. S6h). Adopting the 7¢ values under
different Vg (Fig. S6a), we can obtain the ns-dependent &, as plotted in Fig. S6i,
revealing a tunability of the SOC at the a-CZO/KTO(111) interface. Obviously, &so
increases as ns decreases, consistent with the variation of uoHc2 with ns. Based on the
above analysis, the origin of the uoHcz) value exceeding the Pauli limit could be

attributed to the strong spin-orbit coupling of the 5d 2DEG at KTO-based interfaces.

Note 2: Phase-slip model dependence on superconducting critical current and
sweep rate

The peak resistance ARs due to vortex motion, driven by thermally activated phase
slips (TAPS), follows the form®:

ARy = ABe~%¢/kBT (S2)
where 4 and a are numerical constants at a fixed temperature, Bis the magnetic field
sweep rate, and /. is the superconducting critical current.

(i) Dependence of peak resistance on critical current
We systematically investigated the effects of field-effect gating for the a-

CZO/KTO(111) sample with ns=3.8x10'* cm2, which corresponds to the ns value of



the as-grown sample. Fig. 3b shows the evolution of in-plane magnetoresistance with
different VG at 0.05 K under the field sweep rate of 0.10 T/min. It is found that ARs
decreases from 13.4 to 9.8 Q/ 1 as VG changes from +150 V to —100 V. As shown in Fig.
S15a, Ic can also be tuned by changing the gate voltage ¥ at 0.05 K. The inset shows
the dependence of Ic on V. According to Equation S2, the relationship between In(ARs)
and the critical current /c is expected to be linear. Fig. S15b shows the dependence of
In(ARs) on Ic, where a linear dependence is indeed observed. Based on the linear fit
(solid line), the fitting parameters 4 =2828x10° Qmin/[/T and the exponential factor
o/ksT=1.8x10° AL,

(ii) Dependence of peak resistance on magnetic field sweep rate

As shown in Fig. 3c, the magnitude of the MR curve strongly depends on the field
sweep rate at 7=0.05 K for the a-CZO/KTO(111) sample with ns=4.3x10'* cm 2. In Fig.
S15c, ARs is plotted as a function of the magnetic field sweep rate, using data extracted
from Fig. 3c. According to Eq. S2, ARs is proportional to the magnetic field sweep rate.

The solid line in Fig. S15c represents a linear fit, with a slope of 254 Qmin/[IT.



Table S1. The fitted result represents the binding energy and composition proportion of Ta’>* and

Ta4+

Ta** Orbital Binding Energy (eV)  Amounts of Ta*" (%)
Ta 4fs2 28.14
Ta** 77.2
Ta 4f1 26.22
Ta 4fs2 24.83
Ta** 22.8
Ta 4f2 22.88

Table S2. Summary of sample properties including the substrate temperature during growth (75s),

the oxygen pressure (Po2), carrier density ns and Hall mobility (u).

Sample Ts (°C) Poz (Pa) n;:(lc;n;) ”;c:nllzof‘;(s)
#1 300 5x1073 3.8x1013 120
#2 300 1x1073 4.3x10"3 395
#3 300 1x104 5.8x1013 68
#4 300 3x10°° 8.9x1013 16
#5 300 1x107° 9.8x1013 68

Table S3. Summary of studies on magnetotransport properties in the superconducting state of

KTO(111) heterostructures, where “ V> denotes that MR measurements were conducted and “x”

indicates that no MR measurements were performed. Note that MR loop behavior is observed in

low-ns a-CZO/KTO(111) samples under in-plane magnetic fields.

Superconducting state
Year Author Heterostructures ns (103 cm?) MR measurements
In-plane | Out-of-plane
This work Zhang H, et al. a-CZO/KTO(111) 3.8t09.8at 10K S S
35t09.9at 10K x S
EuO/KTO(111)

2021 Liu C, et al.* 9.2at10K \ \
a-LAO/KTO(111) 8.9at 10K S \
6.6at5K x S
2023 Zhang G, et al.3 YAIOs/KTO(111) 145at5K S \
31.0at5K v x
2023 LiuY, et al.b LaVO3y/KTO(111) 140at2 K v S
2023 Amault E, et al.” | LaStMnOs/KTO(111) 6.0at3 K \ S
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Figure S1. Atomic force microscope (AFM) image of a-CZO films (10 nm) grown on the KTO(111)
substrate. The size in AFM image is 5x5 pm?. The film is very flat with a root-mean-squared
roughness of 0.19 nm.



Figure S2. A large-scale HAADF-STEM image of the a-CZO(20 nm)/KTO(111) heterostructure,
measured along [1-10] zone axis.
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Figure S3. X-ray photoelectron spectra results of (a) Ca, (b) Zr and (c) Ta for the a-
CZO(Bnm)/KTO(111) sample. The fitted peaks for Ta>* and Ta*"are shown in blue and green colors,
respectively. The data and sum fit envelope are shown in black circles and red lines.
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Figure S4. (a) Temperature dependence of sheet resistance. Inset: Photograph of the fabricated Hall-
bar device. The central Hall bar bridge is 20 pm in width and 120 pum in length. The red scale bar
represents 100 pm. (b) Hall resistance as a function of magnetic field at 7=10 K for 2DEGs formed
at the a-CZO/KTO(111) interface in series of samples prepared at different growth conditions. (c)
Temperature dependence of carrier density ns. Numbers in the figures denote different samples.
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Figure S5. (a) Temperature-dependent /-7 measurements for sample with ns=9.8x10'3 cm™2. (b) I-
V curves plotted on a logarithmic scale with the same color codes as in (a). Red dashed line
represents o<, which is used to infer the BK T transition temperature. (¢) Temperature dependence
of the power-law exponent a, as deduced from the linear fits of the curves in (b). Tsk1=2.153 K is
obtained. (d) Sheet resistance dependence of temperature plotted on a [dIn(Rs)/dT]?? scale. The
blue solid line is a linear extrapolation from the high-7 linear section, which crosses the 7T-axis at
Trk1=2.087 K.
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Figure S6. (a) Temperature dependent Rs at different Vg values for the a-CZO/KTO(111) sample
with ns=3.8x10'3 cm™2, which corresponds to the ns value of the as-grown sample. Inset: midpoint

Tc plotted as a function of V. (b) Carrier density ns and Hall mobility u as a function of Vg measured

at 2 K. (c) Mean free path /s and peak resistance ARs as a function of V. Magnetoresistance Rs at

0.05 K in (d) out-of-plane and (e) in-plane magnetic field at different V. (f) The dependence of

upper critical field uoHca1, poHezy and woHS on Ve. (g) In-plane upper critical field uoHcy, (h)

coherence length s and superconducting layer thickness dsc, and (i) spin-orbit energy eso as a

function of #ns.
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Figure S7. (a) Temperature-dependent in-plane MR loops for the a-CZO/KTO(111) sample with
ns=3.8x10"3 cm™2 and Tc=0.67 K in the superconducting state (7<7¢). (b) Temperature-dependent
in-plane MR loops for two sweep directions, where twin peaks have appeared in the
superconducting state (7<7c¢). Data obtained at different temperatures were shifted vertically for
clarity. (c¢) Temperature-dependent in-plane MR loops for the a-CZO/KTO(111) sample with
ns=3.8x10"3 ¢cm™2 and Tc=0.67 K in the normal state (7>7¢). (d) A magnified view of the MR loops,
obtained at 1.75 K and 2 K.
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Figure S9. Magnetic field-dependent magnetizations at various temperatures with in-plane field
for the a-CZO/KTO(111) sample with ns=3.8x10'3 cm™2.
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Figure S10. In-plane magnetoresistance for samples with 75=8.9x10'3 cm™2 and 9.8x10' cm™2 at
0.05 K, where hysteresis loop is invisible.
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Figure S11. (a) The mean free path /g is plotted a function of ns, which ranges from 3.8x10'3 to
9.8x10"3 ¢m™2. (b) Peak resistance ARs at 0.05 K as a function of ns. (c) Dependence of the
superconducting transition width AT on ns.
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Figure S12. Out-of-plane magnetoresistance for samples with 7s=3.8x10'3 cm2 at 0.05 K for two
sweep direction, where butterfly shaped hysteresis is absent.
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Figure S13. (a) In-plane and (b) out-of-plane magnetizations at 2 K for the a-CZO/KTO(111)
sample with ns=3.8x10'3 cm™. (¢) In-plane and (d) out-of-plane magnetizations at 2 K for the bare
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Figure S14. (a)-(e) Rs/Rax as a function of normalized temperature 7-7¢ for samples with carrier
density ranging from 3.8x10'3 to 9.8x10!3 cm™2. The marks represent the experimental data. The
solid lines and dashed black lines are fitting curves using the LAMH theory for the TAPS model
and the Golubev-Zaikin theory for the QPS model, respectively. The hollow patterns indicate the
values of carrier densities.
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Figure S15. (a) /-V measurement for different Vg at 7= 0.05 K for the a-CZO/KTO(111) sample
with ns=3.8x10"3 cm2, which corresponds to the ns value of the as-grown sample. Inset shows the
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Figure S16. Calculated atom-resolved and layer-dependent band structure for Ta 5d orbitals from
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Figure S17. (a) The orbital-resolved density of states for the Ta atoms and oxygen atoms around the
oxygen vacancy. (b) Partial density of states projected on d orbitals from Ta atoms for KTO(111)
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Figure S19. Magnetic field-dependent magnetizations at 2 K with in-plane field for the a-
CZO/KTO(111) samples with different ns.
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Figure S21. (a) Rs/Rsk as a function of temperature for the a-CZO/KTO(111) sample with
ns=8.9x10"3 cm2. (b) Normalized out-of-plane MR measured at 7=0.1 K for the same sample.
Black and red curves represent current along [1-10] and [11-2], respectively. (¢) Temperature-
dependent Rs/Rsx and (d) normalized out-of-plane MR measured at 7=0.1 K for a-CZO/KTO(111)
samples with ns=4.3x10'3 cm™2. Black and red curves represent current along [1-10] and [11-2],

respectively.
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