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Supplementary Figure 1. Schematic illustration of the device fabrication. a Fabrication
procedure for contacts to 2DEG. b Fabrication procedure for a Hall bar patterning and contact
electrodes. Schematics are side views and optical images are the top views of the device at each

fabrication step.
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Supplementary Figure 2. Four-terminal /-V curve measured for the device B. a A linear /-V
curve measured at 8 K. b A semi-logarithmic plot of the measured /-V curve at 8 K. Blue lines are

linear fits displaying Ohmic contacts between the conductive interfaces and the Ti/Au electrodes.
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Supplementary Figure 3. Temperature dependence of resistance measured for the device B.
a Temperature dependence of resistance from 2 to 300 K. b Temperature dependence of resistance
at low T below 25 K. The increase in the measured resistance below ~ 11 K can be attributed to

both Kondo effect! and weak localization?.
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Supplementary Figure 4. Electrical properties measured for the device B. a Temperature
dependence of the electron mobility. b Temperature dependence of the sheet carrier density

estimated from Hall measurements. The inset displays the sheet carrier density from 2 K to 10 K.
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Supplementary Figure 5. Magnetoconductance as a function of the perpendicular magnetic
field measured at various Vg. Measurements were done with | = 30 pA at 2 K for the device C.
For a negative gate voltage (—40 Vy), a positive magnetoconductance can be observed indicating
the dominance of weak localization due to weak spin-orbit interaction. As the applied gate voltage
increased, a positive magnetoconductance was gradually turned into a negative
magnetoconductance indicating that the charge transport relies on the weak anti-localization.
Crossover from weak localization to weak anti-localization is associated with the gate-tunable

Rashba spin-orbit interaction in LAO/STO?.
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Supplementary Figure 6. Analysis of magnetoconductance based on Maekawa-Fukuyama
theory. The magnetoconductance Ao = o(B) — o(B = 0) normalized by the quantum of
conductance e?/mh at various Vg Grey lines represent best fits to the measured

magnetoconductance using Maekawa-Fukuyama theory. Measurements were done with I =30 uA

at 2 K for the device C.
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Supplementary Figure 7. Analysis of the Rashba spin-orbit interaction at the LaAlO3/SrTiOs
interface. a Left axis, black squares: Vg dependence of the Rashba spin splitting A. Right axis,
blue triangles: Vg dependence of the Rashba spin-orbit interaction constant a. b Vg dependence of
the fitting parameters B; (magenta circles) and B, (blue squares). ¢ Inelastic relaxation time t;

(magenta circles) and spin relaxation time zg, (blue squares) as a function of Vg plotted on a
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Supplementary Figure 8. The estimated effective mass m* and spin-orbit field Bso as a
function of Vg. a The obtained fitting parameters, B; and Bs,, as a function of Vg. b V4 dependence

of the effective mass m*. Here m, is the bare electron mass.
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Supplementary Figure 9. Magnetoresistance as a function of a rescaled magnetic field B, /B*

at different Vgy. The magnetoresistance curves at different Vy (shown in Fig. 2a) collapse onto a

single curve with a rescaled magnetic field of B,,/B*, where B* is a Fermi level dependent value.

Measurements were done with 1 =30 pA at T =8 K.
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Supplementary Figure 10. In-plane magnetoresistance curves measured at various
temperatures. The negative in-plane magnetoresistance persists up to 20 K. Measurements were

done with I = £30 pA for the device D.
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Supplementary Figure 11. The temperature dependence of ARx/Rxx and ARy The
temperature dependence of ARx/Rxx (left axis) and ARxx (right axis). Both ARx/Rxx and ARxx showed
maximum at around 10 K and nearly disappeared over 100 K. Measurements were done with | =
30 uA and By =8 T for the device D. The nonreciprocal responses persist over several tenth Kelvin.
We note that the observed ARy« is not associated with magnetothermal effect, which appears in the

vicinity of the small magnetic field at very low temperature (< ~ 800 mK)?3.
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Supplementary Figure 12. Thermoelectric effect on R22. R22 of Ry and Ry, were measured with
an applied magnetic field of B = 8 T rotated in the xy plane. Measurements were done with lac =
105 pA at 2 K (device E). R clearly shows sin @ like behavior of R? with J = ~ 1.4 x 10° A cm
2, Although the LAO/STO interface exhibits ferromagnetism, R2® of Ry, does not show cos 6
behavior. This indicates absence of the thermoelectric effects, which are associated with a
longitudinal spin Seebeck effect, an anomalous Nernst effect, and Nernst effect due to a vertical
temperature gradient. In addition, we didn’t observe cos 8 behavior of R?® of Ry, when the applied

current density was increased up to J = 1.4 x 10’ A cm2 4,
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Supplementary Figure 13. Magnetic field dependence of R2?, R?® measured for different
magnetic field directions By and By, respectively. Measurements were done for the device B with
lac = 200 pA at 8 K. The nonzero R?® signal from the nonreciprocal charge transport appears at the
applied magnetic field By which is perpendicular to the current, whereas R?® is almost zero at the

applied magnetic field By that is parallel to the current.
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Supplementary Figure 14. Angle dependent magnetoresistance of R®. R® was measured with
an applied magnetic field of B = 8 T rotated in three orthogonal plans (yx, zy, zx). Measurements
were done with an applied current of l.c = 105 pA at 2 K (device F). The zero angles are at +y, +z,
and +z and the directions of rotations are y to x, z to y, and z to x for yx, zy, zx rotations, respectively
(see schematic illustration in Fig. 3A). R® is invariant under reversal of the magnetic field showing

a sinusoidal angular dependence with a period of 180°.
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Supplementary Figure 15. The ratio of resistance change ARx/Rxx as a function of the
applied DC current. Measurements were done for the device Aat T =8 K and By =8 T. Results

display that ARx/Rxx linearly depends on the applied current .
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Supplementary Figure 16. R?? vs By measured at different gate voltages (Device B).
Measurements were done with fixed gate voltages while sweeping the applied magnetic field By at

T =8 K. The applied AC current was lac = 200 pA.
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Supplementary Figure 17. ARx/Rxx vs By measured for an applied DC current at different
gate voltages (device A). ARy were estimated by subtracting Rux(+1) from Ryx(—1). Each Ru (1)

were measured while sweeping the magnetic field at fixed gate voltages at T = 8 K. The applied

DC current was | = 30 pA.
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Supplementary Figure 18. R?? as a function of the zy angle measured with the applied
magnetic field of +1 T. The observed R2® displayed a sinusoidal angular dependence.

Measurements were done at lac = 200 pA and T = 8 K for the device D.
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Supplementary Note 1. Analysis of the magnetoconductance of the LaAlO3/SrTiOs interface.

The magnetoconductance as a function of magnetic field was measured at 2 K with various applied
Ve (Supplementary Fig. 5). At —40 Vg, the positive magnetoconductance curves were observed in
the whole magnetic field region. When ¥, = —20 V, the magnetoconductance exhibits negative

magnetoconductance at low magnetic field, which is the characteristic feature of the weak anti-
localization effect originating from the interference of self-crossing electronic waves in the
presence of the spin-orbit interaction. To evaluate the strength of the Rashba spin-orbit interaction
at various Vg, we analyzed the observed magnetoconductance curves based on the Mackawa—

Fukuyama (MF) localization theory as follows>*.

Ac(B) B 1 B
= w( )+ Wy
0o Bi +Bso/  2./1—y2 \B;+ Byo(1++/1—y?2

1 B
- Y . (1)
2./1—y2 (Bi+BSO(1—,/1—y2>

Here, the function ¥ is defined as W(x) = In(x) + 1/;(% + i), where ¥ (x) is the digamma function

and o, = e?/mh (e is the electron charge and 4 is Planck constant) is universal value of
conductance. B; = h/4eDt;, B, = h/4eDtg,, and y = gugB/4eD B, are parameters indicating
inelastic scattering field, spin-orbit interaction field, and Zeeman correction term, respectively,
where D is the diffusion constant, ; is the inelastic scattering time, t,, is the spin relaxation time,
g is electrons g factor and ug is the Bohr magneton. In the LaAlOs/SrTiOs interface, the spin

relaxation time 4, is dominated by D’yakonov-Perel’ (DP) mechanism?’. In this scenario, the
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spin relaxation time 7, and the Rashba spin-orbit interaction constant « are related through 7, =

h*/4a?m?2D, where # is the reduced Planck constant and m is the carrier mass.

Supplementary Fig. 6 displays the best fitting results according to equation (1), which allows us to
trace the Vg dependence of the parameters B 5, and y. To extract relaxation times t; 5, from these
parameters, we need to determine the Vg dependence of the diffusion coefficient. For this purpose,
we measured the Vg dependence of the sheet carrier concentration ng by using Hall effect
measurements (Supplementary Fig. 7d). An estimate of the Fermi velocity vg and the elastic

scattering time using a parabolic dispersion relation with a fixed effective mass m* = 2m, (m, is

2
the bare electron mass) enable us to evaluate the diffusion coefficient D = %T When Vg=-40V,

the obtained inelastic scattering time is shorter than the spin relaxation time. In this regime, the
quantum correction to the conductivity can be ascribed to weak localization because the effect of
the spin-orbit interaction is weak compared with the orbital effect of the magnetic field. With
increasing Vg, the spin relaxation time significantly decreases by more than 2 orders of magnitude,
whereas the inelastic scattering time remains relatively constant (Supplementary Fig. 7c). Thus, a
weak anti-localization characterized by a strong spin-orbit interaction was observed with
increasing Vq. The estimated spin-orbit coupling constant o and spin splitting energy A were
substantially enhanced across the quantum critical point (Supplementary Fig. 7a). The spin-orbit
interaction significantly increases in between V,=+10 V and V,=+20 V (acrossing Lifshitz point),
while crossover between weak localization and weak anti-localization occurs in between V= —40
V and V,=—20 V. This discrepancy could be attributed to the fact that the crossover between weak

localization and weak anti-localization is associated with relative scale between phase coherence
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length and spin diffusion length. The estimated spin-orbit constant increases with increasing Vi
even below Lifshitz point (Supplementary Fig. 7a). Thus, the change of relative scale between
phase coherence length and spin diffusion length may occur before the Lifshitz transition as

evidenced in Supplementary Fig. 7c.

In Supplementary Fig. 8, we displayed the estimated effective mass m* obtained with the

assumption of DP spin relaxation, where the spin-orbit scattering time (7g,) follows TZS—: =021

Aso = hQg, = 2akp is the Rashba energy (kg is the Fermi momentum). Then, the effective mass

can be expressed as follows®

_ h?  |Bs,
Cdma | D,

*

(2)

where, ®, = Z—Z . If we assume that the Rashba spin-orbit interaction has a linear dependence on

the Vg, i.e. @ = AE, in wedge model (4 is the material specific Rashba spin-orbit coefficient, E is
the interfacial electric field along the normal direction of the interface)®, we could estimate Vj
dependence of m*. The variation of effective mass upon increasing Vg reflects the charge transport
evolving from being d,, dominated (m*~ 0.62m) to being d,;, d,, dominated (m*~ 2.3m,)

across the Lifshitz transition, in consistent with the previous report®.
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