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Quantum geometry is central to modern condensed matter physics. Due to the
quantum nature, quantum geometry has two parts, the real part quantum metric
and the imaginary part Berry curvature. Berry curvature has led to countless break-
throughs, ranging from the quantum Hall effect in 2DEGs to the anomalous Hall effect
(AHE) in ferromagnets. In contrast, the quantum metric has rarely been explored.
Here, we report a new nonlinear Hall effect induced by quantum metric dipole by in-
terfacing even-layered MnBi,Te, with black phosphorus. Like the AHE brought Berry
curvature under the spotlight, our results open the door to discovering quantum metric
responses. Moreover, our data suggests that the AFM can harvest wireless electro-
magnetic energy, potentially enabling applications that bridges nonlinear electronics

with AFM spintronics.

Introduction

Nonlinearities are crucial in many branches of physics, ranging from atomic physics to condensed
matter and complex dynamical systems. Nonlinear electrical transport is the foundation of appli-
cations such as rectification and wave mixing. Classically, the most well-known nonlinear device is
a PN diode (Fig. 1A). Noncentrosymmetric polar materials (Fig. 1B) are similar to PN diodes as
they both possess an electric dipole. They have recently been discovered to show intrinsic nonlin-
ear electrical transport, which not only suggests novel nonlinear applications but also provides a
powerful probe of the quantum geometry of the conduction electrons [1-16]. Broadly, the nonlinear
transport in both diodes (Fig. 1A) and noncentrosymmetric conductors (Fig. 1B) arise from an
inversion asymmetric charge distributions (e.g. an electric dipole). Since the electron has another
fundamental degree of freedom, spin, an interesting question is whether spin can also lead to an
electrical nonlinearity even in a centrosymmetric lattice. One ideal platform is the PT-symmetric
AFMs [17], where only the spins feature a noncentrosymmetric distribution (Fig. 1C).

Important clues can be drawn from previous optical experiments, where optical second-harmonic
generation (SHG) has been observed in the PT-symmetric AFMs including Cr,O3 and Crl; [18].
Nevertheless, nonlinear transport is distinct because it directly probes the Fermi surface electrons
and in many cases their geometrical properties [1, 2]. As such, it enables a probe of the quantum
geometry [1, 2] of the topological bands at the Fermi level of novel conductors.

The quantum geometry has two parts, 7' = g + i€ [1] (T is the quantum geometrical tensor).
The imaginary part is the well-known Berry curvature Qup = —2Im >, [(un ik, Um) (U |10k, un )],

which describes the curvature of wavefunction in Hilbert space (n,m are band indices and



a, [ are spatial directions). Berry curvature has been identified as the source of many novel
electronic and optical responses. By contrast, the real part is the quantum metric, g.s =
Re ), [{Un]i0k, ) (Ui |10k un)], which measures the distance between neighboring Bloch wave-
functions in Hilbert space (i.e., the distance when Bloch wavefunctions are mapped onto a Bloch
sphere, see [19]. 1V.2). Although being equally important, the quantum metric is much less ex-
plored. There have been a few examples related to the quantum metric, including prediction for
the electrical and orbital magnetic susceptibilities [20], observation of a third order Hall effect [13]
and the quantum metric in atomic physics [21]. However, examples have remained limited and how
quantum metric regulates the electronic motion remains largely unknown. Recently, theory has
started to predict a wide range of exotic quantum metric responses [20, 22-34].

Here, we report the observation of the quantum metric dipole induced second-order anomalous
Hall effect (AHE) [20, 22-25]. In the past decades, there have been numerous studies of the
AHE (both linear and nonlinear) induced by Berry curvature. Recent theoretical studies, however,
predict that quantum metric can also lead to AHE, therefore advancing our understanding of
the fundamental origin of the AHE. Distinct from the Berry curvature induced AHEs, this new
effect is predicted to exist in the PT-symmetric AFMs [20, 22-25], where PT forces the Berry
curvature to vanish identically but the effects of quantum metric can manifest strongly. We design
and fabricate a feasible material platform and demonstrate the first realization of this quantum
metric nonlinear Hall effect. We show that it exhibits distinctly different properties compared to
the nonlinear Hall effect induced by Berry curvature dipole in noncentrosymmetric crystals. To
conceptualize this new nonlinear Hall effect, we draw comparison with the well-known AHE in
ferromagnetic metals [35], where Berry curvature leads to the anomalous velocity and therefore
the AHE, vanomalous < fk E| x Q, (E” is the in-plane source-drain electric field). By contrast, in a
PT-symmetric AFM, Berry curvature is zero due to P7T. However, a nonzero quantum metric g
can induce an anomalous velocity to the second-order of E||, Vanomalous fk E| x [V} x (gE”)], as
proposed in [20]. This leads to the intrinsic second-order Hall effect. From the expression above,
one can show that this effect is nonzero only when the system breaks both P and 7. Therefore, we
need P7T-symmetric AFM conductors with a large quantum metric on the Fermi surface. We have
carefully considered possible materials, and identified 2D even-layered MnBi;Tey [15, 36-38, 38-46]
as an ideal platform. Even-layered MnBisTe, is a PT-symmetric AFM. Moreover, its topological
bands support gate-tunable transport and a giant quantum metric. However, its lattice has Cs,
rotational symmetry (Figs. 1D,E), which forces the effect to vanish [22]. To break Cj,, we interface
it with black phosphorus (BP) [47].



Demonstration of rotational symmetry breaking

We start by showing that interfacing MnBiy;Te, with BP indeed breaks its Cs, rotational sym-
metry. To this end, we study the directional dependence of the resistance [6] of MnBiyTey without
and with BP. We fabricated a 6-septuple-layer (6SL) MnBisTe; device with radially distributed
electrical contacts (Device-BM1). As shown by the blue curve in Fig. 1G, the four-probe resistance
(T' = 1.8 K) is found to be fully isotropic, consistent with the presence of the Cs, symmetry. We
then stacked a BP layer (~ 10 nm) onto this MnBiyTes sample and performed the measurements
again. As shown by the red curve in Fig. 1G, the resistance develops a clear anisotropy with a 180°
periodicity, providing a clear signature of the breaking of C3, symmetry (In [19]. 1.3, we present
additional experiments to show that the transport signal is dominated by the MnBiyTey layer of
the heterostructure). The transverse resistance and two-probe resistance also show the breaking of
Cs. (fig. S12). We further substantiate the breaking of C3, symmetry by an independent method,
the optical second harmonic generation (SHG) at room temperature. As shown in Fig. 1H, our
SHG data also shows the clear breaking of Cs, symmetry (see detailed discussions in SM. 1.5 and
fig. S13). Our demonstration of Cs, breaking establishes the BP/MnBisTes heterostructure as an

ideal platform to search for this effect.

Observation of the nonlinear Hall effect

In order to measure the linear and nonlinear electrical transport, we pass a current at frequency
w (I¥) and use the lock-in technique to detect linear voltage V* and nonlinear voltage V. We
describe the nonlinear voltage as \/37;, where 7 is the direction of the nonlinear voltage V*’ and j, k
are the directions of the injected current I¥. All measurements are performed at B = 0.

Figure 11 shows the nonlinear Hall voltage Vy%c‘*;c of the Device-BM1 before and after interfaced
with BP. Remarkably, a prominent nonlinear Hall signal only emerges after BP is introduced. This
is in sharp contrast to the linear voltage (inset of Fig. 1I), which becomes even slightly smaller
upon the introduction of BP. Such observation agrees well with the theoretical expectation of the
intrinsic nonlinear Hall effect induced by a quantum metric dipole. To exclude that the effect
is caused by a Berry curvature dipole [4, 6, 7, 9], which leads to a second-order Hall effect in

nonmagnetic, noncentrosymmetric conductors, we study the relationship between the second-order

nonlinear Hall effect and the AFM order in MnBi,Te,.

The AFM spin-induced nonlinearity
Overall, we have fabricated 30 BP/even-layered MnBisTe, heterostructure devices (see SM.I.0



for our systematic data that confirm the MnBiyTe, thickness in our devices). In all of the 30 devices,
we have observed the nonlinear Hall effect with consistent behaviors as a function of AFM order,
spatial direction, scattering time, vertical electric field and doping (see fig. S22 and table S1 for a
summary of all 30 devices). Here, we focus on the Device-BMB1 (Fig. 2A), which has 2. BP on
both sides of 6SL MnBi,Tey. Moreover, we have made sure that the crystalline a axes of the BPs
and the MnBiyTe, are all aligned (Fig. 2A). Such a carefully controlled configuration is important
to preserve MnBisTe,’s PT symmetry, which enforces the Berry curvature and Berry curvature
dipole to vanish. Figure 2B shows the basic nonlinear transport responses. A large transverse
nonlinear response V.2 is found, showing the nonlinear Hall effect in Device-BMB1. We have also

yax
measured the longitudinal nonlinear response V.2*  which shows no observable signal. Therefore,
our data reveals an interesting “Hall dominance” in the nonlinear transport.

We now focus on exploring how the nonlinear Hall signal depends on opposite AFM states. In
ferromagnets, the opposite FM states can be controlled by sweeping B field. In P7T-symmetric
AFMs including CryO3, even-layered Crls and even-layered MnBiyTey [44, 48, 49|, previous works
have shown that the opposite AFM states can be controlled by sweeping vertical B, field under a
fixed vertical E, field. Hence, we follow the procedures established by previous works [44]: under
a fixed E, (FE, = —0.17 V/nm), we sweep B, from —8 T to 0 T or from +8 T to 0 T to prepare
the two AFM states (Fig. 2, C and D). We first study the AFM-I. The linear voltage V.. (Fig. 2E)
exhibits a typical Ohm’s law behavior. The nonlinear voltage V% (Fig. 2G) is prominent and its
sign is positive. We then prepare AFM-II. The linear voltage V¥ (Fig. 2F) remains unchanged.
In sharp contrast, the nonlinear voltage Vy%;‘; (Fig. 2H) flips sign. For both AFM-I and II, if we
measure Vsz“; while warming up, we found that the nonlinear Hall effect is only present in the
AFM phase but is absent in the nonmagnetic phase (Fig. 2, I and J). Our observation that the
nonlinear Hall signal flips sign upon reversing the AFM order further demonstrates its quantum
metric dipole origin, because the quantum metric dipole is theoretically expected to be opposite
for the opposite AFM domains (see SM.III). In addition, we note that our nonlinear Hall signal
measures an average over all AFM domains. On the other hand, our experiments suggest that our
sample is prepared into predominantly one domain. If our sample consists of opposite domains
with 50%-50% composition, then the measured nonlinear Hall signal would average to zero. In
contrast, our data show large nonzero nonlinear Hall signal. Moreover, the sign of the observed
signal flips as we prepare the opposite AFM domain. Further, the magnitude of the measured

signal is consistent with the theoretically calculated value, which assumes a single domain. These

facts combined suggest that our sample is prepared into one predominant domain. Future spatially-



resolved magnetic measurements will be interesting to determine the exact domain composition.

We now perform further systematic studies. Because the nonlinear Hall current flips sign upon
reversing the AFM order, all the nonlinear Hall data (apart from Fig. 2) are obtained by taking the
difference between the two AFM domains. First, the intrinsic nonlinear Hall effect is expected to be
independent of the scattering time. Interestingly, this represents the first known nonlinear transport
effect that is independent of scattering. Note that similar to the intrinsic AHE in ferromagnetic
metals [35], there is still dissipation through the linear Drude conductivity o,,. So they are different
from the QAHE that has no dissipation channel at all. The nonlinear Hall conductivity can be

2w
directly extracted from our data by 05;":5 = Jj;’w JE9? = vaggg wl—sd, where [, w, d are the length, width

and thickness of the sample. Previous experiments have studied the scattering time 7 dependence
of various Hall effects [6, 9, 14, 35] by investigating the scaling between the corresponding Hall
conductivity and the Drude conductivity. Therefore, following the established method, we study
the scaling between Jg‘g’jx and o,,. Our data (Fig. 3A) show that 05;‘; is independent of o,, below

~ 15 K. Moreover, consistent results have been observed at multiple charge densities in the same

sample and from different samples (SM.IIL.9). These systematic data point to the conclusion that

2w

Lxe vanishes quickly

the oz, is independent of scattering time 7 below ~ 15 K. Above ~ 15 K, o
across TN because the AFM order vanishes and our nonlinear Hall effect only exists in the AFM
phase. Hence studying the 7 dependence at temperatures near Ty would require one to take the
strong influence of the AFM order near Ty into account (see SM.IIIL.8 for additional measurements
and analysis). Second, the intrinsic nonlinear Hall effect does not require a noncentrosymmetric
lattice or any explicit breaking of P77 symmetry. To test this, we explicitly break P7T by applying a
vertical E, field via dual gating. As shown in Fig. 3D, the nonlinear Hall signal is already prominent
even at £, = 0, confirming that it does not require any P7T breaking. Moreover, the nonlinear
Hall signal is symmetric for £F,, also consistent with the expectation (see SM. IV.3). Third, the
nonlinear Hall effect is expected to be sensitive to the direction of the incident current I¥. In
Fig. 3B, we measure the nonlinear Hall conductivity as a function of the direction of [*. Indeed,
we found that the signal is most prominent when /¢ is along a particular in-plane direction. In
this way, we managed to experimentally map out the direction of the relevant geometrical dipole
(in our case it is the quantum metric dipole as we demonstrate next). Moreover, the intrinsic
nonlinear Hall effect is expected to be independent of frequency. In SM.III.2, we present additional
experiment which confirms that our nonlinear Hall signal is indeed frequency independent for the

tested range. In principle, due to its independence of 7, the intrinsic nonlinear Hall effect is expected



to persist all the way until Aw is large enough to induce an inter-band transition (roughly terahertz

or far-infrared). Future experiments are needed to test the nonlinear Hall effect in that regime.

Demonstrating the quantum metric mechanism by excluding competing mechanisms

Although we tried to eliminate Berry curvature dipole by aligning the crystalline a axes between
BPs and MnBiyTe, to preserve PT symmetry (Fig. 2A), let us assume that the alignment is im-
perfect, so Berry curvature dipole is allowed. We now show that the observed relationship between
the nonlinear Hall signal and AFM order can discern Berry curvature dipole Dgerry and quantum
metric dipole Dyjetric [22]. Dperry can be understood as a distribution of the Berry curvature around
the Fermi surface such that it is larger on one side of the Fermi surface than on the opposite side.
A similar picture holds for Dyjetic (Fig. 3). As we observe that the nonlinear Hall signal changes
sign upon the reversal of AFM order, the dipole that causes our observed nonlinear Hall signal
must also flip. Let us assume that the AFM-I has Dgeypy > 0 and Dajegric > 0, which is visualized
in a tilted gapped Dirac band structure in Figs. 3E and G. We now flip the AFM order to the
AFM-II by performing time reversal 7. Under 7, the bands are flipped between +k (Figs. 3F-H),
the Berry curvature flips sign (Q2(k) R —Q(—=k)), but the quantum metric keeps the same sign
(g(k) N g(—k)). Hence, from Figs. 3F-H, one can see that, Dpeyry(AFM-1I) = Dpeyyy (AFM-I), but
Dytetric(AFM-1I) = — Dyjetric (AFM-I). Therefore, our observation that the nonlinear Hall signal flips
sign upon reversing the AFM order excludes the Berry curvature dipole mechanism. In SM.II.1, we
present thorough analysis to enumerate systematic experimental results including the relation with
AFM order, scaling, vertical electric field dependence and relation with mirror symmetry, which
further corroborate that the Berry curvature dipole mechanism cannot account for our data.

Within the nonlinear effects that flip sign upon reversing the AFM order, there is another
possibility, the second-order Drude effect [5, 12, 17, 22|. This effect can be ruled out based on our
scaling data in Fig. 3A, because it is expected to be proportional to 72 [22]. Moreover, the nonlinear

Hall effect (NHE) is antisymmetric (upon exchanging the first two indices) o}i* = —o3 ™ but the

3%”3 = O'%S,?E [22]. Using a novel electrical

second-order Drude effect (SODE) is symmetric o
sum-frequency generation method (SM. I1.2), we showed that our signal is indeed antisymmetric,
ie., oy, = —oy., which demonstrates that the SODE is insignificant in our signal (SM I1.2). In
SM.II.2.3, we present additional data which suggests that the NHE is dominant over the SODE at
different temperatures and charge densities. In SM.IIL.5, we show that the nonlinear Hall signal
is negligibly small at £8 T because the forced FM state recovers inversion symmetry. Finally,

we also carefully addressed other competing origins such as thermal (including current-induced



overall temperature increase) and accidental diode junctions (SM. I1.3). By excluding competing

mechanisms, we establish the quantum metric dipole as the underlying interpretation.

Energy-resolved probe of quantum metric in P7-symmetric AFM

2w
yrT

We also study the evolution of the nonlinear conductivity o with the charge density n. As
shown in Fig. 4A, the nonlinear Hall signal is zero inside the charge neutrality gap. This is consistent
with the expectation that the nonlinear Hall effect is a Fermi surface property. As we tune the
Fermi energy away from the charge neutrality, the nonlinear Hall signal emerges. Importantly, the
conductivity in electron and hole regimes have the same sign. As we go deeper into the electron-
doped regime, the signal reverses sign.

We now provide an intuitive physical picture to understand the large quantum metric dipole
and its Fermi level dependence. MnBisTe, features Dirac surface states, which are gapped due to
the AFM, leading to large quantum metric near the gap edge. Moreover, because the AFM order
breaks both 7 and P, the Dirac bands are asymmetric about k = 0, as shown in Fig. 3G. Hence, at
a fixed energy, positive and negative momenta have different quantum metric, leading to a nonzero
quantum metric dipole. Intuitively, we can understand the sign of the nonlinear Hall signal by
which momentum side has a larger quantum metric. We see from Fig. 3G that both upper and
lower parts of the Dirac cone have g(+kgr) > g(—kr), suggesting that the nonlinear Hall signals
should show the same sign in electron and hole regimes, consistent with our data (Fig. 4A). The
sign change in the electron-doped regime is beyond this simple picture.

To achieve a more comprehensive understanding, we built an effective model of the BP/6SL
MnBi;Te,/BP heterostructure (SM.IV.4-9). Due to the incommensurability of the BP and
MnBi,Tey lattices, we need to derive the coupling between the Bloch states of the two materials in
the real-space continuum (i.e. within the extended Brillouin zone BZ). The low-energy bands are
located in the BZ center I'; so only Bloch bands with the same momentum hybridize. The coupling

amplitude depends only on the characteristic decay length of the atomic orbitals as any discrete

lattice structure is averaged out [47]. The Hamiltonian reads h(k,, k,) = (hhi? EBUO;,t ﬁ:O: b) . hupT
and iLBP’t(b) are Hamiltonians for 6SL MnBisTes; and top (bottom) BP. Th(: spin—orbi£ coupling
(SOC) in MnBi,Tey is crucial for a nonzero nonlinear Hall effect because it allows the low-energy
orbitals to feel the symmetry breaking by the AFM order (SM.IIL.15). In particular, the SOC
was included in the model following the original work by Ref. [50] . U, and U, denote the band
hybridization due to nearest-neighbors coupling between MnBisTe,; and BP. The bare MnBiyTey

and BP parameters were obtained by fitting the first-principle band structures. The MnBisTe, and
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BP coupling parameters were partly constrained by considering the independent data of R,,/R,,
so that an agreement in the overall magnitude was achieved independently. There are still free cou-
pling parameters in the model which we adjusted to match detailed features in the charge density
dependence (SM.IV.9) .

We first turn off the coupling between the MnBis;Te, and BP (Ut =0, = 0). The Fermi sur-
face shown in Fig. 4C (=50 meV) is C3, symmetric and there are already large quantum metric
(gzz and g,,) around it. According to Ref. [22], the Dytewic responsible for the nonlinear Hall is
given by Dytetric = [, (VyGwz — V2gye)d(e — ) (v is the Fermi velocity).We plot the integral kernel
(UyGzz — V2gyz) as color in Fig. 4D. Positive and negative contributions around the contour exactly
cancel because of (5, symmetry. So the integral goes to zero (the left panel in Fig. 4D). We then turn
on the MnBi,Tes-BP couplings, which breaks C3,. For the C5,-breaking contour, we observe unequal
contributions from the two colors, leading to a nonzero Dyjeyic (the right panel in Fig. 4D, see details
in the caption and in SM.II1.14). Figure 4E shows the band structure of the BP/6SL MnBi,Te,/BP
heterostructure, based on which we can compute the intrinsic nonlinear Hall conductivity aym as a
function of chemical potential. In particular, near the charge neutrality gap, we found that aym in-
deed mainly comes from the quantum metric of the Dirac surface states, consistent with the intuitive
picture above. The sign inversion in the electron-doped regime mainly comes from the quantum
metric of the avoided crossing inside conduction bands according to our calculation (SM.IV.9) .

Note that due to the multiband nature of our model, the Jym was calculated by the general expres-

sion Oyz;r — 9¢3 zan;«éam Re fk(v ) (Un ik, um) (um|idk, un)  vg (un|18kyum><um|i8kwun))6(8n _ 51:‘) [22] This

En—Em En—Em

general expression can be decomposed into the quantum metric dipole Dyjetric contribution plus
additional inter-band contributions (AIC),

'U — ’U
0%, = 93 Z / vz gywa(en ~ep) + AIC, (1)

where the first term is the quantum metric dipole contribution, and the second term is AIC =

963 Zsm;ésn,en Re fk(v (un |i0kg um ) (um |idk, un) vZ(unIi8kyum><um|i3kIUn>)am—ané(en _ 5F) (ﬁ is the band

En—Em En—Em En—E

whose energy is closest to n). In our BP/6SL MnBiyTe,/BP system, we found that the quantum
metric dipole contribution strongly dominates, whereas the AIC is small (see details in SM. 1V.3).
Therefore, our nonlinear Hall measurement is a powerful, energy-resolved probe of the quantum

metric.

Possible AFM spin-based wireless rectification and outlook

The second-order nonlinear effect enables not only frequency doubling (w — 2w) but also rectifi-
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cation (w — DC). The rectification is crucial for harvesting electromagnetic radiation energy [9, 12]
because we can convert the electromagnetic radiation into DC electricity. We use the intrinsic AFM
nonlinear Hall effect to demonstrate wireless rectification with zero external bias (battery-free) and
without magnetic field. We inject microwave radiation and measure the DC signal. As shown in
Fig. 4F, we observe clear rectification DC voltage in response to the microwave radiation, which
shows a broad band response, including the WiFi frequencies (2.4 GHz and 5 GHz) and even higher
frequencies (see fig. S35. Also see SM.V.2 for a thorough analysis of the efficiency of the wireless
rectification as well as its potential advantages and disadvantages). In SM.III.12, we show that
the rectification signal flips sign as we reverse the AFM state, which suggests that the observed
rectification arises from the intrinsic quantum metric dipole origin. We note that, apart from the
intrinsic quantum metric dipole, extrinsic sources such as the the Schottky diodes at the metal-
MnBiyTey junction, unintentional diodes inside the MnBiyTey, and the gap between the two gates
can also lead to microwave rectification. In order unambiguously rule out these extrinsic sources,
future systematic experiments will be interesting (discussion in SM.V.1).

In summary, we have presented the first experimental realization of the intrinsic second-order
Hall effect. This effect realizes an electrical nonlinearity induced by the AFM spins and provides
a rare example of a quantum metric response. Both aspects are of fundamental interest. Just like
the AHE about a decade ago inspired the discoveries of a variety of Berry curvature responses,
we hope that our work opens the door to experimentally search for quantum metric responses.
As highlighted by recent theoretical studies, the influence of the quantum metric is expected to
span many different areas, ranging from nonlinear responses in P7-symmetric AFMs to flat band
conductivity, superconductivity and charge orders in moiré systems, the fractional Chern insulator,
and k-space dual of gravity [20, 22-34]. Another interesting future direction is to explore the
nonlinear responses in canted AFM materials (SM.V.3) [38, 46, 51], where nonzero Berry curvature
higher order to M have recently been observed. In terms of materials, the vdW interface engineering
has been widely applied to engineer band structure, such as the band alignment in semiconductors.
We show that, beyond “band structure engineering”, the vdW interfaces can be used to engineer
the properties of the wavefunction i.e., “quantum geometry engineering” [47]. We demonstrate
that, the topological Dirac surface state on the interface of a TI can be the source of a wide
range of novel topological and geometrical phenomena beyond the Berry curvature upon proper
engineering. In terms of spin-induced electrical nonlinearity, our observation enables the possibility
to use AFM spins to harvest electromagnetic energy and to realize self-powered AFM spintronic

devices, potentially at low power density and high frequencies. An exciting future breakthrough
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would be to demonstrate room temperature wireless rectification based on the quantum metric

nonlinear Hall effect in a room temperature PT-symmetric AFM material.
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FIG. 1: Spin-induced electrical nonlinearity in P7-symmetric antiferromagnets and introduc-
tion to our sample. (A and B) Nonlinear electrical transport in PN junctions and noncentrosymmetric
conductors (charge-induced electrical nonlinearity). (C) Nonlinear electrical transport in P7-symmetric
AFMs (spin-induced electrical nonlinearity). (D to F) Lattice structures of the MnBiyTey and BP. (G
and H) Angle-resolved resistance and optical second-harmonic generation (SHG) measurements of a 6SL
MnBiyTey before and after interfaced with BP (Device-BM1). (I) The nonlinear Hall signal V.2 of Device-

YT

BM1 before and after interfaced with BP at B =0 T.
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FIG. 2: Observation of the antiferromagnetic nonlinear Hall effect. (A) Schematic illustration of
2L BP/6SL MnBiyTeys /2L BP device (Device-BMB1). The crystalline a axes of the BPs and the MnBisTey
were all aligned (see fig. S16). (B) The longitudinal (V,22) and Hall (V;;;) components of the nonlinear
voltage. (C and D) We follow the procedures established by previous works [44]: under a fixed E, (—0.17
V/nm), we sweep B, from —8 T to 0 T or from +8 T to 0 T to prepare the two AFM states. (E and F)

Linear longitudinal voltage as a function of incidence current for AFM I and AFM II. (G and I) Nonlinear

Hall voltage as a function of incident current and temperature of AFM I. (H and J) The same as panels

(G) and (I) but for AFM II.
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FIG. 3: Systematic investigations of the nonlinear Hall effect. (A) The scaling between the
nonlinear Hall conductivity and the Drude conductivity 0, = 1/R;;. The nonlinear Hall conductivity
can be directly extracted from the data as ai‘;jx = %%%_ (B) Angular dependence of the nonlinear
Hall conductivity 02 in Device-BM1. (C) Dual gated resistance map of the 2L BP/6SL MnBiyTey /2L
BP heterostructure (Device-BMB1). The vertical electric field E, and charge density dependence can be
independently tuned by combining the top and bottom gate voltages. (D) E, dependence of the nonlinear
Hall conductivity ai‘;jm and linear longitudinal resistance Ry,. E, follows the dashed line in (C). (E to H)
Schematic illustration of the Berry curvature dipole (Dperry) and quantum metric dipole (Duetric) for the
AFM I and AFM II of the BP/6SL MnBisTe,/BP heterostructure . Although we aligned the crystalline
axes of BP and MnBiyTey in our Device-BMB1 (Fig. 2A), realistically it is difficult to make alignment

perfect. If the alignment is imperfect and P7T symmetry is broken, a Berry curvature dipole is allowed.



20

A B
10 T T 10 T
Experiment Theory
&5 ] — 5t /\
2 2
E o £ o
38 38
S -5t S -5t
-10 -10
-2 0 2 2 0 2
2 2 2 2
n, (10 cm ) n, (10 cm )
C D vygxx — g’ E xx
[ = T
4 Il o\ ’ 0.10 A
A PN M KR e —/
< e \ B 0
= gyxr.\‘ ,Q‘ '\\ ' //; E _______
N VAN s T s = \
o<t N =] ! . S t—— <N
<10 ) i | 000F o7 oo %
i L -180 0 180, JeimTinmn W 0
e (A7) ke (A7) O am Momentur
Fos O o i =
0.6
06> 03f w7 ° o J°°a
% 8 Fo k [ t4ger)
2 041 Frequency (GHz) R — ¥ jpc P
0.2 v 1 $
v
0
0 20 40 60 80 100

P (mW)

FIG. 4: The quantum metric dipole as the microscopic geometrical origin. (A) Experimentally
measured nonlinear Hall conductivity azﬁm as a function of charge density n. (B) Theoretically calculated
ai‘;’x as a function of n based on the BP/6SL MnBisTes/BP band structure (see text). (C to E) The
electronic structure of the BP/6SL MnBiyTey/BP heterostructure calculated with an effective model (see
text). (C) Fermi surface at —50 meV (the lower part of the surface Dirac cone). The coupling between
MnBisTes and BP is turned off, so that contour respects ('3, symmetry. The quantum metric g,, and
gyz DPlotted around the Fermi surface. (D) The nonlinear Hall conductivity aggjgc is given by the integral
of (Vygzz — Vagyz) around the Fermi surface. Dyietric = Ji (VyGzz — VeGyz)0(e — eF) = fFS (VyGza — VaGya)dl
(dl is an infinitesimal length along the Fermi surface (FS)). With Cs, symmetry (left panel), the integral
goes to zero. After turning on the coupling between MnBiyTes and BP (right panel), Cs, is broken,
making the integral of (vygzs — V2gye) around the Fermi contour nonzero. To more clearly see how the
integral changes to nonzero when Cj, is broken, we rewrite Dyjetric as an integral of the polar angle 6,
dl dl

d

Dyetric = fj: (Vy9ze — V2Gye)(5)d0. The inset presents the change of (vygee — V29y2)(g5), Which clearly

shows that the integral becomes nonzero when Cj, is broken. See SM.III.14 for details.
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FIG. 4: (E) Band structure of BP/6SL MnBisTes/BP heterostructure. Color represents the quantum
metric g, of the bands. (F) Measured microwave rectification based on the intrinsic nonlinear Hall effect.
Inset is the DC signal VP as a function of microwave frequency. (G) Schematic illustration of microwave
rectification. (H) Schematic illustration of quantum metric induced nonlinear responses. The horizontal
axes are k; and k,. The two black arrows represent the Bloch wavefunctions at two nearby k points. The
two arrows point to different directions, illustrating a finite distance between two wavefunctions (i.e., a
finite quantum metric). This quantum metric leads to a nonlinear Hall effect, which can turn an external

AC electric field (e.g. the microwave in the figure) into DC signal (Jpc).



