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Quantum geometry provides an intrinsic framework for characterizing the geometric structure of quantum
states. It highlights its relevance to various aspects of fundamental physics. However, its direct implications
for magnetic phenomena remain largely unexplored. Here, we report the observation of electric-field-induced
nonlinear magnetization in the nonmagnetic semimetal WTe, by using a second-harmonic magneto-optical
Kerr effect (SMOKE) spectroscopy. We observe a robust nonlinear SMOKE signal that scales quadratically
with current and persists up to 200 K. Theoretical modeling and scaling analysis indicate that this nonlinear
magnetization is dominated by the orbital contribution and is intrinsically linked to the quantum Christoffel
symbol. Just as the Christoffel symbol is a fundamental quantity encoding spacetime geometry in Einstein’s
general relativity, our work establishes a direct link between quantum geometry and nonlinear magnetization,
and provides a geometric perspective for designing future orbitronic devices.
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Introduction. Quantum geometry (g — i€2/2) characterizes
the distance between quantum states in parameter space [1-3].
Its imaginary part corresponds to the Berry curvature €2,
which quantifies the phase distance, while its real part defines
the quantum metric g, quantifying the amplitude distance.
Recent studies have highlighted its pivotal role in a range
of phenomena [4-6], including flat-band superconductors
[7-11], fractional Chern insulators [12—14], and nonlinear
transport [15-24]. In the area of magnetic responses [25-38],
the Berry curvature provides a well-established description of
linear magnetization (M o< E, where M is the magnetization
and E is the electric field) [39-50]. Nevertheless, the influence
of the quantum metric g on magnetic responses, especially in
the nonlinear regime (M o« EE), remains largely unexplored.
This gap stems from the difficulty of detecting weak magnetic
signals and the lack of a systematic theory for higher-order
effects.

In this Letter, we report the observation of electric-
field-induced nonlinear magnetization in the nonmagnetic
semimetal WTe,. This was achieved by developing a
high-sensitivity SMOKE spectroscopy that employs lock-in
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detection to isolate the second-harmonic Kerr signals from
background noise [Figs. 1(a) and 1(b)]. Therefore, this
technique extends conventional magneto-optical Kerr effect
(MOKE) [51-56] into the nonlinear regime. We observed a ro-
bust SMOKE signal that scales quadratically with the applied
electric field up to 200 K. Symmetry analysis and theoretical
calculations further reveal that this nonlinear magnetization is
dominated by orbital contribution, which can be heuristically
understood through the field-induced deformation of Bloch
wavepackets [Fig. 1(c)]. Strikingly, this deformation is fun-
damentally governed by a geometric quantity, the quantum
Christoffel symbol, which is directly related to the quantum
metric g [Eq. (4)]. The additional scaling analysis shows that
the experimental data are in good agreement with theoretical
predictions across a broad range of temperatures.
Demonstration of mirror symmetry breaking. According to
the symmetry analysis presented in Sec. SI in the Supple-
mental Material [57], an out-of-plane nonlinear magnetization
M. induced by an in-plane electric field E, requires breaking
both the twofold rotational symmetries (C> and Cg) and the
mirror symmetries (M, and M,), where (a, b, ¢) represent
crystallographic directions. This requirement suggests that
multilayer Td-phase WTe,, a nonmagnetic semimetal, could
serve as a promising candidate. As shown in Fig. 2(a), ideal
multilayer WTe, preserves only a single mirror symmetry
M,. However, in realistic devices, this residual symmetry is
typically weakly broken due to interface and strain effects
[58-61]. To determine whether M, is similarly broken in our
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FIG. 1. SMOKE detection and quantum geometric nonlinear
magnetization. (a) Demonstration of second-harmonic nonlinear
magnetization M?® at frequency 2w induced by an alternating elec-
tric field E® at frequency o, i.e., (M>® ox E?E®). (b) Schematic of
SMOKE detection to the nonlinear magnetization, the red downward
(upward) arrow represents incident (reflected) light, the green arrow
represents induced magnetization with frequency 2w, and the purple
arrow represents applied alternating electric field with frequency w.
(c) Schematic of nonlinear magnetization origin. Orbital magneti-
zation arises from the self-rotation of Bloch wavepacket (circular
arrows) [15,39]. An applied electric field modifies the wave packets
(solid to dashed curves) and induces a nonequilibrium distribution.
This prevents the mutual cancellation of time-reversal counterparts
(red and blue), and leads to a quadratic electric-field dependence.

devices, we utilize the nonlinear Hall effect as a probe. Since
M, also forbids the nonlinear Hall response when the current
is applied along the b axis [16—18], the observation of such a
signal can provide direct evidence of M, breaking.

For the nonlinear Hall measurements, we utilized a de-
vice incorporating a ~7 nm thick Td-phase WTe, flake (Sec.
SII in the Supplemental Material [57]). The crystallographic
a axis was identified by combining optical microscopy of
the flake edges with high-precision polarized Raman spec-
troscopy (Figs. 2(b) and 2(c); Seec. SIII in the Supplemental
Material SIIT [57]). As shown in Fig. 2(d), the linear I-V
curves confirm high-quality Ohmic contacts. We then mea-
sured the nonlinear Hall responses along both the a and b axes
using the lock-in technique (Sec. SIV in the Supplemental
Material [57]). Clear signals of the nonlinear Hall effect were
observed in both directions [Fig. 2(e)]. Notably, although the
b-axis response is weaker than the a axis, its presence serves
as robust evidence for mirror symmetry (M,) breaking. This
establishes the Td-phase WTe, as an ideal platform to search
for the nonlinear magnetization.

Observation of nonlinear magnetization via SMOKE. Using
the same device as in the nonlinear Hall transport measure-
ments, we carried out the optical measurements. Figure 3(a)
depicts the polar Kerr setup for detecting out-of-plane mag-
netization. A linearly polarized laser beam was normally
incident and focused onto the sample with applied alternating
current (w=1.177 kHz). The Kerr rotation of the reflected
light was collected by a balanced detection system. A lock-in
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FIG. 2. Crystal structure and electrical transport properties of
WTe,. (a) The crystal structure of WTe,. The ideal crystal structure
of Td-phase WTe, only preserves a mirror symmetry M, (with the
mirror plane indicated by the dashed line). (b) Angle-dependent po-
larized Raman spectral intensity of a WTe, flake used in the device.
The measurements were obtained by rotating the laser polarization
with respect to the a axes. (c) Representative angle-dependent inten-
sities of the Raman peak at 212 cm™". (d) First-harmonic longitudinal
response V® with the alternating current applied along the a and b
axes. (e) Second-harmonic transverse response V2 with the applied
alternating current along the a and b axes (the horizontal coordinate
has been converted to the voltage). The dots represent the experimen-
tal data, and the solid lines represent the fitted quadratic curves. The
inset in (e) shows the measurement setup. Data in (d) and (e) were
collected at T = 8 K.

amplifier then demodulated this signal at the first-harmonic
frequency (w=1.177 kHz) to extract MOKE response, and
at the second-harmonic frequency (2w=2.354 kHz) to isolate
the SMOKE signal (see Sec. SV in the Supplemental Material
[57] for more details). To ensure consistency when switching
the current direction between crystallographic axes, the light
spot was precisely positioned at the central intersection of
the a and b axes [Fig. 3(b)]. Consequently, by combining a
stabilized tunable laser system with real-time intensity mon-
itoring and phase-sensitive lock-in detection, we achieved an
ultrahigh Kerr rotation resolution of down to 10 nrad.

As shown in Fig. 3(c) and Fig. S6(a) in the Supplemental
Material, MOKE measurements at 8 K show no detectable
signal with current applied along either the a or b axis. In
contrast, a pronounced SMOKE signal 62° emerges and ex-
hibits a clear quadratic dependence on the applied current
I [Fig. 3(d) and Fig. S6(b) in the Supplemental Material],
confirming the second-order nonlinear nature of the effect.
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FIG. 3. Observation of SMOKE and temperature dependence. (a) Optical path for polar Kerr measurements. (b) Optical image of the
WTe, device. The red arrow indicates the light spot. (c) The MOKE signal 8¢ as a function of current /¢, and there is no signal within

the measurement accuracy. (d) The SMOKE signal §2¢
Temperature dependence of the SMOKE from 8 K to 200 K.

Additionally, to examine the robustness of this effect, we
measured the temperature dependence of the SMOKE signal.
As shown in Fig. 3(e), 62 maintains a clear and robust pres-
ence across a broad temperature range from 8 to 200 K. This
observation particularly confirms the high thermal stability of
the nonlinear magnetization.

To rule out the alternative origins of the SMOKE signal
beyond the nonlinear magnetization, we performed a series
of control experiments. First, we confirmed the reproducibil-
ity across multiple WTe, devices from different batches. All
devices exhibited a clear SMOKE signal with no detectable
MOKE response, and in most cases, the SMOKE signal per-
sisted up to 200 K (Fig. S7 in the Supplemental Material
[57]). Second, to exclude current-induced heating effect, a
graphene control device of similar thickness was measured
under the same current range, but no SMOKE signal was
observed (see Sec. SVI in the Supplemental Material [57]).
Particularly, graphene possesses one of the largest third-order
nonlinear susceptibilities among all known two-dimensional
materials [62], making the absence of a SMOKE signal de-
cisive in ruling out a second-order electro-optic effect origin.
Finally, power-dependent SMOKE measurements showed no
variation with laser intensity, eliminating laser-induced heat-
ing effect (Sec. SVII in the Supplemental Material [57]).
Together, these control experiments confirm that the observed
SMOKE signal in WTe, originates from an electric-field-
induced nonlinear magnetization.

Quantum geometric origin of nonlinear magnetization. The
nonlinear magnetization induced by a low-frequency (~kHz)
alternating electric field can be generally expressed as

M*(t) = «E“(t)E“(1), (1

as a function of current I, the solid line represents a quadratic fit to the data. (e)

where M?“(t) = Re{Me?*'} is the magnetization oscillat-
ing at frequency 2w, E®(t) = Re{Ee'} is the electric field
applied at frequency w, and & = o + «© is the nonlinear
magnetization coefficient (a rank-three tensor), with S and O
denoting spin and orbital contributions.

By employing Boltzmann kinetics [63] in combination
with wavepacket dynamics [15,39], the nonlinear magneti-
zation coefficient «;j for a time-reversal-symmetric (non-
magnetic) system can be written as (see Sec. SVIII in the
Supplemental Material [57] for details)

aijp =t / [dK]AZX £y, 2)
where (i, j, k) denote the crystallographic directions (a, b, c),
7 is the relaxation time of conduction electrons, —e is electron
charge, [dK] represents Y d’k/(27)? with dimension d and
band index n, and fé denotes the derivative of the Fermi-Dirac
distribution with respect to the band energy. The full geomet-
ric information of the system is encoded in the quantity Ak
it is defined by A" = (F>7 + F>V )k, where FS© is the
spin/orbital polarizability tensor for the nth band [15,64], and
Vv, is the 1ntraband velocity. Explicitly, the expressions of F; "/

and > are given by
i (nlsilm)(m|0;H|n)
F3 = 2gugim C—o R
m#n m
; nm m|8 H|n) e )
FO J = —2Im Z ) ~ zklr,ikjv 3
m#n

where g is the Landé g-factor for spin, up is the Bohr
Magneton, 7 is the reduced Planck constant, s = 0/2 is
the dimensionless spin operator, |n) is the Bloch state,
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FIG. 4. Theoretical results and scaling analysis. (a) The evolution of Fermi surfaces at Fermi level ¢ = 0.25eV by breaking twofold
rotational symmetries (Cfv ») and mirror symmetries (M, ;) successively, the colorbar depicts the strength of A9 (b) Calculated nonlinear
magnetization coefficient o4, as a function of the Fermi energy 5. The green, red, and blue represent spin (x 10 for visibility), orbital, and
total contributions, respectively. The inset depicts the energy dispersion. The model parameters are v =1 eV nm, /v = 0.3, m = 0.1eV, and
b = 1eVnm? [17]. (c) Scaling behavior between the observed SMOKE signal and linear longitudinal conductivity for different temperatures
from 7 = 8K to T = 200 K. (d) Scaling behavior between the observed SMOKE signal and nonlinear Hall signal. The two data points lie on
the vertical axis because the nonlinear Hall signal becomes undetectable at 7 = 150 K and 200 K.

7-[ is the Bolch Hamiltonian, &, is the band energy,

mn Zz 9én(vml + 8;mVn) X A /2 is the interband orbital
magnetic moment, v,,,, = (m|dxH|n)/h is the interband veloc-
ity, A, = (m| idy |n) is the interband Berry connection, €;j is
the Levi-Civita symbol and d; is the short of 9/(dk;). Notably,
the second term of F,>""/ arises from the quantum Christoffel
symbol

where g/ = Re Zm#n Af;m.Af;m is the quantum metric tensor
[1-3]. In Einstein’s general relativity, the Christoffel sym-
bol originally characterizes curved spacetime through the
geodesic equation [65]. Recently, its quantum version (quan-
tum Christoffel symbol) has been introduced to describe
momentum-space gravity [66—68].

Effective model calculations and scaling analysis. To ob-
tain an intuitive understanding of nonlinear magnetization, we
establish an effective model that inherits the same symmetry
constraints as WTe,. The electronic structure of WTe, is a
type-II semimetal with strong spin-orbit coupling [69-71].
Therefore, the modified Dirac model [17,72] can give the
ingredient

H = v(kaaty + kpatp) + (m — bKH)B +H/, ®)

where v, m,b are model parameters, and «; = o, ® o,
B = 0. ® oy are Dirac matrices defined within Pauli matrices
(04, 0p, 0.). To satisfy the symmetry constraints of WTe,, a
symmetry-breaking term H' = tk,0. ® (0, + o} + 0,) is in-
troduced to break the twofold rotational symmetries Ci , and

- 0g)),

%(ajg/r(zl + o8

the mirror symmetries M, ; but preserve the time-reversal
symmetry. Figure 4(a) demonstrates the evolution of Fermi
surface by breaking C2 » and M, , symmetries successively.
Upon symmetry breakmg, the Fermi surface exhibits an non-
symmetric distribution of A9-¢ in k space, which coincides
the symmetry requirements for a nonzero oq,.

Using Egs. (2) and (3), we calculate the nonlinear mag-
netization coefficient o4, for the effective model of WTe,
[Eq. (5)]. Figure 4(b) shows the calculated «y,, including
spin, orbital, and total contributions, as a function of the Fermi
energy ¢r. Notably, across the entire range of Fermi energy,
the orbital contribution remains dominant. To be specific, the
orbital contribution is approximately two orders of magni-
tude larger than the spin contribution. In our experiment, the
applied electric field is around 5 x 103 V/m. Then, the in-
duced nonlinear spin magnetization is 5.42 x 10~ ug/nm?,
and the orbital magnetization is 1.32 x 107® ppz/nm? for

r=0.2eV, t/v=0.3, and 7 = 1.1 ps (the estimation of

scattering time can be found in Sec. SIX in the Supplemental
Material [57]). Therefore, this magnitude of magnetization
is sufficient to be detected by our high-precision SMOKE
spectroscopy.

Scaling analysis is a powerful tool for distinguishing
experimental mechanisms, as demonstrated in studies of
the anomalous and nonlinear Hall effects [19,73-75]. This
method assumes that, aside from Fermi-surface broadening,
the temperature dependence in metals arises predominantly
from the relaxation time t. Since the longitudinal conductivity
0. X T, other response coefficients thus can be expressed
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as a polynomial in o,,. Therefore, the specific power-law
dependence on o,, as the temperature varies allows for the
determination of the dominant mechanism.

Equation (2) predicts that the quantum geometric nonlin-
ear magnetization is proportional to 7, which implies that
the coefficient o, should scale linearly with the longitudi-
nal conductivity o,,. This is confirmed by our experimental
data in Fig. 4(c) over a broad temperature range. The slight
deviation observed below 20 K in Fig. 4(c) is attributed
to the proximity of the Fermi level to the band edge in
WTe, [69-71]. Because the quantum-geometric contribu-
tion is strongly concentrated near the band edge [Fig. 4(b)],
Fermi-surface broadening becomes non-negligible at these
temperatures. This interpretation is further supported by the
linear scaling between the SMOKE signal and the nonlin-
ear Hall signal [Fig. 4(d)], as both effects share the same
relaxation-time dependence and a similar band-geometry ori-
gin [17,18]. Taken together, the scaling analyses in Figs. 4(c)
and (d) demonstrate strong mutual consistency between our
experiments and theoretical analysis.

Discussion and conclusion. Although the nonlinear Hall ef-
fect and the nonlinear magnetization share some similarities,
they are fundamentally distinct nonlinear responses. The non-
linear Hall effect is an electric-field-driven charge response
governed by the Berry-curvature dipole. In contrast, the non-
linear magnetization is an electric-field-driven magnetic re-
sponse related to the quantum Christoffel symbol, a geometric
quantity. This distinction is also reflected on the experimental
side. The nonlinear Hall effect is readily detected via standard
transport techniques, while probing nonlinear magnetization
requires new measurement capabilities. The SMOKE mea-
surement established here offers a powerful optical route for
detecting weak magnetic signals. Additionally, its inherent
spatial resolution further provides a foundation for more re-
fined and spatially resolved measurements in future studies.

To summarize, our development of high-sensitivity
SMOKE spectroscopy has enabled the direct observation

of electric-field-induced nonlinear magnetization in the non-
magnetic semimetal WTe,. The observed SMOKE signal
persists up to 200 K and displays a quadratic dependence on
the applied current, highlighting its robust nonlinear nature.
Theoretical analysis and scaling law identify the orbital con-
tribution as the dominant mechanism to this nonlinear mag-
netization. Notably, this orbital contribution is intrinsically
related to the quantum Christoffel symbol, thus establishing
a direct link between quantum geometry and nonlinear mag-
netization. Our work offers an experimental paradigm and
establishes a fundamental framework for characterizing and
understanding nonlinear magnetization. It paves a way toward
next-generation orbitronic devices and opens a new avenue for
exploring emergent gravity effects in the quantum materials.
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