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ABSTRACT: Two-dimensional electron gas (2DEG) formed at the heterointerface between
two oxide insulators hosts plenty of emergent phenomena and provides new opportunities for
electronics and photoelectronics. However, despite being long sought after, on-demand
properties controlled through a fully optical illumination remain far from being explored.
Herein, a giant tunability of the 2DEG at the interface of y-Al,O;/SrTiO; through a fully #0620 — I\
optical gating is discovered. Specifically, photon-generated carriers lead to a delicate tunability —=<#se &
of the carrier density and the underlying electronic structure, which is accompanied by the
remarkable Lifshitz transition. Moreover, the 2DEG can be optically tuned to possess a
maximum Rashba spin—orbit coupling, particularly at the crossing region of the sub-bands with
different symmetries. First-principles calculations essentially well explain the optical modulation
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of y-Al,0;/SrTiO;. Our fully optical gating opens a new pathway for manipulating emergent
properties of the 2DEGs and is promising for on-demand photoelectric devices.

wo-dimensional electron gas (2DEG) formed at the

heterointerface, particularly LaAlO;/SrTiO; (LAO/
STO), exhibits a variety of extraordinary 2properties and
functionalities, such as high carrier mobility,"”” Rashba spin—
orbit coupling (SOC),”* sgin polarization,® superconductiv-
ity,° quantum transport, "~ and high-efficiency spin-charge
interconversion.'°~'> A further intriguing feature is that these
emergent states can be significantly tuned via multistimuli,"
including strain,'* electrostatic gating,'® light irradiation,'®"”
and chemical doping.lg’]9 In particular, extensive attempts have
been devoted to tailor transport properties via the electrostatic
gating. For instance, due to the large permittivity of STO and
KTaOj; substrates, back-gate configurations are generally
applied to investigate the electrostatic field effect on the
sheet resistance,”” carrier mobility,21 metal—insulator tran-
sition,”” electronic structure,"** Rashba SOC,>** and super-
conductivity.25 However, for conventional electrostatic gating,
high voltages of tens to hundreds of volts are required to gain a
sizable field effect.””*® Under such high voltages and
sufficiently long time, it is very likely to induce defects such
as oxygen vacancies,”’ which may destroy the expected
emergent states.

Optical gating (i.e., light illumination) is an alternative way
to tune the emergent properties in oxides. It has been
demonstrated to be a powerful means of inducing or enhancing
superconductivity,”” metal—insulator transition,*® ferroma§-
netism,”’ quantum oscillation,*® and spin rnanipulation.‘1
Moreover, oxide 2DEGs have been found to be strongly
coupled and sensitive to light illumination,"” which develops a
giant photoinduced-persistent photoconductivity (PPC) at the
STO-based interfaces.””** This inspires us to design photo-
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electronic devices on the basis of oxide 2DEGs. However, most
of the previous studies focused on the photoinduced change in
resistance,” > rather than the fundamentally intrinsic proper-
ties, such as carrier density, electronic structure, mobility, and
the corresponding effects. To reveal the underlying mechanism
of the sensitivity to light exposure, it is necessary to investigate
the optical gating on the carrier density and electronic
structures, but such research remains scarce. Recently, when
electrostatic gating is combined with an optical gating of some
specific wavelengths, it is found that 2DEGs undergo some
changes, for instance, light-enhanced lattice polarizations16 and
tunable Rashba SOC.>>*” Notably, all-optical tunability of the
ground states of 2DEGs without the assistance of the
electrostatic gating remains under-investigated, which could
be promising for on-demand photoelectric devices.

For the STO-based 2DEGs, conduction bands of STO
contribute to the interfacial electronic structures, which are
bent toward the interface and cross the Fermi level.”®
Therefore, the modulation of the Fermi level and electronic
structure can be expected to induce a series of novel properties.
The electronic structure of the LAO/STO systems has been
intensively investigated via electrostatic gating.'>”* In addition,
beyond the LAO/STO heterointerface, 2DEG formed at the
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Figure 1. (a) Schematic illustration of the non-isostructural heterointerface of GAO/STO. (b) ABF-STEM image of the GAO/STO
heterointerface. (c) Temperature-dependent sheet resistance of the GAO/STO device before optical gating. The inset shows the optical image of
the Hall-bar device. (d) Magnetoresistance (MR) and Hall resistance (ny) with respect to the applied magnetic field at 2 K. (e) Temperature
dependence of the carrier density and mobility of the pristine sample without illumination.

non-isostructural interface of spinel/perovskite y-Al,0;/STO
(GAO/STO) has received extensive interest due to its more
extraordinary properties. For instance, the mobility of GAO/
STO has been promoted over 2 orders of magnitude compared
with that of the LAO/STO paradigm.” Regarding this
extremely high mobility, GAO/STO is expected to achieve
the highest efficiency for the spin-to-charge conversion."’
Moreover, a long-range magnetic order evidenced as magnetic
stripes rather than magnetic patches observed in LAO/STO
has been demonstrated in the GAO/STO heterointerface.
More remarkably, this long-range magnetic order shows an
effective modulation when applying stress.”’ Ground states of
the GAO/STO heterointerface can be effectively tuned, albeit
via ionic-liquid electrostatic gating.”® Nevertheless, optical
gating on the underlying electronic structures of 2DEGs
remains at an early stage of investigation, especially for fully
optical gating (without the assistance of electrostatic gating).
Whether the optical gating could achieve the comparatively
giant tunability in 2DEGs as that by electrostatic gating
remains an open question. Therefore, it is interesting and
promising to manipulate 2DEG at the spinel/perovskite
interface of GAO/STO via fully optical gating. Furthermore,
an unusual energy ordering of orbitals, i.e, the anomalous
upward shift of the d,, states over the d,./d,, ones, was
proposed recently in GAO/STO,"”*™*" presenting a strikingly
different electronic structure from the one of LAO/STO. This
has not yet been well understood because of the complexity of
the GAO/STO interface. Moreover, one doubts whether the
great tunability of oxide interfaces could reproduce in GAO/
STO with this anomalous band structure. In this work, we
investigate fully optical gating on transport properties of 2DEG
at the GAO/STO interface and deepen the understanding of
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its band structure and the resultant experimental phenomena
supported by the first-principles theory. Tuning the carrier
density continuously by changing the wavelength of the
applied light alone, we observe the light-tailored intrinsic band
structure of GAO/STO. Consequently, 2DEG undergoes the
remarkable Lifshitz transition and experiences the maximum
Rashba SOC, accompanied with an enhanced conducting state.
Our fully optical gating opens a new pathway for manipulating
the emergent properties of the 2DEGs and is promising for all-
oxide photoelectric device applications.

Despite the distinct lattice structures between GAO and
STO, epitaxial growth can be achieved for the spinel/
perovskite heterostructure, as schematically depicted in Figure
la. The high quality of the interface is verified by the high-
resolution transmission electron microscopy (TEM). Figure 1b
shows the annular bright-field (ABF) scanning transmission
electron microscopy (STEM) image of the corresponding
GAO/STO interface. It is obvious that the interface is
atomically sharp without any dislocations. To conduct accurate
transport measurements, the GAO/STO interface was
patterned into Hall-bar devices using LaMnO; (LMO) as
the hard mask as previously reported,” and more details can
refer to Figure S1. The inset of Figure 1c shows the optical
image of a Hall-bar device. Before applying the optical gating,
the prime transport properties of the 2DEG were measured
initially. It should be noted that, to get access to the intrinsic
properties and to eliminate the perturbation from the
photocarrier, GAO/STO devices were shielded from any
light over 24 h before the measurements.' > As shown in
Figure 1lc, the pristine GAO/STO interface shows a typical
metallic behavior, i.e,, the sheet resistance (R,) decreases from
~51 000 to ~470 €/[] upon cooling from 300 to 2 K.
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Figure 2. (a) Measurement configuration for the optical modulation of the 2DEG at the GAO/STO interface. (b) Optical modulation of the sheet
resistance, R, of the GAO/STO heterointerface. (c) The underlying mechanism of the optical gating. When the optical gating is adopted, the
photogenerated electrons are excited from in-gap states or the valence band to the conductance band of STO and then accumulated in the potential
well of the 2DEG. (d) Photoinduced relative change in resistance (AR) as a function of time under various light powers at 2 K (4= 300 nm).

Figure 1d depicts the typical magnetoresistance (MR) and
Hall resistance (R,) at 2 K. Remarkably, a prominent
observation is the sharp cusps at low magnetic field, which is
the most salient characteristic of the weak antilocalization
(WAL) effect.”® The WAL effect stems from the destructive
interference of electron waves propagating in time-reversal
closed trajectories induced by the Rashba SOC.”*” Besides the
WAL effect around the zero magnetic field, a positive parabolic
MR curve is observed in the whole magnetic field range. The
MR ratio, defined as MR = (R, (#oH) — R,.(0))/R,(0) X
100%, is 1.6% when T = 2 K, which is comparable to the ones
in previous 2DEG systems.*®*’ Furthermore, the magnetic
field-dependent R,, is linear, implying only one type of carrier
dominates the transport. Under this circumstance, carrier
density, n,, can be deduced easily using the formula: n, = —1/
Rye, where Ry is the Hall coefficient. Subsequently, n, and
mobility () as a function of the temperature are summarized
in Figure le. The n, at 250 K is 5.6 X 10" cm™ It decreases
with the decline of temperature and keeps a constant around 2
X 10" cm™2 at low temperatures. This temperature-dependent
n, behavior indicates a carrier freezing-out effect, which is
ascribed to the in-gap states from the oxygen vacancies and
frequently observed in the oxygen-deficient 2DEG sys-
tems.”" On the other hand, the carrier mobility decreases
from ~736 cm*V s at 2 K to ~3 cm?Vis7! at 250 K,
consistent with previous reports on the GAO/STO interface
Hall-bar device.”’

Keeping the pristine properties in mind, we next measured
the transport properties of GAO/STO under illumination with
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different wavelengths (300 nm < A < 800 nm), as illustrated in
Figure 2a. The light covers the whole area of the Hall-bar
device. All temperature-dependent R, curves, plotted in Figure
2b, show well metallic behaviors throughout the whole
temperature range unambiguously. Figure 2c¢ shows the
underlying mechanism of the optical gating, i.e., the photo-
generated electrons can be accumulated in the interfacial
2DEG, resulting in the decrease of resistivity, increase of n,
and the phenomena discussed later. The wavelength of the
applied light ranges from 300 to 800 nm; namely, the photon
energy adopted in the present experiment is from ~4.13 to
~1.55 eV. Since the bandgap (E,) of STO is 3.2 eV, only the
light with a wavelength smaller than 387.5 nm could excite the
electrons from the valence band (VB) to the conductance band
(CB) of STO. Note that, in-gap states at ~—1.2 and —2.1 eV
have recently been demonstrated in the GAO/STO hetero-
interface to primarily originate from oxygen vacancies.’’
Therefore, electrons confined in in-gap states can also be
excited to the CB, because the applied photon energy is larger
than 1.55 eV in the present experiment as shown in Figure 2c.
This result is consistent with previous reports;*>*"°"°? ie,,
though the adopted photon energy is smaller than E,, light
illumination can excite electrons from the occupied in-gap
states in STO to the CB. Moreover, the in-gap states in our
GAO/STO interface have already been manifested in transport
measurements before optical gating (Figure le). In this regard,
upon the progressive decrease in the wavelength (equivalently
increasing the photon energy), the conductivity of 2DEG was
gradually enhanced as expected. For A decreasing from 800 to
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Figure 3. Lifshitz transition in the GAO/STO heterointerface tuned by optical gating. (a) Magnetic field dependence of the nonlinear Hall
resistance with A = 300, 400, and 500 nm, respectively. The dashed line is a linear line for a reference. The inset is the magnetic field dependence of
the linear Hall resistance with A = 600, 700, and 800 nm and no illumination, respectively. (b) The derived carrier densities with respect to the
various wavelengths and the corresponding photon energy. (c) The band structure of GAO/STO without illumination. (d) The band structure
simulated for A = 600 nm in which the Lifshitz transition appears. (e) The band structure simulated for 4 = 400 nm in which the SOC reaches the
maximum. The basic band structure (solid black lines) and the weight of d,, and d../d,, (red and orange/blue circles) are calculated from first-
principles calculations. The size of the circles represents the weight of the corresponding orbital.

300 nm, the whole temperature-dependent R curves showed a
downshift (Figure S3a), indicative of an increased number of
charge carriers. Particularly, these carrier-concentration
enhanced metallic states are more obvious in the low
temperature region.

Light intensity provides another knob for optical gating.
Figure 2d shows the relative change in resistance (AR = R —
R,, where Ry, is the balanced resistance after illumination) at 2
K under illumination with 4 = 300 nm but different light
powers (53—336 uW). It is obvious that the AR value is
sensitive to the light power. AR increases monotonously as the
power increases. Despite the largest power adopted in our
measurement (336 4W) being relatively smaller than the one
used in a previous report,”* special care should be taken and
the measured samples need to be placed at low temperatures
for sufficient time to eliminate the heating effect from the
applied light irradiation. In addition, as shown in Figure 2d, the
resistance of GAO/STO decreases sharply once irradiation
begins. In contrast, when turning off the light, the resistance
restores slowly to a steady value but is much smaller than the
initial one before optical gating, which indicates the typical
PPC effect.’>** Only when the sample was heated up to room
temperature would the resistance return to that of the pristine
one.

To quantitatively evaluate the carrier density and the
underlying electronic structures, Hall measurements were
carried out under illumination. Figure 3a shows field-
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dependent R,, in different wavelength regions. As we have
shown in Figure 1d, R,, is linear before optical gating.
Moreover, starting from the applied longest wavelength of 4 =
800 nm to a transition value of 4 = 600 nm under optical
gating, Hall measurements show a linear dependence of R,,
with respect to the magnetic field and Ry is proportional to 4
(the inset of Figure 3a). In this wavelength region, a single-
band conductivity dominates. Similar to the estimation of
intrinsic carrier density, we derive n, based on n; = —1/Rye,
which gives n, = 2.56 X 10" cm™ at A = 800 nm and n, = 2.60
X 10" em™ at 1 = 600 nm. In contrast, for 1 < 500 nm as
shown in Figure 3a, Hall resistances become nonlinear versus
the magnetic field, and two distinct slopes are evidenced at low
and high magnetic fields, respectively. The appearance of the
nonlinear R,, suggests a multicarrier transport scenario, as
observed in other oxide 2DEG systems."”'®*® The two-band
model, therefore, is performed to extract the two carrier
densities, n, and n,, from different bands.”® The carrier density
with respect to the wavelength and photon energy is
summarized in Figure 3b. In the region of 4 > 600 nm, n,
electrons dominate exclusively for the conduction and increase
slightly with a decrease in A. For 4 < 500 nm, n, carriers begin
to emerge. Both n, and n, carriers increase with a further
decrease in A. A remarkable transition should be noted here at
a critical carrier density of ~2.6 X 10" cm™?; the Lifshitz
transition induced by a fully optical gating is observed in which
new bands with different symmetries are populated, and there
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is concomitant switching from one- to two-carrier transport.53
Notably, this critical carrier density for the Lifshitz transition is
comparable to the one by electrostatic gating (3.0 X 10"

em™2).%° Overall, the total carrier density (1, + n,) shows an
eﬁectlve tunability (from 1.8 to 3.2 X 10" cm™) under the
fully optical gating.

As is well established, for STO-based 2DEGs, interfacial
electrons orlglnate from t,, bands (dxy, d,, and d ) of the Ti
3d orbits.”* The degeneracy among these three bands is hfted
due to tetragonal distortion and quantum confinement.”
Consequently, an energy splitting between different bands is
produced, and carriers therefore can be divided into two
categories: d,, and d,./d,, electrons. Unlike the electronic
structure of LAO/STO, an unusual orbital ordering, i.e., d,./

. electrons (rather than d,, ones) occupym% the lowest-lying
status, was recently proposed in GAO/STO.*~* On the basis
of this electronic structure, the observed Lifshitz transition can
be well understood by the newly populating d,, band (detailed
analysis below). Therefore, fully optical gating can drive the
modulation of electronic structure and the resultant Lifshitz
transition.

To understand the significant tunability of the band
structure and Fermi level, we calculated the electronic
structure of the GAO/STO heterostructure using first-
principles density functional theory (DFT) calculations plus
Hubbard U (see Methods for details). The Fermi level was
determined by integrating the DFT+U calculated density of
states of conduction electrons with respect to the exper-
imentally measured carrier density in Figure 3b. Note that the
conduction band minimum is chosen as the zero energy and is
shown in Figure 3c—e using a horizontal black dashed line, and
the Fermi level is shown by a horizontal magenta line. Before
irradiation, the Fermi level is found to be around 30 meV by
DFT+U (U = 6 eV) calculations (Figure 3c), and the Fermi
level is indeed dominated by the lowest energy states of d,/
d,, rather than d,, which reproduces the orbital anomaly of
GAO/STO reported in recent studies.** In addition, our DFT
+U calculations also confirm the latest experimental observa-
tion that there is hybrldlzation between the near-Fermi level
states of d,, and dyz, such hybridization is absent at the
LAO/STO interface with C,, symmetry. The strength of
hybridization at the GAO/STO interface along '=X and 'Y
k-paths is different, indicating the hybridization is correlated

2980

with the lower symmetry of the complex GAO/STO interface.
To simulate the band structure under illumination, we find that
Hubbard U should be increased to 8 eV to reproduce the
experimentally measured carrier density. It suggests that the
electron correlations are very likely to be enhanced under
illumination, and it has been believed that the electron
correlations play a significant role in electron transport 1n
STO-based systems in the presence of high carrier density.*®
Furthermore, all recent theoretical studies use a very large
Hubbard U around 8 eV to study the electronic structure in
GAO/STO.*~* Therefore, it is practical to use DET+U (U =
8 eV) calculations to indirectly simulate the illumination effect.
In addition, the Fermi level shift in Figure 3d,e is treated in
rigid band approximation to address the eftect of the
wavelength of light. In this way, the modulation of electronic
structures and the Fermi level shift can both be simulated
under optical gating. Specifically, in the band structure
corresponding to a 4 of 600 nm, the second lowest-lying
sub-band, in which its minimum at I" is mostly composed of
the d,, states, is substantially shifted up compared to that in
Figure 3c. This means the energy level differences between the
lowest-lying d,./d,, and d,, orbitals are increased under
illumination. The Fermi level is shifted up to 88 meV due to
the optical enhancement of the carrier density. Particularly, we
find the appearance of a new symmetry of the interfacial bands
because the d,, state appears around the Fermi level in
addition to the d,./d,, states, indicating the Lifshitz transition.
Above this Lifshitz transition, interfacial states are composed of
the d,./d,, states and d,, states, echoing the occurrence of n,
carriers in addition to the n, carriers as we discussed in Figure
3b. As A is further reduced to 400 nm, the Fermi level is further
shifted up to 168 meV (see Figure 3e).

In addition to the carrier density and the remarkable Lifshitz
transition, fully optical gating can also lead to a tunability on
the Rashba SOC. To reveal the modulation of Rashba SOC via
optical gating, MR measurements of the 2DEG are performed.
In Figure 4a, we plot the magnetic field-dependent MR under
optical gating with various wavelengths. These MR curves
change with a progressive increase in the wavelengths, which is
indicative of tunability via optical gating. Most remarkably, it is
the same with the pristine MR without illumination: all MR
curves show sharp cusps in the low magnetic field region,
which is the typical characteristic of the WAL effect due to the
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Rashba SOC. For the MR curves with 4 < 500 nm as well as
the pristine MR before gating, positive MR is observed
throughout the whole magnetic field. In contrast, for optical
gating with relatively long wavelengths (4 > 600 nm), MR
curves show a rapid increase (WAL effect) and then a gradual
decrease upon an increase in the magnetic field, ie., a typical
weak localization (WL) effect. Besides the WAL effect, the WL
effect can also be observed when the 2DEG is weakly excited
(A > 600 nm). This indicates a switch from destructive to
constructive interference of electron waves propagating in
time-reversal closed trajectories. In Figure 4b, relative
magnetoconductance, Ac = 6(H) — 06(0), is plotted in the
unit of ¢, = ¢*/xh.

To fully demonstrate the modulation of Rashba SOC and
the underlying electronic structure by optical gating, the WAL/
WL effect was analyzed using the modified Maekawa-
Fukuyama (MF) theory with a negligible Zeeman effect as
previously applied:**

Ac(H 1 H 1 H+H
o) _ —‘P(— + —e) + élP(— + 7)
G 2 H) 2 \2 H
H, H, + H, H, + H,

— ll{l(l + _1)_ In] —4/—22 + lln _1 " 'so

2 \2 H H, 2 H,

c(0) H*
- Ag————
6y 14+ cH 1)

where W(x) is the digamma function, H,, H;, and H,, are the
characteristic elastic and inelastic scattering fields and SOC
field, respectively. The last term of eq 1 comes from the Kohler
term. The fitting results are shown in Figure 4b by the solid
lines, attesting a remarkable agreement between the exper-
imental data and localization theory. Thus, it allows a complete
exploration on the relations between Rashba SOC and specific
electronic structures.

Analyzing the WAL/WL effect based on MF theory allows
us to trace the wavelength dependence, essentially the carrier
density, of the inelastic scattering field (H;) and SOC field
(H,,), as displayed in Figure 4c. H,, shows a strong
dependence of the gating wavelength, corresponding to the
carrier density. Specifically, H,, increases from ~0.3 T initially
with a decrease in the wavelength (increasing the carrier
density). It reaches a peak of ~1 T at A = 400 nm and is then
immediately followed by a dramatic decrease. These values of
characteristic SOC fields are in line with previously reported
ones in other oxide 2DEGs.”*”*" In contrast, H, displays a
nearly wavelength-independent behavior and varies slightly
around the initial value. It is noted that, although the WL effect
begins to emerge when A > 600 nm, H, is larger than H; all
along for the whole optical gating wavelength range, indicating
the Rashba SOC is strong enough and the WAL effect plays a
dominant role. This could be further proved by the spin
relaxation length (L,,) and dephasing length (L;), which are

determined by L, 7/ (4eH; ). As illustrated in Figure

i,s0
S7a, L; is longer than L, consistent with the fact that Rashba
SOC dominates in the region.

Furthermore, the Rashba spin splitting energy, A, is an
indicator of the strength of Rashba SOC. Similar to H,, A also
shows a considerable tunability via optical gating, which is
shown in Figure 4c. Once the 2DEG is illuminated with A =
800 nm, A increases dramatically from the initial value of ~1.6

to 2.3 meV. When the carrier density is further increased via
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optical gating (decreasing 1), A increases gradually and reaches
a peak of 4.5 meV at 4 = 400 nm and then drops sharply to 2.4
meV. The value of A in GAO/STO is comparable to the one
of LAO/STO.? H,, and A share the same trend for the optical
gating, corresponding to the optical modulation of the
electronic structures.

On the basis of the band picture and electronic structures by
the optical gating shown in Figure 3c—e, the observed
modulation on the Rashba SOC, characterized by H, or A,
can be unambiguously understood. Before illumination, the
Fermi level is around 30 meV above the conduction band
bottom. When optical gating is applied with a progressive
decrease in the wavelength, the band structure alters and the
Fermi level is shifted with the increased carrier density. It has
been theoretically demonstrated®’ and experimentally proved*”
that Rashba SOC reaches a maximum at a crossing region
between d,, and d,./d,, bands. Indeed, when the 4 decreases
from 800 to 400 nm, the Fermi level gets closer to the crossing
region; thus, A increases gradually. Particularly at 4 = 400 nm,
the Fermi level is around 168 meV and is located at the
crossing region of the d,, and d,./d,, bands (see Figure 3e).
Therefore, H,, and A exhibit peaks as in Figure 4c.
Subsequently when the Fermi level is increased by decreasing
the A to 300 nm, the Fermi level gets away from the crossing
region again. Consequently, A shows a drop to 2.4 meV.
Furthermore, A as a function of the carrier density of STO-
based 2DEGs”**”°7°® has been summarized in Figure 4d. In
the n, range of 2 X 10'* to 5 X 10" cm™2, A generally increases
to a maximum at different n, and then drops with a further
increase in the carrier density. Remarkably, for optical gating,
A displays a sharp cusp around the crossing region of the d,,
and d,./d,, bands, rather than broad maximums by electro-
static gating. It is also noted that despite some previous papers
reported the Rashba SOC was likely to be the strongest around
the Lifshitz point;26’46 our optical gating with a more delicate
exploration gives direct evidence that 2DEG systems possess
the strongest Rashba SOC at the crossing region between d,,
and d,,/d,, bands rather than the Lifshitz transition point.
Overall, the Fermi level can be effectively modulated by light
irradiation, demonstrating an artificial way of controlling the
Rashba SOC.

In conclusion, we have demonstrated an effective modu-
lation of the 2DEG at the GAO/STO heterointerface via fully
optical gating. When one only changes the wavelength of the
illuminated light, an effectively artificial tuning of the carrier
density and underlying electronic structure is realized, during
which the 2DEG undergoes a Lifshitz transition and a
maximum Rashba SOC. Our present work opens a new
pathway for manipulating the emergent properties of the
2DEGs and is promising for all-oxide photoelectric device
applications.

B METHODS

Sample Preparation. GAO thin films were grown on patterned
STO substrates by pulsed laser deposition as described
elsewhere.”**” For a high-quality 2DEG, GAO films were
deposited in an oxygen pressure of 1 X 107> mbar with an
optimal growth temperature of 650 °C. Thickness was
controlled by the growth rate, which was calibrated by the
reflection high-energy electron diffraction oscillations. On the
basis of our previous research, we focused on the GAO/STO
heterointerfaces with a thickness of 3 unit cells due to their
modest carrier density."”
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Transport Measurements. Prior to the transport measure-
ments, electrodes were bonded with aluminum wires by means
of a wire bonder. Transport properties of the GAO/STO
heterointerface devices were measured at temperatures
between 2 and 300 K and a perpendicular magnetic field up
to 12 T with a CRYOGENIC cryogen-free measurement
system. For optical gating during the transport measurements,
laser beams (300 nm < 1 < 800 nm) were employed into the
system. Unless stated otherwise, the laser power was set at 336
HUW. Special care should be taken to avoid the heating effect
induced by the laser illumination. Notably, after each circle of
the optical gating with a certain wavelength, GAO/STO
devices were warmed up to 300 K to return to their initial
states, eliminating the disturbance from persistent photo-
conductivity.

Electronic Structure Calculations. The electronic structure was
calculated using the first-principles density functional theory
(DFT) calculations implemented in the Vienna Ab-initio
Simulation Package (VASP).®”®* We used the Perdew—
Burke—Ernzerhof (PBE) exchange-correlation functional plus
Dudarev-type®* Hubbard U method in which the effective U of
6 eV/8 eV for Ti d orbitals was employed. We note that recent
theoretical studies also use a large Hubbard U around 8 eV to
study the electronic structure in GAO/STO.**° The kinetic
energy cutoff was set to be 420 eV. We used the GAO/STO
(see Figure S10) superlattice model to simulate the complex
spinel/perovskite interface. Since oxygen vacancies were
believed to be the origin of 2DEG of GAO/STO, the oxygen
defect was created at the interface. The in-plane lattice
constants of the structures were constrained onto 3.90 A, i.e.,
the experimental lattice constant of STO. The out-of-plane
lattice constant and the atomic coordinates along the x/y/z
axes were fully optimized until the Hellmann—Feynman forces
on each atom were less than 5 X 107° eéV-A™". In the self-
consistent field calculations, Brillouin zone integration was
sampled using S X 5 X 1 k-mesh with a Gaussian smearing of
0.0S eV.
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