nature communications

Article

https://doi.org/10.1038/s41467-025-66149-1

Magnetization generation and giant
nonlinear transport at symmetry-engineered

interfaces

Received: 7 May 2025

Accepted: 30 October 2025

Published online: 09 January 2026

Hang-Bo Zhang ®"’, Zhen-Yu Ding ®?27, Yi-Ning Xie ® 3, Zheng-Hao Li"%,
Eoin Moynihan®, Ana M. Sanchez® 3, WenGuang Zhu®"%5, Yang Gao ® "%
Yoshihiro lwasa®®, Marin Alexe ® 2 & Ming-Min Yang ®"#

M Check for updates

Interfaces in heterostructures possess inherent inversion asymmetry and dis-
play diverse physical effects, however, the pristine in-plane mirror symmetries
of the constituent layers are usually preserved at the interface. On-demand

manipulation of these symmetries remains challenging. Here, we demonstrate

a strategy to control the in-plane mirror symmetries of interfaces by engi-
neering the crystallographic orientation of heterostructures. We design a
workhorse system with a new orientation, i.e., the LaAlO5/SrTiO; hetero-
structure with metallic interfaces in the (112)-plane. Such a high index orien-
tation leads to the breaking of all the pristine mirror symmetries except the
mirror plane perpendicular to the [110] direction (My,), resulting in the C;
point symmetry with a metallic conduction. Consequently, this interface
exhibits a giant nonlinear Hall effect characterized by a large Berry curvature
dipole, a circular photogalvanic effect, and current-induced out-of-plane
magnetization, all functional at room temperature. The magnitude of the
nonlinear Hall effect rivals the Weyl and Dirac systems. Our work establishes a
new strategy in exploring emerging electronic properties with nontrivial
quantum geometry by designing the interface symmetry.

Mirror symmetry plays a fundamental role in physical effects and
materials properties, especially the orbital hybridization and spin-
orbital coupling'. Thus, it controls the geometric property of the
material’s electronic wavefunction, especially the Berry curvature and
its dipole’~, and determines the gyrotropic behaviors characterized by
second-order axial tensors, including the circular photogalvanic
effect® and (inverse) spin-galvanic effect’®. For example, the integral of
the Berry curvature dipole (BCD) over the k-space in the two-
dimensional system, where BCD represents the first moment of the
Berry curvature, persists only if there is no more than one mirror
symmetry®. Similarly, only in the same condition, an in-plane charge

current at the interface generates magnetization with an out-of-plane
moment via the inverse spin-galvanic effect'®". The latter is critical for
the field-free magnetization switching by spin-orbital torque. More-
over, the same in-plane mirror symmetry breaking induces nonlinear
electronic transport effects, such as the nonlinear Hall effect
(NLHE)***** and bulk photovoltaic effect®. Usually, semiconductive and
metallic materials possess highly symmetric structures. Therefore, the
above stringent symmetry requirement confines the manifestation of
these intriguing effects in a very limited range of materials, mainly in
several two-dimensional layered materials, such as Weyl semimetal
WTe,*** and TalrTe,", corrugated bilayer graphene'®, and WSe,/SiP"
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and WSe,/BP' heterostructures. Moreover, the above physical effects
in these materials generally function at low temperatures with limited
exceptions™'. It is therefore highly desirable to develop a strategy that
can deliberately tailor the mirror symmetry in materials, especially
those with metallic conduction and induce the above effects.

Here, we demonstrate exactly such a strategy based on the engi-
neering of the crystallographic orientation of any heterostructure.
Although this approach generates any desired mirror symmetry at the
interface and is both handy and versatile, it has been overlooked until
now. Crystallographic orientation engineering has already been the
used technique in bulk materials, especially piezoelectrics?, to achieve
optimized electromechanical coupling and minimized loss. However,
how the crystallographic orientation of heterostructures affects the
symmetry of the interfacial region remains elusive, let alone the
implications on physical properties. To unravel its hidden potential, we
choose as a model system, the well-known LaAlOs/SrTiO3 hetero-
structure, which has garnered tremendous attention since its
discovery®. Canonical low-Miller-index LaAlO/SrTiO; interfaces with
(001), (110) and (111) orientations, respectively possess Cy,, C,,, C3,
point symmetry, retaining at least two in-plane mirror symmetries at
room temperature. As a consequence of the built-in symmetries, these
interfaces can generate current-induced magnetization with only in-
plane moment? and the circular photogalvanic effect (CPGE) only
works with inclined illumination®. Also, this interface exhibits a

negligible nonlinear Hall effect at room temperature. As recently
shown, LaAlO3/SrTiO3 two-dimensional electron gas (2DEG) interface
shows sizable nonlinear transport properties at low temperatures due
to a lower symmetry induced by a phase transition and ferroelectric
instability in SrTiO; crystal®. It can be anticipated that once the
unwanted pristine mirror symmetries are removed, the LaAlO3/SrTiO;
interface may exhibit unprecedented physical effects and functional-
ities even at room temperature or above. In this regard, we have
demonstrated here that forming interfaces on crystal planes of high
Miller index (11X) enables the rational breaking of the in-plane mirror
planes and emergence of hidden properties. Taking the (112)-
LaAlO;,SrTiO; as a model example, this engineered interface exhibits a
suite of intriguing phenomena—giant nonlinear Hall effect (featuring a
substantial Berry curvature dipole), circular photogalvanic effect, and
current-induced out-of-plane magnetization—all operative at room
temperature and above.

Results and Discussions

We grew a thin LaAlO; layer on (112)-oriented SrTiO3 substrates using
the pulsed laser deposition technique (see Fig. 1a and Methods). The
thin film exhibits an ultrasmooth surface. The X-ray diffraction (XRD)
analysis revealed a high crystalline quality indicated by the presence of
Laue oscillation peaks (Supplementary Note 1). The conductive elec-
tron layer confined at the interface of LaAlO5/SrTiO; heterostructures
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Fig. 1| Symmetry engineering of (112)-LaAlO3/SrTiO; interface. a An atomic
sketch of the heterostructure of (112)-LaAlO5/SrTiO; system. b Top view of the Ti
atoms distribution along the [112] crystallographic direction. Only one mirror plane
is preserved, as shown in the dashed line. ¢, d The two-dimensional sketch of atomic
distribution along (c) [111] and (d) [110] in-plane directions. Black dashed lines
indicate the mirror planes in pristine SrTiO; crystals. Yellow arrows indicate the

out-of-plane polarity at the interface. Only My, aligns with the out-of-plane
polarity, thus preserves. e, f Atomic resolved ADF-STEM results show the interface
between LaAlO; and SrTiO; layers along the direction (e) [111] and (f) [110] in-plane
directions. Yellow dashed lines indicate the preserved mirror symmetry Mo, in (€)
and the broken mirror symmetry M;; and Mgy in (f).
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Fig. 2 | Conductivity, CPGE, and magnetization generation at (112)-LaAlO3/
SrTiO; interface. a Sheet resistance R; as a function of temperature along two in-
plane orthogonal directions. The inset shows the temperature-dependent carrier
density and mobility obtained by traditional Hall measurements in the direction
[110]. b, ¢ Circular photogalvanic effect studies of (112)-LaAlOs/SrTiOs in the in-
plane direction (b), [110] and (c), [111]. d Kerr rotation 6 as a function of current

amplitude in directions of [110] and [111]. e Mapping images of 6y across a 10 pm-
width channel at a current density of / =2A/m (20 pA) in the direction of [110}.
f The line scan of 6 in the direction of [110] and [111] at a current density of
J®=2A/m. The error bar of each data point is statistically calculated over 600
measurement values.

accompanies a potential gradient along the out-of-plane direction,
making the interface of polar nature % (see Supplementary Note 2 for
discussion on the interfacial polarity). A distinctive feature of the (112)-
orientation is that only the M;;; mirror symmetry of SrTiOs crystal is
preserved as it aligns with the out-of-plane direction, i.e., the interface
polarity (Fig. 1a, b). In contrast, all the other intrinsic mirror symme-
tries of pristine SrTiO5, such as My;;o; and Moy, intersect with the out-
of-plane polarity and are consequently broken at the interface region
(see Fig. 1c, d). Thus, the (112)-interface possesses only one mirror
plane, resulting in the C, point symmetry group (see Supplementary
Note 3 for further discussion on the mirror symmetry). Note that one
can further remove the residual mirror symmetry by using a different
orientation (LXY) wherein X#Y#1. Detailed mathematical analysis of
the mirror symmetry breaking at the (11X)-interface is given in the
Methods section.

The atomic arrangement at the engineered interface was char-
acterized by scanning transmission electron microscopy (STEM). Fig-
ure le, f correspond to annular dark field (ADF) STEM images of the
(112)-LaAlO4/SrTiO5 thin film along [111] and [110] in-plane directions,
respectively. The atomic arrangement visualized by STEM is consistent
with the model shown in Fig. 1c, d. The mirror-symmetrical arrange-
ment of atoms is clearly shown in the (111)-plane corresponding to the
M1, symmetry (Fig. 1e), whereas the tilted atomic arrangement in the
(110) cross-section plane confirms the absence of mirror symmetry
therein (see Fig. 1f).

To confirm that a metallic interface with a monoclinic C; sym-
metry is formed at the (112)-LaAlO3/SrTiO3 heterostructure, we mea-
sured the temperature dependence of its sheet resistance R, and the
Hall effect. Sheet resistance R along both [110] and [111] in-plane
directions show the metallic behavior with R, decreasing with tem-
perature down to ~20 K (Fig. 2a). The small upturn of Rq is likely due to

the enhanced electron scattering at lower temperatures®**’. Notably,
R, shows different magnitudes along two in-plane directions in the
temperature range investigated, which is consistent with the in-plane
anisotropy of the designed symmetry. The Hall measurements (see
details in Supplementary Note 4) reveal that the carrier mobility is as
high as -500cm2V~1s~! and the carrier density decreases to
-1x10%cm=2 at low temperatures, which are similar to the canonical
low-Miller-index LaAlO5/SrTiO5 interfaces (inset of Fig. 2a)*.

To get an insight into the mirror symmetry breaking in the
designed (112)-interface, we have measured the CPGE on the same
samples by illuminating the surface using a circularly polarized 405 nm
laser beam with normal incidence (see Methods and Supplementary
Note 5). In this particular illumination condition, the CPGE current can
be generated only along the direction perpendicular to the mirror
plane. Consequently, if there are more than two in-plane mirror sym-
metries in the sample, there will be no in-plane CPGE current gener-
ated in the heterostructure. Figure 2b shows the photocurrent flowing
along the in-plane [110] direction (termed I[ﬁO ) as a function of 2%,
where 82" is the angle between the fast axis o%the quarter-wave plate
(QWP) and the polarization direction of the incident linear polarized
light. We extract the CPGE contribution by fitting this curve using'’:

Qwp _ BOff

)) +L sin(4(9 wr_ gt

I:Csin(z(e

Nt M

Where [ is the photocurrent, C and L denote the CPGE and linear
photogalvanic effect (see Methods) current amplitude, respectively;
6% is the angle between the fast axis of the QWP and the crystal-
lographic direction [liO] (see details in Supplementary Note 5). / is
the background photocurrent independent of the light polarization®.
This revealed a sizable CPGE current Cyjo) along the [110] direction
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with an amplitude of ~-0.4nA (Supplementary Note 5). In contrast,
there generates a negligible CPGE current (0.02 nA) along the [111]
direction (Fig. 2c), likely due to the misalignment of the electrodes.
Therefore, all the above results confirm a conductive layer with C;
symmetry emerging at the interface of two centrosymmetric insulators
with (112)-orientation.

The interface with such a low symmetry would inevitably possess
various physical effects that are normally absent in the well-studied
(001), (110) and (111)-orientations. We focus on three such effects
shown by the (112)-interface: the charge-to-magnetization conversion,
i.e., the inverse spin-galvanic effect, the nonlinear Hall effect and the
quantum geometric feature of the electronic wavefunction at the
interface. These effects and properties are both of fundamental
interest and technological importance. The peculiarity of the present
(112)-interface is that a nonequilibrium magnetization with an out-of-
plane component can be generated by a current flowing in the [110] in-
plane direction (see Methods). Whereas the current flowing in the
perpendicular [111] direction can only generate an in-plane magneti-
zation, as happens in the conventional (001), (110) and (111)-orienta-
tions. The current-induced out-of-plane magnetization in the (112)-
interface is probed by the polar magneto-optical Kerr effect (MOKE).
The experimental setup is shown in Supplementary Note 6 and dis-
cussed in Methods. The MOKE signal, i.e., Kerr rotation 6y as a function
of the a.c. current amplitude is given in Fig. 2d (see Methods). A sizable
MOKE signal appears when the current runs along the [liO} direction,
of which the magnitude increases almost linearly with the current
density. In contrast, only a small background noise signal is shown
when the source current is driven along the [111] direction or other
orientation interfaces, which is in line with the theory (Supplementary
Note 7). A spatial distribution of the out-of-plane magnetization has
been probed by mapping the polar MOKE signal across the Hall bar
(Fig. 2e). Clearly, the almost uniform out-of-plane magnetization is

generated over the Hall bar (also see Fig. 2f for line scan results). This is
distinctive from the spin/orbital Hall effect that only generates a polar
MOKE signal with the opposite sign at the edges of the bar®. Such a
current-induced out-of-plane magnetization can be potentially used to
switch magnetization by spin-orbital torque.

In addition to the magnetization that is linearly proportional to
current, a nonlinear Hall voltage also develops across the Hall bar of
the (112)-oriented conductive interface with a quadratic dependence
on the current. To characterize this nonlinear transport, we employed
two standard Hall bar devices aligned along the two main in-plane
crystallographic axes, i.e., [110] and [111] (Fig. S11). With an a.c. current
12" Injected, both first- and second harmonics of longitudinal V,, and
transversal voltages V,, of the Hall bar are measured using a lock-in
amplifier (see Methods). In the case of the conductive interface with
C,-symmetry, a nonlinear Hall voltage can be generated only along the
[111] direction driven by an a.c. current flowing along the [110] direc-
tion. Figure 3a shows the room temperature second harmonic Hall
voltage Vﬁ;’ increases quadratically with /2 //[110], reaching a value of
10 pV driven by /¢ with an amplitude of 0.5 pA. The magnitude and
phase of Vﬁ;’ are almost independent of the frequency of 1, excluding
the contribution of capacitive coupling and thermal-related effect
(Fig. S11). Moreover, the sign of Vf(;’ reverses when the bias direction
and the Hall voltage probe switch simultaneously.

In addition, the electronic transport of the (112)-orientation shall
be strongly anisotropic. To show this, we characterized the tensorial
nature of the transport properties of the C,-electron gas using a disc-
style electrode with an angle interval of 22.5°, which allows us to drive
1% along various in-plane directions with an angle of 6 (Fig. S12). The
two-fold angle-dependent in-plane resistance agrees well with the C;
symmetry (see Methods). Meanwhile, the /¥ direction dependence of
the nonlinear Hall voltage normalized by the square of the driven
voltage (i.e. Vf(;’ /(V2)?) shows a one-fold angular 8 dependence,
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which is similar to that of WTe, (Fig. 3b). This dependence can be well
fitted by the formula derived by symmetry-based phenomenological
analysis (see Methods).

To compare with all other systems, the NLHE coefficient is defined
as E2 /(E%,)” with E2 denotes the field induced by the Hall voltage and
EY, refers to the longitudinal driving electric field. For our particular
case, the NLHE exhibits three important features: (i) a remarkably wide
temperature range, (ii) a very high value of the NLHE coefficient, and
(i) tunability by crystal orientation. Firstly, the NLHE persists in a wide
temperature range from 3K to 475K (Fig. 3c). With decreasing tem-
perature from 475K to about 100K, the NLHE coefficient keeps
decreasing and finally reaches nearly zero. This might be due to the
decreased electron density in the conduction band that shifts the
Fermi level from the e, band towards the lower a;, band with a
decreased magnitude of BCD as discussed later. Further reducing the
temperature to 3K, the NLHE coefficient bounces back to a value
slightly higher than the (111)-oriented system and comparable to Bi,Se;
(Fig. 3c and Fig. S14). The temperature-dependent behaviour differs
from twisted graphene®, PbTaSe,* and other 2D materials, of which
the NLHE shows a monotonic dependence on the temperature (see
discussion in Supplementary Notes 10 and 11). The very high tem-
perature range approaching 500 K sets a new remarkable benchmark
in both the operational temperature range and the NLHE coefficient
value, outperforming all previously reported materials.

As mentioned, all the (11X) crystallographic oriented interfaces
shall also show similar mirror symmetry breaking. Therefore, in addi-
tion to the (112)-orientation, we have explored LaAlO5/SrTiO; hetero-
structures with (113) and (114) orientations (Fig. 3d). All these oriented
heterostructures possess conductive interfaces with C; symmetry and
exhibit sizable NLHE with the room temperature coefficient value
decreasing from (112) to (114). In contrast, NLHE vanishes in (001)-,
(110)- and (111)-oriented heterostructures at room temperature (Sup-
plementary Note 12). It is noted that defects such as oxygen vacancies
or zigzag patterns may form differently at particularly high Miller-
index interfaces during growth. However, as detailed in Supplemen-
tary Note 13, the fundamental origin of both the magnetization gen-
eration and the giant nonlinear transport is the designed symmetry
breaking imposed by crystallographic-orientation engineering.
Defects can influence the transport behavior, but their role is deriva-
tive—arising from, and modulated by, the underlying orientation-
induced symmetry engineering.

Under the relaxation-time approximation, there are three intrinsic
contributions to the second-order NLHE, i.e., the Berry-curvature
dipole (BCD) mechanism’, the quantum-metric dipole mechanism*,
and the Drude mechanism®. Although all three mechanisms require
inversion-symmetry breaking, the last two mechanisms require addi-
tional breaking of time-reversal symmetry, which is not the case for our
non-magnetic LaAlO5/SrTiOs. Thus, only the BCD can be the intrinsic
contribution to the NLHE.

Additionally, extrinsic contributions, including the side jump and
skew scattering, also play an important role in the NLHE of the (112)-
interface®. Detailed analysis of various contributions by the scaling law
is given in Supplementary Note 10. It indicates that the electrons of the
(112)-interface possess a substantial Berry curvature dipole in their
momentum space.

To gain an insight into the quantum geometrical feature of the
conductive (112)-interface, we have performed density functional
theory calculations to unravel its characteristics, especially the feature
of Berry curvature and BCD (see Methods). A superlattice structure
was used to model the (112)-LaAlO5/SrTiO; interface (see Supplemen-
tary Note 14). The space group symmetry of the entire superlattice
structure is Pm, corresponding to the C, point group symmetry, which
is consistent with that of the (112)-oriented interface under con-
sideration. Our calculations reveal the formation of 2DEG at the
interface of the (112)-LaAlO3/SrTiO3 superstructure. The conductive

properties of the 2DEG are predominantly contributed by the Ti-3d
(dyy, dy, and d,,) orbitals at the n-type interface (see Supplementary
Note 14). The three main bands near the I' point in the K, plane of the
3D band structure is shown in Fig. S20 and a 2D band structure with
Berry curvature Q,, is shown in Fig. 4a.

For the 2DEG at the (112)-oriented interface, the breaking of
inversion symmetry (P) leads to a nonzero local Berry curvature (Q2), and
the time reversal symmetry dictates that Q,(—k)= — Q, (k). Further-
more, the mirror symmetry M), requires Q, kx,kyi) = = Q,(ky, — k).
Here, the x, y, and z axes correspond to the [111], [110], and [112]
crystallographic directions, respectively. Figure 4b illustrates the
k-space distribution of the Q,, clearly consistent with the symmetry
analysis. It is highly nonuniform, with hot-spot areas near Fermi lines.
More precisely, the Berry curvature exhibits a dipolar distribution about
k, =0, as allowed by the C; symmetry. Such texture can be captured by
the BCD, defined as:

d*k d*k Q" (k)
= - 3 : 2
Dez / m)? Dozt / Qm? 4 fn ok, 2)

where f,, denotes the Fermi distribution function for the n-th band.
The time reversal symmetry dictates that D(—k)=D(k); the C, point

group symmetry further requires that D,, (kx, ky> = — Dy, (k, —k))

and D), (kx,ky) =D,,(k,, — k). Consequently, only Dy, (k) can inte-

grate to a nonzero value over the Brillouin zone. In Fig. 4c, we illustrate
the k-space distribution of the D,,, which is consistent with the sym-
metry analysis, confirming the validity of our calculation. Similar to the
Berry curvature, larger D,, (k) appears near the Fermi lines. Notably,
D, reaches a sizable value near the Fermi lines and exhibits symme-
tries with respect to both k, =0 and k, =0, resulting in a finite BCD
integrated over the k-space. Since the BCD is a property of the Fermi
surface, it substantially depends on the position of the Fermi level in
the band structure, as shown in Fig. 4d. The BCD magnitude only
shows large values near the Fermi level, where two maxima of opposite
signs can be found. In contrast, D,, remains nearly zero across the
entire Fermi level, consistent with mirror symmetry M,,. Note that the
peak value of calculated BCD is at the same order of magnitude as that
of Weyl semimetal and topological insulators™">*’. Note that the role of
spin-orbit coupling in the geometric features has been discussed in
Supplementary Note 15.

In conclusion, we have demonstrated that the crystallographic
orientation engineering is a feasible approach to achieve a designed
interface symmetry in heterostructures, which allows the emergence
of otherwise forbidden physical effects at room temperature. The
(112)-oriented LaAlO3/SrTiO; conductive interface with C; symmetry
exhibits a giant nonlinear Hall effect driven by the large Berry curva-
ture dipole, current-induced out-of-plane magnetization and circular
photogalvanic effect, all generated by breaking the in-plane mirror
symmetry. The developed strategy is also applicable to other types of
heterostructures, including metal-oxide-semiconductor field-effect
transistors, tricolor superlattices and thin films with embedded
strain gradient or chemical component gradient. Thus, this work
opens a new material design realm that not only can be used to explore
a wide range of physical effects in a low-symmetric system, such as
superconductivity, opto-spintronics, spintronics, magnetoelectric and
ferroelectrics, etc., but also offers the prospects to bridge these
research fields that were largely decoupled before.

Methods

Sample and device preparation

To achieve the Ti-rich surface, (112)-SrTiO5 substrates were etched in
buffered oxide etchant (BOE) for 11 seconds and further annealed at
1000°C in air for 1h. LaAlO; thin films were epitaxially grown on
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Fig. 4 | Density functional theory calculations of the (112)-oriented LaAlO3/
SrTi0;. a 2D band structure and calculated distributions of Berry curvature Q,, red
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in k-space, respectively; the black curves represent the Fermi lines. d The Fermi
energy dependence of D, and D,, integration in k-space.

SrTiO; substrates using pulsed laser deposition (PLD) at 800 °C in an
oxygen pressure of ~ 0.01 Pa. The laser fluence was about 1//cm? and
the repetition rate was 2 Hz. After film growth, the samples were first
cooled down to 500 °C in the same growth oxygen pressure, then
subjected to 10-min in-situ annealing at ~100 Pa oxygen pressure to
compensate the oxygen vacancies in the SrTiO3 bulk. Finally, thin films
were cooled down to room temperature at the same ambient oxygen
pressure. We note here that different orientation LaAlO3/SrTiO3 thin
films were grown in the same PLD condition and have a similar thick-
ness of ~ 4 nm.

The photolithography technique was used to pattern Hall bar
(10 gm in width and 70 um in length) and disc devices. ~60 nm amor-
phous AlO, thin films grown by PLD at room temperature at an oxygen
pressure of 1Pa were used as hard masks, leaving the bare area of
SrTiO; substrate for the active-Hall bar device growth. Disc devices
were fabricated using the same method.

Scanning transmission electron microscopy

Scanning transmission electron microscopy (STEM) specimens were
prepared using Tescan Amber FIBSEM with standard lift out proce-
dures. The cross-section specimens were then prepared along <110>
and <111> directions. The specimens are polished using low accel-
erating voltage after thinning to remove debris and amorphized
region. Atomic-resolution STEM images were acquired using a double

aberration-corrected JEOL ARM200F working at 200kV. A probe
forming a convergence semi-angle of 23 mrad was used to obtain
STEM images. Annular dark field (ADF) images were formed using the
signal collected from the semi-angle range 45 to 180 mrad.

Circular photogalvanic effect measurements

A homemade optoelectronic measurement setup equipped with
optical instruments microscopy cryostat was used for circular
photogalvanic effect studies (Fig. S6 and S7). A polarised 405 nm
laser (~37 mW nominal power) was employed to generate linearly
polarised light. A quarter wave-plate (QWP) was used to vary
the light polarization. The photocurrent was read by a transimpe-
dance amplifier and digitized by a data acquisition system. It was
further used to record the photovoltage as a function of the
QWP angle.

Magneto-optical Kerr effect studies

The Magneto-optical Kerr effect (MOKE) measurements (Fig. S9) were
conducted in a dark environment with the temperature of optical
components well controlled by a home-made system (within + mK
fluctuation). A 632 nm HeNe laser (power of ~3.5mW) linearly polar-
ized by a Glan-Taylor Calcite polarizer was used as an excitation
source. An objective lens (x20) focused the laser onto the sample,
producing a laser spot of about -1 pum. After being reflected from the
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sample, the light was collected by the objective lens and further passed
through the half-wave plate and then split by a Wollaston prism into
two beams, i.e., reference and signal. For a better common-mode
rejection performance, we adjusted the ratio between the power of
the reference and signal to ~1.9:1 via the half-wave plate. An auto-
balanced detector was employed to analyze the intensity difference
between light paths. To further enhance the signal-to-noise ratio, we
have employed an a.c. source to drive the current and analyze the
auto-balanced detector signal by a lock-in amplifier. Each data point
shown in Fig. 2d-f was statistically calculated from a-~15min mea-
surement duration with at least 600 data points. The Kerr rotation
angle was calculated following the method reported in the
reference®. We note here that the MOKE sensitivity probably arises
from four factors: (1) the finite extinction ratio (100000:1) of the
Wollaston prism placed before the balanced detector and (2) the
intrinsic offset/noise and finite resolution of our lock-in amplifier. (3)
The electromagnetic cross-talk between different electronic com-
ponents in our home-designed MOKE system. (4) The He-Ne laser
used in our system exhibits a sizable fluctuation of power and
polarization.

Electronic transport measurements

LaAlO5/SrTiO3; samples were mounted on the chip carrier using
conductive silver paste. The Hall bars and disc bars were connected
to the chip carrier with aluminum wires penetrating through the
LaAlOj; thin film using the ultrasonic wedge-bonding technique. An
a.c. current / (w is typically 17.7 Hz in this study) was sourced along
the desired crystallographic direction to perform the nonlinear
transport measurement. Lock-in techniques were used to simulta-
neously measure the first- and second- harmonic voltage drops. A
low temperature magnetic measurement system with an insert was
used for the transport measurements between -2K and 300K; a
microscopy cryostat with temperature controller was employed to
measure the nonlinear transport at high temperatures up to 475K.
The temperature-dependent NLHE measured (V¥, and Vf(;’) con-
tinuously by heating the sample at a rate of 3 K/min with the ac
current biased.

Mathematical analysis of the symmetry evolution at the
orientation-engineered interface

How the interface symmetry evolves by varying heterostructure
orientation can be analyzed by matrix calculation. For simplicity, we
will focus on mirror symmetry here. Regarding the SrTiO; crystal
of 0, point symmetry, it has three axial mirror Myoo; and six
diagonal mirror planes My;0; of which the matrix can be respectively
given as:

100 1 0 0 10 0
Myoo=| 0 1 0|Mgg=|0 -1 0|Mgy=|0 1 0
0 0 1 0 0 1 0 0 —1|
0 -10 010 1 0 0]
Mug=|-1 0 0|Myg=|1 0 0|Mgy=|0 0 -1
0 0 1 001 0 -1 0|
100 0 0 -1 00 1
Mey=[0 0 1|[Mypy=[0 1 0 |Myy=|0 1 0
010 10 0 1 00

The coordinate of the above matrices is in the default cubic lattice
and the subscript of M, represents the normal direction of the

mirror plane. The potential gradient developed at the LaAlO5/SrTiO;
heterostructure interface can be represented by a vector, of which
direction is determined by the crystallographic orientation (11LX) with
X being an integer and X >2. Thus, the interface polarity can be
expressed as [11X]. To check whether a mirror plane persists in
(11X)-oriented interface, one can perform the mirror reflection
operation on the vector [1LX]". If the [ILX]" retains intact, the mirror
plane is preserved in the interface; otherwise, it is broken at the
interface. Based on such a simple principle, we can see that only the
M 10, Plane survives, since:

010
Myio[1X)"= |1 0 0 3)
0 01

1 1
1 1
X X
Whereas all the other mirror symmetries are broken. Take My, as an
example:

0 -1 071 -1
My [1X]" = | -1 0 1|=]-1|#1x" 4)
0o 0 1]|]|x X

This principle is also applicable to the rotation symmetry. One can
find that all the rotation symmetry operations in the pristine SrTiO;
lattice are broken at the (11X)-LaAlO3/SrTiOs. Thus, the symmetry of
studied (112)-LaAlO5/SrTiO3 is reduced to C. Furthermore, if one
chooses an orientation as (LXY) with XzY#1, all the mirror reflection
symmetry and rotation symmetry are broken, leading to the symmetry
of C;.

Phenomenological theory of circular photogalvanic

effect (CPGE)

To understand the CPGE with regard to the crystallographic direc-
tions, the classical phenomenological theory is employed. The
general expression of the photogalvanic effect (PGE) current is
written as®:

_ * . C *
l; _I[ight(ﬁz‘kejek +iBer > e) )

where /; is the photocurrent in the i direction, /4, is the intensity of
the light, ,Bf,-k and B are the third and second order tensors
describing the linear and circular PGE effect, respectively. ¢; and ¢,
is the electrical field of the propagating light, €, is the conjugate of
;. The tensor elements of both linear photogalvanic effect (LPGE)
and circular photogalvanic effect (CPGE) are nonzero only in
asymmetric materials. Due to the symmetry nature of the 3™ rank
tensor of crystals, the LPGE tensor of Cs point group material can be
written in the form of 3x6 tensor with 10 independent nonzero
elements:

By B, Bs O B O
Bi=| 0o o o g, 0 p (6)
By By B 0 Bis 0

The CPGE tensor of C, point group material has 4 nonzero inde-
pendent elements and is expressed as:

0o £ o
Bi=| 85 o B @)
0 B
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A mixed linear-circular polarised light was generated by the laser
and QWP, and hence, the expressions for LPGE and CPGE are:

sinZ(ZGQWP )
QWP
B By By 0 f 0| cos’(26”)
IL:IIightﬁ;kejek:llight o 0 o g, o g 0
By By By O B O g
%sin(4BQWP )
(8)
0 g5 0 0
. oC .
1= Lignei Biex <€ =ligne | B5; O f5, 0 " 9
0 £ o —sin(26%"")

whgre %" is the QWP rotation angle O* =0 is in the direction
[111]). The total current comprises both linear and circular PGE cur-
rents running along [110] and [111] is expressed as:

1 . .
Iio) = liigne <§ﬁ56 sin(46%"") — s, Sln(ZGQWP)> (10)
I _ 1/ L L L GQWP L eQWP 11
[ui] = 5 'iighe (ﬂu + B, — By cos (4 ) + Py, cos(4 )) an

Hence, CPG current flows only in the [110] direction, while LPG
current exists in both [110] and [111] directions.

Phenomenological theory of the charge-to-magnetization
conversion
The current-induced nonequilibrium magnetization can be phenom-
enologically described by inverse spin-galvanic effect, i.e., by the
formula™:

M;=v;J; (12)
Where M; is the magnetization in the direction i, y; is the second order
axial tensor sharing the same symmetry form with the CPGE tensor and
J; is the electric current density in the direction j. When an in-plane
current (/,,/,, 0) is applied to the conductive interface, the induced
magnetization is thus given as:

0 vy O\ [/ Vidy
Mi=|Va O v ||y Yalx (13)
0 vn O 0 Vi),

Hence, current along x ([llﬂ) only generates an in-plane magne-
tization M, =y,/,, while the current along y ([110]) generates an in-
plane magnetization M, =y;,/, and an out-of-plane magnetization
M, =y3,/,. Only the out-of-plane magnetization was detected in our
polar-MOKE setup.

Phenomenological theory of nonlinear transport properties

To understand the tensorial feature of the nonlinear transport of
C,-2DEG, we performed the phenomenological analysis. Generally, the
second-order nonlinear Hall effect current induced by the electrical
field £ is expressed as:

NLHE

Ja =Xa/§yEﬁEy (14)

Where 3, is the nonlinear susceptibility tensor, and is expressed as a
3 x 6 tensor with 10 non-zero independent elements, similar to the

linear PGE tensor:

dll d12 d13 0 dlS O
Xx=| 0 0 0 dy 0 dy (15)
d3l d32 d33 0 d35 0

When an electrical field is applied to the 2D system
E,= (EX,Ey, O), the resultant NLHE current is expressed as:

EY
E dyE? +dp, 2
dy dp dz 0 ds O Y ufx Tapky
MHEZ1 0 0 0 dy O dy g =|  2dyEE,
dy dy diz 0 dy O 0 d31E)2(+d32Ej
2E,E,
(16)
Considering the general resistance anisotropy of C, sym-
pu 0 pp3
metry p=( O p,, O |, the NLHE electrical field then is
Pz 0 p33
expressed as:
Pu (dnf;zc + dlzsz;)
Ex*E=piyt = py <2d26EXE y) 17)
P33 <d315)2( + d32£§)

Where specifically, py;, p»,, and ps; refers to the resistivity in the main
axis direction [110}, [111] and [112]. In our experiments, an in-plane
( sinf )
current is sourced, read as: /,=/| cos@ |, where 6 is the angle away
0

from the mirror line.

Py Sin@
Because E,=p/, =/ | pycos@ |,thenonlinear Hall electrical field
0

orthogonal to the source current is then expressed as:

EY?E=py sin @ [(d 12+ 2d56)p5°sin*6 + dyy py; *cos’ 6] as)
Hence, we have
ENLHE - pysin6 {(dlz +2d,5)pp?sin* 0+ dupuzcosze}
L. LV
/! (pnsin 6+ p,,cos? 9)
YNHE  Wpy sin@ [(dlz +2d,6)p2,%sin* 6+ dupnzcosze] 20)

2 2
Vi 12 (pn sin’0+ p22c0526>

Where, L and W are the Hall bar length and width.
Meanwhile, we have the first-order electrical field parallel and
perpendicular to the current direction are expressed as:

E; =) (pysin@x sin@+p,, cosx cos ) =/ (pusinze +p22c0526)
21

E, =J(py sin@x cos @ — p,, cosOx sin@) =J(py, — py,) sin6 cos 6
(22)
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The resistivities of two-fold angular dependence are expressed as:

py= (pusinze +py,COS? 6) (23)

p.=(pu — px)sinfcosd (24)

First-principles calculations

The density functional theory (DFT) modeling of SrTiOs/LaAlOs
interfaces has been extensively studied in the literature®*°. In the
structural modeling process, we first performed a full structural opti-
mization of SrTiO3, which was then used as the framework for con-
structing the superlattice. The resulting (112)-SrTiO5(s5/LaAlO5s)
superlattice structure, as shown in Fig. S20, was constructed with one
interface chemically modified by substituting an Al atom with a Ti
atom, thereby introducing an n-type chemical intermixing at the
interface. The other interface was left unmodified to serve as a control.
Subsequently, a full relaxation of both the lattice and ionic positions
was carried out, allowing the structure to relax freely along the z-axis
while keeping the xy-plane constrained.

The DFT calculations were performed using the Vienna Ab initio
Simulation Package (VASP)*, adopting the Perdew-Burke-Ernzerhof
(PBE) form of the generalized gradient approximation (GGA) for the
exchange-correlation functional*’. The kinetic energy cutoff for the
plane-wave basis was set to 450 eV. To account for the on-site Cou-
lomb interactions, the GGA + U method was employed*’, with U=11eV
and ] =0.68 eV for the f orbitals of Sr, and U=5¢eV and J=0.64 eV for
the d orbitals of Ti. The larger U value for Sr was chosen to prevent the
incorrect mixing of its f orbitals near the Fermi level**. Brillouin zone
integrations were carried out using the Monkhorst-Pack scheme with a
k-point grid of 9 x13 x 3. To facilitate high-precision calculations, the
energy convergence criterion for the electronic self-consistency was
set to 1077 eV.

To obtain a high-density sampling of the electronic structure in k-
space, the WANNIER90 package was employed to compute the maxi-
mally localized Wannier functions (MLWFs) and perform Wannier
interpolation*>*. The MLWFs were constructed based on the non-self-
consistent field (NSCF) calculation results from VASP, utilizing 360
random initial guess orbitals. Additionally, 40 extra NSCF bands were
included to facilitate the disentanglement procedure. The BC Q(k) is
calculated as follows:

Qy(k) = eaﬁyQaﬁ(k) = Z Qn, aﬁ(k) = —2lm Z an

n m#n

(Pn(K)[g [P (K)) () |v5] P (K))
(Em(K) — En(K))?

Where, n and m donate the band indices, f, represents the Fermi-Dirac
distribution function of the n-th band, v,(a=x,y,2) is the velocity
operator, @, (k) and E (k) are the Bloch wave function and energy of
the n-th band at wave vector k respectively. It should be noted that
Q,,, represents the Berry curvature contribution from the n-th band at
a given k-point, which corresponds to the results shown in Fig. 4b.
Meanwhile, Q, denotes the integration of Q,, ,, over all Fermi-occupied
states, corresponding to the results presented in Fig. 4c.
The calculation of the BCD, D, follows

oF, )
D= [lauDgio= [ S Grral(<F2) o)

25

Here, the Fermi-Dirac distribution function, f, is given by

foB)=—— L @7

T eE-w/ksT +1

where 1 is the chemical potential, kg is the Boltzmann constant, and T
is the absolute temperature. As T approaches zero, — aa—g’ converges to
6(E — p), which is approximated in numerical calculations using a
reasonable Gaussian smearing. The above calculation of BCD differs
from the experimental data, which is further discussed in Supple-

mentary Note 15.

Data availability

The source data underlying all main manuscript figures are provided
with this paper. All other data that support the findings of this study
are available from the corresponding authors upon request. Source
data are provided with this paper.

References

1. Avsar, A. et al. Colloguium: Spintronics in graphene and other two-
dimensional materials. Rev. Mod. Phys. 92, 021003 (2020).

2. Xiao, D., Chang, M.-C. & Niu, Q. Berry phase effects on electronic
properties. Rev. Mod. Phys. 82, 1959-2007 (2010).

3. Vanderbilt, D. Berry phases in electronic structure theory: electric
polarization, orbital magnetization and topological insulators
(Cambridge University Press, 2018).

4. Xiao, D., Shi, J. & Niu, Q. Berry phase correction to electron density
of states in solids. Phys. Rev. Lett. 95, 137204 (2005).

5. Nagaosa, N., Sinova, J., Onoda, S., MacDonald, A. H. & Ong, N. P.
Anomalous Hall effect. Rev. Mod. Phys. 82, 1539-1592 (2010).

6. Belinicher, V. I. & Sturman, B. |. The photogalvanic effect in media
lacking a center of symmetry. Sov. Phys. Usp. 23, 199 (1980).

7. Shalygin, V., Sofronov, A., Vorob’ev, L. & Farbshtein, I. Current-
induced spin polarization of holes in tellurium. Phys. Solid State 54,
2362-2373 (2012).

8. Ganichey, S. D. et al. Spin-galvanic effect. Nature 417,

153-156 (2002).

9. Sodemann, I. & Fu, L. Quantum nonlinear Hall effect induced by
Berry curvature dipole in time-reversal invariant materials. Phys.
Rev. Lett. 115, 216806 (2015).

10. Son, J., Kim, K.-H., Ahn, Y., Lee, H.-W. & Lee, J. Strain engineering of
the Berry curvature dipole and valley magnetization in monolayer
MoS,. Phys. Rev. Lett. 123, 036806 (2019).

1. Dyakonov, M. I. & Khaetskii, A. Spin physics in semiconductors. 157
(Springer, 2008).

12. Yu, G. et al. Switching of perpendicular magnetization by spin-orbit
torques in the absence of external magnetic fields. Nat. Nanotech.
9, 548-554 (2014).

13. Ma, Q. et al. Observation of the nonlinear Hall effect under time-
reversal-symmetric conditions. Nature 565, 337-342 (2019).

14. Kang, K. F., Li, T. X., Sohn, E., Shan, J. & Mak, K. F. Nonlinear
anomalous Hall effect in few-layer WTe,. Nat. Mater. 18,

324-328 (2019).

15. Kumar, D. et al. Room-temperature nonlinear Hall effect and wire-
less radiofrequency rectification in Weyl semimetal TalrTe,. Nat.
Nanotechnol. 16, 421-425 (2021).

16. Ho, S. C. et al. Hall effects in artificially corrugated bilayer graphene
without breaking time-reversal symmetry. Nat. Electron. 4,

116-125 (2021).

17. Duan, S. et al. Berry curvature dipole generation and helicity-to-spin
conversion at symmetry-mismatched heterointerfaces. Nat. Nano-
technol. 18, 867-874 (2023).

18. Akamatsu, T. et al. A van der Waals interface that creates in-plane
polarization and a spontaneous photovoltaic effect. Science 372,
68 (2021).

19. Min, L. et al. Strong room-temperature bulk nonlinear Hall
effect in a spin-valley locked Dirac material. Nat. Commun.
14, 364 (2023).

20. Cady, W. G. Piezoelectricity: An Introduction to the Theory and
Applications of Electromechanical Phenomena in Crystals, Revised

Nature Communications | (2026)17:361


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-66149-1

Edition in Two Volumes, Dover edn, 2018 edn (Dover Publications,
Inc., 2018).

21. Ohtomo, A. & Hwang, H. Y. A high-mobility electron gas at the
LaAlO5/SrTiO5 heterointerface. Nature 427, 423-426 (2004).

22. Vaz, D. C. et al. Mapping spin-charge conversion to the band
structure in a topological oxide two-dimensional electron gas. Nat.
Mater. 18, 1187-1193 (2019).

23. Wang, S. et al. Circular photogalvanic effect in oxide two-
dimensional electron gases. Phys. Rev. Lett. 128, 187401 (2022).

24. Lesne, E. et al. Designing spin and orbital sources of Berry curvature
at oxide interfaces. Nat. Mater. 22, 576-582 (2023).

25. Gabel, J. et al. Interface band engineering in LaAlO3/SrTiO3 het-
erostructures. Phys. Rev. B 108, 045125 (2023).

26. Son,W.J., Cho, E., Lee, J. & Han, S. Hydrogen adsorption and carrier
generation in LaAlO3-SrTiO5 heterointerfaces: a first-principles
study. J. Phys. Condens. Mater. 22, 315501 (2010).

27. Delugas, P. et al. Spontaneous 2-dimensional carrier confinement at
the n-type SrTiOs/LaAlO; interface. Phys. Rev. Lett. 106,

166807 (2011).

28. Brinkman, A. et al. Magnetic effects at the interface between non-
magnetic oxides. Nat. Mater. 6, 493 (2007).

29. Herranz, G. et al. High mobility in LaAlO3/SrTiO3 heterostructures:
Origin, dimensionality, and perspectives. Phys. Rev. Lett. 98,
216803 (2007).

30. Choi, Y.-G. et al. Observation of the orbital Hall effect in a light metal
Ti. Nature 619, 52-56 (2023).

31. Du, Z.Z., Wang, C. M,, Lu, H. Z. & Xie, X. C. Band signatures for
strong nonlinear Hall effect in bilayer WTe,. Phy. Rev. Lett. 121,
266601 (2018).

32. Duan, J. et al. Giant second-order nonlinear Hall effect in twisted
bilayer graphene. Phys. Rev. Lett. 129, 186801 (2022).

33. ltahashi, Y. M. et al. Giant second harmonic transport under time-
reversal symmetry in a trigonal superconductor. Nat. Commun. 13,
1659 (2022).

34. Gao, Y., Yang, S. A. & Niu, Q. Field induced positional shift of Bloch
electrons and its dynamical implications. Phys. Rev. Lett. 112,
166601 (2014).

35. Wang, C., Gao, Y. & Xiao, D. Intrinsic nonlinear Hall effect in anti-
ferromagnetic tetragonal CuMnAs. Phys. Rev. Lett. 127, 277201
(2021).

36. Du,Z.Z.,Wang, C.M. X, Li,S., Lu, H. Z. &Xie, X. C. Disorder-induced
nonlinear Hall effect with time-reversal symmetry. Nat. Commun.
10, 3047 (2019).

37. Sinha, S. et al. Berry curvature dipole senses topological transition
in a moiré superlattice. Nat. Phys. 18, 765-770 (2022).

38. Li, J. et al. Shot-noise-limited optical Faraday polarimetry with
enhanced laser noise cancelling. J. Appl. Phys. 115, 103101
(2014).

39. Gonzalez, D. G., Wang, G., Yang, P. & Batista, E. R. First-principles
modeling of conductivity at the (001), (110), and (111) SrTiO3/LaAlO5
heterointerfaces. Phys. Rev. B 104, 155306 (2021).

40. Beltran, J. I. & Mufoz, M. C. Tunable correlated-electron phases in
(111) LaAlO3/SrTiO3 band insulator heterostructures. Phys. Rev. B
95, 245120 (2017).

41. Hafner, J. Ab-initio simulations of materials using VASP: Density-
functional theory and beyond. J. Comput. Chem. 29,

2044-2078 (2008).

42. Perdew, J. P., Burke, K. & Ernzerhof, M. Generalized
gradient approximation made simple. Phys. Rev. Lett. 77,
3865 (1996).

43. Liechtenstein, A., Anisimov, V. |. & Zaanen, J. Density-functional
theory and strong interactions: Orbital ordering in Mott-Hubbard
insulators. Phys. Rev. B 52, R5467 (1995).

44. Okamoto, S., Millis, A. J. & Spaldin, N. A. Lattice relaxation in oxide
heterostructures: LaTiO3/SrTiO3 superlattices. Phys. Rev. Lett. 97,
056802 (2006).

45. Mostofi, A. A. et al. wannier90: A tool for obtaining maximally-
localised Wannier functions. Comput. Phys. Commun. 178,
685-699 (2008).

46. Pizzi, G. et al. Wannier90 as a community code: new features
and applications. J. Phys.: Condens. Matter 32, 165902
(2020).

Acknowledgements

We acknowledge the funding support from Hefei National Laboratory.
This work is supported by the Innovation Program for Quantum Sci-
ence and Technology (Grant No. 2024ZD0300104 and Grant No.
2021ZD0302801). Ana M Sanchez and Eoin Moynihan acknowledge
funding from the Engineering and Physical Sciences Research
Council (Grant No. EP/V028596/1). We are grateful to Hong-Tao
Yuan for insightful discussions and deeply appreciate Ling-Fei Wang,
Da-Zhi Hou, and Juan Jiang for their instrumental support in the early
stages of this project. We also thank Hefei Kejing Matl. Tech. Co., Ltd.
for providing SrTiO3 crystal substrates with different orientations, and
Anhui Epitaxy Technology Co., Ltd. for their technical support. Part of
this work was conducted at the Center for Micro and Nanoscale
Research and Fabrication at the University of Science and Technology
of China (USTC). We also acknowledge the technical support from the
Micro-Nano Fabrication and Quantum Device R&D Platform in Hefei
National Laboratory. Yi-Ning Xie acknowledges the financial support
from the China Scholarship Council - University of Warwick Joint
Scholarship.

Author contributions

M.-M.Y. conceived the idea and supervised the project. H.-B.Z. and M.-
M.Y. designed the experiments, established the measurement systems,
and developed the phenomenological theory. H.-B.Z. grew the samples,
fabricated the devices, and conducted the photocurrent, electrical
transport measurements and MOKE studies. H.-B.Z. also performed
X-ray diffraction and atomic force microscopy studies with assistance
from Z.-H.L. Y.-N.X. and E.M. carried out the STEM measurements under
the supervision of A.S. Z.-Y.D. constructed the model and performed
density functional theory calculations under the guidance of Y.G. and
W.Z.H.-B.Z., M.-M.Y., M.A. and Y.I. wrote the manuscript with input from
all authors.

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-025-66149-1.

Correspondence and requests for materials should be addressed to
Yang Gao or Ming-Min Yang.

Peer review information Nature Communications thanks Lingling Tao,
and the other, anonymous, reviewer(s) for their contribution to the peer
review of this work. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Nature Communications | (2026)17:361

10


https://doi.org/10.1038/s41467-025-66149-1
http://www.nature.com/reprints
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-66149-1

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2025

Nature Communications | (2026)17:361


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Magnetization generation and giant nonlinear transport at symmetry-engineered interfaces
	Results and Discussions
	Methods
	Sample and device preparation
	Scanning transmission electron microscopy
	Circular photogalvanic effect measurements
	Magneto-optical Kerr effect studies
	Electronic transport measurements
	Mathematical analysis of the symmetry evolution at the orientation-engineered interface
	Phenomenological theory of circular photogalvanic effect (CPGE)
	Phenomenological theory of the charge-to-magnetization conversion
	Phenomenological theory of nonlinear transport properties
	First-principles calculations

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




