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Published online: 05 September 2024 The study of quantum geometry effects in materials has been one of the most
important research directions in recent decades. The quantum geometry of a
material is characterized by the quantum geometric tensor of the Bloch states.
The imaginary part of the quantum geometry tensor gives rise to the Berry
curvature while the real part gives rise to the quantum metric. While Berry
curvature has been well studied in the past decades, the experimental inves-
tigation on the quantum metric effects is only at its infancy stage. In this work,
we measure the nonlinear transport of bulk MnBi,Te,, which is a topological
anti-ferromagnet. We found that the second order nonlinear responses are
negligible as required by inversion symmetry, the third-order nonlinear
responses are finite. The measured third-harmonic longitudinal (V3%) and
transverse (Vf;;’) voltages with frequency 3w, driven by an a.c. current with
frequency w, show an intimate connection with magnetic transitions of
MnBi,Te, flakes. Their magnitudes change abruptly as MnBi,Te, flakes go
through magnetic transitions from an antiferromagnetic state to a canted
antiferromagnetic state and to a ferromagnetic state. In addition, the mea-
sured V32 is an even function of the applied magnetic field B while Vf(;’ is odd
in B. Amazingly, the field dependence of the third-order responses as a func-
tion of the magnetic field suggests that Vﬁj‘(’ is induced by the quantum metric
quadrupole and Vﬁ;’ is induced by the Berry curvature quadrupole. Therefore,
the quadrupoles of both the real and the imaginary part of the quantum
geometry tensor of bulk MnBi,Te, are revealed through the third order non-
linear transport measurements. This work greatly advanced our under-
standing on the connections between the higher order moments of quantum
geometry and nonlinear transport.

M Check for updates

The study of the intricate relationship between quantum geometric the quantum geometric tensor 7T ,g(k)= ((’)auk}(l — lug) (g ) 10g )
properties and high-order nonlinear transport properties in topologi- Here, |u;) denotes a Bloch state with crystal momentum k and 9,
cal materials is at the frontier of condensed matter physics research’™.  denotes the derivative with respect to the a-component of k. The
The quantum geometric properties of a material are characterized by  imaginary part of 7, Q,5=2Im(T ), defines the Berry curvature, and
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the real part g,z = Re(T ,5) defines the quantum metric. Importantly, it
has been shown that the Berry curvature, the quantum metric, and
their dipole distribution can induce novel nonlinear transport
phenomena®™2, For instance, the Berry curvature dipole-induced
second-order nonlinear Hall effect has been well demonstrated in
bilayer and few-layer WTe, flakes>’**"?°. More recently, with MnBi,Te,
thin films, quantum metric dipole-induced second-order nonlinear
Hall effect was observed in which an alternating current (a.c.) with
frequency w induces an a.c. Hall voltage with frequency 2w?*?. How-
ever, inversion symmetry must be broken in these MnBi,Te, films such
that the second-order effect can be observed.

In particular, the distribution of Berry curvature in a genetic time-
reversal broken system could result in the formation of non-zero Berry
curvature quadrupoles even if the Berry curvature monopole and the
dipole are zero, as depicted in Fig. 1a. When an electric field is intro-
duced, we reach a steady state in which the electric field induces a
Berry curvature dipole along the electric field direction, as demon-
strated in Fig. 1b. This electric field-induced dipole will cause a non-
linear response in the third order of the electric field as explained in
ref. 13. This Berry curvature quadrupole induced third order effect
offers complementary experimental knobs to investigate the high-
order nonlinear anomalous Hall effect in magnetic materials. Analo-
gously, a finite normalized quantum metric G,z can induce a finite
Berry connection and 6)2(GXX gives rise to the third-order nonlinear
response”. Bulk antiferromagnetic topological insulator MnBi,Te, is
an ideal platform for investigating the quantum geometry quadrupole
effects as the second harmonics are suppressed by inversion symmetry

and the third order harmonics are the leading order nonlinear
response.

Antiferromagnetic topological insulator MnBi,Te4 has rich mag-
netic structures and striking topological band structures***°. The
lattice structure of MnBi,Te, is shown in Fig. 1c. It has a septuple layer
structure in each unit cell, which composes a Bi,Te; quintuple layer
and an MnTe layer. Each Mn layer in the unit cell contributes a typical
ferromagnetic feature, while the adjacent two Mn layers are anti-
ferromagnetic coupled at low temperatures. The bulk MnBi,Te4 pre-
serves an inversion symmetry (P) and a time-reversal times half-
translation symmetry (7't, ), giving rise to a combined P7 symmetry.
The PT symmetry will force the Berry curvature quadrupoles to van-
ish. However, when a magnetic field (B-field) is applied to induce a
finite magnetization, the P7 symmetry will be broken and a nonzero
Berry curvature quadrupole will emerge, which can induce the third
order nonlinear Hall effect™®?2. On the other hand, the quantum metric-
induced nonlinear effects are allowed by the PT symmetry", therefore
can be observed even in the absence of the external B-fields. In recent
experiments®®? on thin films, inversion symmetry is broken and the
second-order nonlinear effects were observed. In contrast, the bulk
MnBi,Te, preserves the inversion symmetry, making the third-order
nonlinear effects the leading-order contributions from the quantum
metrics.

In this work, we study the higher-order nonlinear transport
properties of bulk MnBi,Te, which is a topological anti-ferromagnet.
As expected, due to the presence of the inversion symmetry in the
bulk, both the second order Hall response and the second order

ke

Fig. 1| Berry curvature quadrupole in MiBi,Te4. a Schematic diagrams of the
band structure (the outline) and Berry curvature (color scale) of a generic magnetic
material with non-zero Berry curvature quadrupoles. The + and - refer to the sign of
Berry curvature. b Electric field induced change of Berry curvature (color scale)
relative to the equilibrium state. Due to the Berry curvature distribution of the

quadrupole, a field-induced dipole will appear, which contributes to the higher-

order nonlinear anomalous Hall effect. The + and - refer to the sign of Berry cur-
vature. ¢ Schematic crystal structure of layered MiBi,Te,. The red arrows in Mn

layers indicate the spin direction of Mn atoms.
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longitudinal response are zero, which is different from the observa-
tions in thin films**?. Incredibly, at temperatures below the anti-
ferromagnetic transition temperature of MnBi,Te, flakes, we observed
a third-order longitudinal response in which an a.c. current with fre-
quency w induces an a.c. voltage l/fo“j with frequency 3w along the
current direction. Interestingly, in the presence of an out-of-plane
magnetic field, an a.c. current induces an a.c. voltage Vi;’ with fre-
quency 3w in the transverse direction. These high-order nonlinear
responses are tightly related to magnetic transitions of MnBi,Te,
flakes. In addition, the measured V3¢ and Vf(;’ show even and odd
dependence on the external B-fields respectively. Through the sym-
metry analysis and the semi-classical Boltzmann equation approach,
we show that l/f(j‘(’ is induced by the quantum metric quadrupole 6§GXX
(where G is the normalized quantum metric defined in the Method
Section). On the other hand, the third order Hall voltage Vf(;’ isinduced
by the Berry curvature quadrupole which was predicted recently®.
More importantly, the observed magnetic field dependence of V3¢ and
Vf(;’ match the calculated third order response well. In other words, in
bulk MnBi,Tey, the suppression of the second order nonlinear trans-
port by inversion symmetry enabled the third order nonlinear
response to be the leading nonlinear response, which is induced by the
quadrupole distribution of the Berry curvature and the quantum
metric. Our experimental work clearly reveals the higher moments of
both the real and the imaginary part of the quantum metric tensor and
has deepened our understanding of the relation between quantum
geometry, crystal symmetry and the nonlinear transport.

Results

Temperature dependence of nonlinear transport properties of
MnBi,Te, flakes

Figure 2a shows the schematic drawing of the measurement setup for
the nonlinear transport properties of MnBi,Te, flakes. The a.c. with a
low frequency of 179 Hz was injected and the longitudinal voltage (Vy)
and transverse voltage (Vy,) signals at different harmonics were col-
lected using lock-in techniques. The thickness of MnBi,Te, flakes is
~ 60 nm as determined by the atomic force microscope measurement
in Supplementary Fig. 1 in Supplementary Note 1. Good ohmic contact
between different probes has been achieved, as shown in Supple-
mentary Fig. 2b in Supplementary Note 2. Striking third-harmonic

longitudinal and transverse voltage are clearly observed in MnBi,Te,
flakes with their magnitude being increased with increasing first-
harmonic current, as shown in Supplementary Fig. 3 in the Supple-
mentary Note 3. On the contrary, no distinct second-harmonic signal
has been observed in MnBi,Te, flakes due to the crystallographic
symmetry constraint (Supplementary Fig. 4 in the Supplementary
Note 3). We note that the magnitude of the third-harmonic signal of a
resistor of ~100 Q is negligible. This rules out the instrumental errors
as a possible origin of the observed third-harmonic signal in MnBi,Te,
flakes. In addition, the third-harmonic longitudinal and transverse
response is independent of the frequency of the driving current, as
detailed in Supplementary Fig. 5 in the Supplementary Note 4.

Figure 2b shows the temperature (7) dependence of the first-
harmonic longitudinal resistance (R%,) of the MnBi,Te, flakes collected
at different out-of-plane B-fields (B L I) with an a.c. current of 0.6 mA.
The driving current dependence of the third-harmonic nonlinear
response is detailed in Supplementary Note 5. As temperature
decreases, the resistance decreases gradually with an abnormal peak
occurring at Ty - 21.7 K, corresponding to the antiferromagnetic (AFM)
transition in MnBi,Te, flakes®**. It is noted that the measured AFM
transition temperature Ty ~21.7 K is slightly lower than the measured
Tn of ~23.7 K with the applied current of ~1 pA (Supplementary Fig. 7a)
and previous studies of - 24 K**¥, After safely excluding the heating
effect (see details in Supplementary Note 5), such deviation is probably
due to the large current caused suppression of the antiparallel align-
ments of the spins in MnBi,Te, flakes and the spin-transfer torque
effect**. In addition, the AFM transition in MnBi,Te, flakes is strongly
related to out-of-plane B-fields. As indicated by the orange curve in
Fig. 2b, the AFM transition in MnBi,Te, flakes shifts to low tempera-
tures of ~19K at 2 T. Further increasing the B-fields to 4 T, a striking
resistance upturn occurs at temperature below ~18K and gradually
saturates at temperature below ~ 5K, as indicated by the blue curve in
Fig. 2b. Such an intriguing transition is believed to be related to the
formation of a canted AFM state in MnBi,Te, flakes at low
temperatures”. At higher B-fields above 7T, the AFM transition in
MnBi,Te, flakes smears out with resistance continuously decreases
with decreasing temperature in the entire temperature ranging from
100K to 2 K, behaving as a metal (green curve for 7 T and purple curve
for 9.5 T)**".

a ¢ F=06mA
150 5 Bl
3 L S /\
&% = [[ B=0T
= 150 /\]
7T
b -300 :
77/ 0T r=06mA
Bll 60
~70{ —7T —
<} = 30
14 63 c§z>§ 0
__/\7
56 \TN ~21.7 K 230
0 20 40 60 80 100 0 20 40 60
T(K) T (K)

Fig. 2 | Temperature dependence of the nonlinear transport properties in
MiBi,Te,4. a Schematic drawing of the measurement setup. b Temperature-
dependent of the first-harmonic longitudinal resistance at different out-of-plane B-
fields with excited a.c. current of 0.6 mA. ¢ Temperature dependence of the V3¢

(upper panel) and Vi;’ (lower panel) at different out-of-plane B-fields with excited
a.c. current of 0.6 mA. Inset in lower panel shows the zoom-in view of V?(j,’ at low
temperatures.
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Fig. 3 | B-fields dependence of the longitudinal third-harmonic voltage in
MiBi,Te,. a The out-of-plane B-fields dependence of the V3% measured at different
temperatures. b The calculated o, contributed by quantum metric as a function
of the magnetic order parameter A. c-e The band splitting and distribution of

quantum metric G, (color scale) under different magnetic order parameter A=0
(c), A=0.2 (d), and A=0.7 (e), where the black dashed line indicates the chemical
potential.

The temperature dependence of third-harmonic longitudinal
(Vf;;’) and transverse (Vf;;’) voltage signals of MnBi,Te, flakes collected
at different out-of-plane B-fields are shown in the upper and lower
panel of Fig. 2c, respectively. The V3¢ (V) of MnBi,Te, flakes is
obtained by averaging of the sum (difference) of voltages measured at
positive and negative B-fields, respectively. Both V3¢ and Vf(;’ are
strongly dependent on the B-fields. As it can be seen from the upper
panel of Fig. 2c, at OT, the l/f(j‘(’ decreases slowly with decreasing
temperature from 70 K to ~ 37 K. Below ~ 37K, it starts to increase and
reach a peak value at - 23.7 K, then decreases sharply (black curve). The
rapid change around 23.7K coincides with the AFM transition of
MnBi,Te, flakes, suggesting the change of l/f;)“(’ may relate to the AFM
transition of MnBi, Te, flakes. Further decreasing temperature, the V3*
of MnBi,Te, flakes features a slight upturn at ~18.7K followed by a
continuous decrease at temperature below -13.7K. These striking
features remain unchanged as B-field increases to 2T (orange
curve) except the transition temperature shifted to lower temperature
by -2 K comparing with that at O T. While for higher B-field of 4 T, the
V3% gradually decreases with decreasing temperature from 70K to
35K, then increases as temperature below 35K, and finally saturates
with temperature below ~5K (blue curve). In contrast, the Vf;;’ con-
tinuously decreases with decreasing temperature from 70K to 2K for
the large B-field of 7T (green curve) and 9.5T (purple curve).

The temperature dependence of Vf(;’ of MnBi, Te, flakes measured
at different B-fields is shown in the lower panel of Fig. 2c. At B-fields of
OT (black curve) and 2T (orange curve), the Vi;’ is almost zero at
temperatures far above the AFM transition temperature of MnBi,Te,
flakes with a slight increase with decreasing temperature (see the
zoom-in view in the inset of the lower panel). As temperature
approaches the AFM transition temperature of MnBi,Te, flakes, an
abrupt change of Vf(;’ occurs within a narrow temperature range from

~23Kto~19.5Kat B=0T (black curve), where its magnitude changes
by -~ 18 puV from ~ 3 pV to - — 15 pV. Further decreasing temperature, the
Vf(;’ shows a slight upturn followed by a gradual decrease. Similar
abrupt changes near the AFM transition of MnBi,Te, flakes are also
observed at B=2T (orange curve) and 4 T (blue curve). However, the
magnitude of the Vf;;’ is greatly enhanced at high B-fields of 4 T. In
contrast, the Vﬁ;’ exhibits a continuous increase with decreasing
temperatures at even higher B-fields of 7T (green curve) and 9.5T
(purple curve). Notably, the magnitude of Vf};’ reaches ~ 65V at 2K
and 9.5T, which is almost one order of magnitude larger than that
atoOT.

B-fields dependence of nonlinear transport properties in
MnBi,Te, flakes

Figure 3a shows the out-of-plane B-fields dependent V3¢ of MnBi,Te,
flakes measured at different temperatures. The V3% curves in Fig. 3a
are symmetrized by averaging the sum of magnitude collected in the
positive and negative B-fields regions to exclude any mixture effect. It
is clear that all curves exhibit a distinct even-symmetry with B-fields
directions. Such an even symmetry of the V3¢ is well evidenced even
from the raw data in Supplementary Fig. 8a in Supplementary Note 7.
The evolution of V3% is strongly associated with the magnetic transi-
tions of MnBi,Te, flakes under applied B-fields. The MnBi,Te, flakes
undergo multiple magnetic transitions from AFM state to canted-AFM
state and then to polarized ferromagnetic (FM) state with increasing B-
fields, as illustrated by the magnetoresistance curve of MnBi,Te, flakes
at 2 Kin Supplementary Fig. 7b in the Supplementary Note 6. At 2 K and
small B-fields (< ~ 2.7 T) with MnBi,Te, flakes in the AFM state, the V3¢
is almost unchanged (black curve). With increasing B-fields, a sudden
drop changing from approximately —230puV to approximately
—460 pV followed by an abrupt flipping from approximately — 460 pV
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Fig. 4 | B-fields dependence of the transverse third-harmonic voltage in

MiBi,Te,. a The out-of-plane B-fields dependence of the Vi;’ measured at different
temperatures. b The calculated Berry curvature quadrupole Q,., as a function of
the magnetic order parameter A. c-e The band splitting and distribution of Berry

curvature quadrupole Q, (color scale) at different magnetic order parameter A=0
(c),A=0.2 (d), and A =0.7 (e), where the black dashed line indicates the chemical
potential.

to ~175 pV occurs in a narrow B-field range from -~ 2.7 T to ~3.2 T. This
corresponds to the magnetic transition from AFM state to canted AFM
state in MnBi,Te, flakes, as indicated in Supplementary Fig. 7b in the
Supplementary Note 6. Further increasing B-fields, the V32 decreases
continuously through the magnetic transition from canted-AFM state
to FM state. Finally, it saturates as MnBi,Te, flakes enter the polarized
FM state at higher B-field above ~ 8 T. Similar behaviors are observed at
temperatures below AFM transition temperature of MnBi,Te, flakes, as
indicated by the red curve for 10 K, blue curve for 15 K, and green curve
for 20K, respectively, in Fig. 3a. However, as temperature increases
above the AFM transition temperature of MnBi,Te, flakes, these
abrupt changes in the V32 disappear. As a result, the V22 only shows a
slight and monotonical change with increasing B-fields, for example,
the V39 slightly changes by ~ 30 pV as B-fields increase from 0 to 9 T at
30K (purple curve) and is almost unchanged at 50 K (brown curve).
Further increasing the temperature to 100 K, the magnitude of Vij‘(’
only shows a slight increase with increasing B-fields (cyan curve).
The out-of-plane B-fields dependent Vf;;’ of MnBi,Te, flakes at
different temperatures are shown in Fig. 4a. The Vf(;’ curves are sym-
metrized by averaging the magnitude difference between the positive
and negative B-fields regions to exclude the mixing of V3%, The Vﬁ;’ is
of odd-symmetry, which is in striking contrast to that of V3%, as
demonstrated in Fig. 4a and the raw data in Supplementary Fig. 8b in
Supplementary Note 7. In addition, the measured third-harmonic
nonlinear Hall voltage for two pairs of Hall bar shows a good con-
sistency and reproducibility, as shown in Supplementary Fig. 2c in
Supplementary Note 2. The evolution of Vi;’ is also strongly related to
the magnetic transitions of the MnBi,Te, flakes, like that in the long-
itudinal direction. At a low temperature of 2K (black curve), the
magnitude of Vf;;’ closes to 0 and is almost unchanged in the AFM state
of MnBi, Te, flakes in small B-fields <-2.7 T. With increasing B-fields, the

magnitude of l/f(;’ decreases sharply by ~50 pV in a narrow B-fields
ranging from ~2.7 T to ~ 3.2 T. This coincides with the abrupt change
occurring in the Vf(j‘(’ (Fig. 3a), which is related to the magnetic transi-
tion from AFM state to canted AFM state of MnBi,Te, flakes in the
intermediate B-fields***. Further increasing B-fields from ~-3.2T to
~7.5T,the Vij"j increases continuously through the magnetic transition
from canted AFM state to FM state in MnBi,Te, flakes. Then, the Vf;;’
saturates at even higher B-fields above 7.5T corresponding to the
formation of the polarized FM state in MnBi,Te, flakes. The overall
features of Vf(;’ are the same at temperatures below AFM transition
temperatures except that the fields corresponding to the sharp
decrease shift to lower B-fields with increased temperatures, as
demonstrated in Fig. 4a for 10K (red curve), 15K (blue curve) and 20 K
(green curve), respectively. In contrast, the Vf(;’ features a monotonic
increase as temperature further increases above the AFM transition
temperature of MnBi,Te, flakes. The magnitude of Vﬁ;‘ increases by
~22.5pV with increasing B-fields from O to 9 T at 30 K (purple curve)
and becomes temperature-independent with further increasing tem-
peratures, as shown by the brown and cyan curves at 50K and 100 K,
respectively.

Discussion

The distinct symmetry properties of the Berry curvature and quantum
metric contributions allow us to distinguish the two effects as both are
observed in our experiments. The third-order nonlinear response
contributed by the Berry curvature quadrupoles is odd under the time-
reversal symmetry. Furthermore, the Berry curvature quadrupoles
only contribute to the third-harmonic Hall voltage Vf;;’ without long-
itudinal contributions, so it can account for the observed Vi;) in
MnBi,Te, flakes with odd-symmetry with respect to the B-fields
directions. On the other hand, the third-order nonlinear response
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contributed by the quantum metric is even under the time-reversal
symmetry and only contributes to the longitudinal third-harmonic
voltage V32, therefore, it is responsible for the observed V3% in
MnBi,Te, flakes with even-symmetry with respect to the B-fields
directions.

In order to capture the effect induced by the out-of-pane B-field,
we introduce a model Hamiltonian with a tunable magnetic order
parameter A (see Methods for details). Figure 3b plots the calculated
quantum metric induced third-harmonic conductivity o,,,, as a
function of the magnetic order parameter A, see calculation details in
Methods. As it can be seen, the o,,,, is strongly dependent on A, and
its variation with A reproduces the key features of our experimental
measured B-fields dependence of Vf}j’j. Figure 3c-e illustrates the
physical origin of the evolution of the o,,,, with increasing A. At zero
B-field or A=0, all bands of MnBi,Te, are doubly degenerate due to
the combined P7 symmetry (Fig. 3c). Each band contributes a finite
quantum metric with its sign opposites for conduction band (positive)
and valance band (negative), as shown in Fig. 3c. Such finite quantum
metric will result in the observation of finite third-harmonic voltage in
the longitudinal direction V3%, as observed in the experimental mea-
surements in Fig. 3a. When applying a B-field or A=0, the broken PT
symmetry in MnBi,Te4 will split the degenerated bands and modify the
distribution of the quantum metric, as illustrated in Fig. 3d. The
changes of the quantum metric distribution will lead to the observa-
tion of abrupt changes in V32, as plotted in Fig. 3b in the intermediate
magnetic order parameters and evidenced from the experimental
measurements in the transition from the AFM state to canted-AFM
state in MnBi,Te,4 in Fig. 3a. Further increasing the magnetic order
parameters, the splitting between bands becomes larger, as shown in
Fig. 3e. This will modulate the quantum geometric properties of the
electrons close to Fermi surfaces and lead to the occurrences of sharp
change, as demonstrated by theoretical calculation in Fig. 3b and
experimental observations in Fig. 3a. Furthermore, the scaling law
analysis suggests the third-harmonic longitudinal voltage could be
attributed to Drude-like tensor contribution and quantum metric
quadrupole with comparable magnitude at low temperatures, as
detailed in Supplementary Note 9. However, the Drude-like tensor
contribution is insensitive to the magnetic phase transition induced by
the external B-fields, which indicates the experimental observed B-
fields dependence of third-harmonic nonlinear longitudinal voltage in
bulk MnBi,Te, is mainly contributed by quantum metric quadrupole
with a constant background contributed by Drude-like tensor.

On the other hand, the experimentally observed odd-symmetry of
Vf(;’ can be explained by the nonzero Berry curvature quadrupoles
when the P7 symmetry is broken by the non-zero magnetic order
parameter A or the external B-fields. Figure 4b shows the calculated
magnetic order parameter A dependence of Berry curvature quadru-
poles in MnBi,Te4. Remarkably, it exhibits a good agreement with our
experimental observations in Fig. 4a. Figure 4c-e shows the calculated
band structure evolution and the strength distribution of the Berry
curvature quadrupole. The combined P7 symmetry of MnBi,Te,
flakes forces each band to be doubly degenerated in the absence of
external B-fields, as indicated by the black curve in Fig. 4c. This band
degeneracy makes the Berry curvature quadrupoles to zero, resulting
inthe zero V;’;;’ inthe antiferromagnetic state of MnBi,Te, flakes. When
the external B-field is applied, the P7 symmetry is broken, lifting the
band degeneracy. Thus, a non-zero Berry curvature quadrupole
emerges, as illustrated in Fig. 4d. This coincides with our experimental
observations in Fig. 4a, where an abrupt change occurs in the transi-
tion from AFM state to canted-AFM state at increased B-fields. With
further increasing the magnetic order parameter A, the band splitting
enhances and eventually pushes the upper band away from the Fermi
level (Fig. 4e). Consequently, the sharp change of the Vﬁ;’ occurs again,
as shown in the theoretical calculation in Fig. 4b and the experimental
observations in Fig. 4a at larger B-fields. The detailed theoretical

derivations are presented in Methods. It is noted that the skew scat-
tering may also contribute to the third-harmonic transverse voltages.
As detailed in the scaling law analysis in Supplementary Note 9, the
magnitude of skew scattering contribution is calculated to be com-
parable to that of the Berry curvature quadrupoles. However, the skew
scattering contribution should be insensitive to the external B-fields,
the dependence on the order parameter A strongly reinforces our
claim of observing the third-harmonic transverse nonlinear con-
ductivity stemming from the Berry curvature quadrupoles
contributions.

In conclusion, our systematic study of nonlinear transport prop-
erties of the antiferromagnetic topological insulator MnBi,Te, flakes
has evidenced the existence of third-harmonic voltages in both long-
itudinal and transverse directions at temperatures below the anti-
ferromagnetic transition temperature of MnBi,Te, flakes. The
observed third-order nonlinear transport properties are related to the
magnetism of MnBi,Te, flakes, with the distinct changes of the third-
harmonic voltages closely following the magnetic transitions. The
longitudinal third-harmonic response V3 is attributed to the quantum
metric origin. In contrast, the transverse third-harmonic response
originated from the emergency of non-zero Berry curvature quadru-
poles induced by the external B-fields. Our findings provide the con-
nection between the quantum geometry quadrupole and the high-
order nonlinear transport properties, while lower-order nonlinear
responses are suppressed by inversion symmetry. We expect that even
higher order (such as the seventh order) responses, can be the leading
order nonlinear responses given the appropriate symmetry”. This
work opens a new venue to explore quantum geometry multipoles
induced nonlinear Hall effect.

Methods

Devices fabrication and magnetoresistance measurements

To study the magnetotransport properties, a Hall-bar geometry was
patterned through standard electron-beam lithography and lift-off
techniques. Au/Cr electrodes with a thickness of 100 nm/10 nm were
deposited using thermal evaporation methods. The magnetotransport
properties of the devices were then measured in a Quantum Design
Physical Property Measurement System using a standard lock-in
technique.

Theoretical calculations of third-order nonlinear conductivity
The generic third-order conductivity can be defined as
Ja=0apysEgEyEs. In particular, the third-order longitudinal con-
ductivity induced by the quantum metric is®”

et ' 1/ Y
Oxxxx = ? <7 /k ayz(GxxfO + 2 A U)Zchx 0) 1)

Where the band 0,=0/9;, and
Gup=2Re Y ., Peimsehm s the band-energy normalized quantum
metric tensor***?, In order to get a gauge-independent result, we have
used the relationship (Ay),,,(Ap)n = W in our calculations.

On the other hand, the third-order Hall conductivity induced by
the Berry curvature quadrupole is ref. 13

v=V,g is velocity,

_etr?
Oyxxx = X

Quxz (03]

where Q,, = [ kaf(()zf o is the Berry curvature quadrupole.

Next, we introduce the effective Hamiltonian of MnBi, Te, flakes in
our theoretical calculations for third-order nonlinear effects induced
by the quantum metric and Berry curvature quadrupole. ref. 43 pro-
vides a model Hamiltonian of ferromagnetic MnBi,Te,, where the
ferromagnetic state is stabilized by the external B-field. Here, in order
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to study the effect of the increase of the B-field, we introduce a tunable
magnetic order parameter A, and the effective Hamiltonian reads,

H(K) = Ho(K) + AHpy (k) 3)
where H (k) respects the P7 symmetry, and Hy, (k) is the part which is
induced by the finite magnetization and breaks the time-reversal

symmetry. The detailed parameters of the Hamiltonian can be found in
Supplementary Note 9.

0dd- and even-symmetry of B-fields dependent third-harmonic
nonlinear voltages

The B-fields dependence of third-harmonic nonlinear voltages are
symmetrized for longitudinal direction and antisymmetrized for
transverse direction, as indicated below,

V(B)+ V3 (—B)

V®)= 5 )
o Vi (B) = V(—B)
vaup)= Lo O VD) ©
Data availability

The data represented in Figs. 2, 3, and 4 are available as Source Data
files. All other data that support the plots within this paper and other
findings of this study are available from the corresponding author on
request. Source data are provided in this paper.

References

1. Provost, J. P. & Vallee, G. Riemannian structure on manifolds of
quantum states. Commun. Math. Phys. 76, 289-301 (1980).

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

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

4. Nandy, S. & Sodemann, I. Symmetry and quantum kinetics of the
nonlinear Hall effect. Phys. Rev. B 100, 195117 (2019).

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

6. Gianfrate, A. et al. Measurement of the quantum geometric tensor
and of the anomalous Hall drift. Nature 578, 381-385 (2020).

7. Deng, H. et al. High-temperature quantum anomalous Hall regime
in a MnBi,Te,/Bi,Tes superlattice. Nat. Phys. 17, 36-42 (2021).

8. Lai, S. et al. Third-order nonlinear Hall effect induced by the Berry-
connection polarizability tensor. Nat. Nanotechnol. 16,

869-873 (2021).

9. Chen, C., Wang, H., Yang, Z. & Zhang, H. Nonlinear Hall Effect in
antiferromagnetic half-heusler materials. Chin. Phys. Lett. 38,
057302 (2021).

10. Du, Z.Z., Lu, H.-Z. & Xie, X. C. Nonlinear Hall effects. Nat. Rev. Phys.
3, 744-752 (2021).

1. Wang, C., Gao, Y. & Xiao, D. Intrinsic nonlinear Hall effect in anti-
ferromagnetic tetragonal CuMnAs. Phys. Rev. Lett. 127,

277201 (2021).

12. Ahn, J., Guo, G.-Y., Nagaosa, N. & Vishwanath, A. Riemannian geo-
metry of resonant optical responses. Nat. Phys. 18, 290-295
(2022).

13. Zhang, C.-P., Gao, X.-J., Xie, Y.-M., Po, H. C. & Law, K. T. Higher-order
nonlinear anomalous Hall effects induced by Berry curvature mul-
tipoles. Phys. Rev. B 107, 115142 (2023).

14. Duan, J. et al. Giant Second-order nonlinear Hall effect in twisted
bilayer Graphene. Phys. Rev. Lett. 129, 186801 (2022).

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Liu, H. et al. Berry connection polarizability tensor and third-order
Hall effect. Phys. Rev. B 105, 045118 (2022).

Kaplan D, Holder T & Yan B. Unification of nonlinear anomalous hall
effect and nonreciprocal magnetoresistance in metals by the
quantum geometry. Phys. Rev. Lett. 132, 026301 (2024).

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

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

Wang, C. et al. Room-temperature third-order nonlinear Hall effect
in Weyl semimetal TalrTe,. Natl Sci. Rev. 9, nwac020 (2022).

Gao, A. et al. Quantum metric nonlinear Hall effect in a topological
antiferromagnetic heterostructure. Science 381, 181-186 (2023).
Wang, N. et al. Quantum metric-induced nonlinear transport in a
topological antiferromagnet. Nature 621, 487-492 (2023).

Sankar, S. et al. Experimental evidence for Berry curvature multi-
poles in antiferromagnets. arXiv: 2303.03274 (2023).

Mitscherling, J. & Holder, T. Bound on resistivity in flat-band mate-
rials due to the quantum metric. Phys. Rev. B 105, 085154 (2022).
Huhtinen, K.-E., Herzog-Arbeitman, J., Chew, A. & Bernevig, B. A. &
Torma, P. Revisiting flat band superconductivity: Dependence on
minimal quantum metric and band touchings. Phys. Rev. B 106,
014518 (2022).

Hofmann, J. S., Berg, E. & Chowdhury, D. Superconductivity, charge
density wave, and supersolidity in flat bands with a tunable quan-
tum metric. Phys. Rev. Lett. 130, 226001 (2023).

Kang, K., Li, T., Sohn, E., Shan, J. & Mak, K. F. Nonlinear anomalous
Hall effect in few-layer WTe,. Nat. Mater. 18, 324-328 (2019).

Ye, X.-G. et al. Control over Berry curvature dipole with electric field
in WTe,. Phys. Rev. Lett. 130, 016301 (2023).

Tiwari, A. et al. Giant c-axis nonlinear anomalous Hall effect in Ty-
MoTe, and WTe,. Nat. Commun. 12, 2049 (2021).

He, Z. & Weng, H. Giant nonlinear Hall effect in twisted bilayer WTe,.
Npj Quantum Mater. 6, 101 (2021).

Yu, R. et al. Quantized anomalous Hall effect in magnetic topolo-
gical insulators. Science 329, 61-64 (2010).

Mong, R. S. K., Essin, A. M. & Moore, J. E. Antiferromagnetic topo-
logical insulators. Phys. Rev. B 81, 245209 (2010).

Chen, B. et al. Intrinsic magnetic topological insulator phases in the
Sb doped MnBi,Te, bulks and thin flakes. Nat. Commun. 10,

4469 (2019).

Hao, Y.-J. et al. Gapless surface dirac cone in antiferromagnetic
topological insulator MnBi,Te,4. Phys. Rev. X 9, 041038 (2019).

He, K. MnBi,Te,-family intrinsic magnetic topological materials. Npj
Quantum Mater. 5, 90 (2020).

Chen, P. et al. Tailoring the magnetic exchange interaction in
MnBi,Te, superlattices via the intercalation of ferromagnetic layers.
Nat. Electron. 6, 18-27 (2023).

Wu, M. et al. Novel ii/2-periodic planar Hall effect due to orbital
magnetic moments in MnBi,Te,. Nano Lett. 22, 73-80 (2022).

Lei, X. et al. Magnetically tunable Shubnikov-de Haas oscillations in
MnBi,Te,. Phys. Rev. B 105, 155402 (2022).

Xu, X. et al. Ferromagnetic-antiferromagnetic coexisting ground
state and exchange bias effects in MnBisTe; and MnBigTe;o. Nat.
Commun. 13, 7646 (2022).

Zhang, Z. et al. Controlled large non-reciprocal charge transport in
an intrinsic magnetic topological insulator MnBi,Te,. Nat. Commun.
13, 6191 (2022).

Li, Y. et al. Giant nonlocal edge conduction in the axion insulator
state of MnBi,Te,. Sci. Bull. 68, 1252-1258 (2023).

Manchon, A. et al. Current-induced spin-orbit torques in ferro-
magnetic and antiferromagnetic systems. Rev. Mod. Phys. 91,
035004 (2019).

Nature Communications | (2024)15:7779


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-52206-8

42. Hals, K. M. D. & Brataas, A. Spin-motive forces and current-induced
torques in ferromagnets. Phys. Rev. B 91, 214401 (2015).

43. Zhang, D. et al. Topological axion states in the magnetic insulator
MnBi,Te, with the quantized magnetoelectric effect. Phys. Rev.
Lett. 122, 206401 (2019).

Acknowledgements

This work was supported in part by the Research Grants Council of the
Hong Kong SAR under Grant Nos. 16306421, AoE/P-701/20-3, and
C6025-19G.

Author contributions

J.N.W. conceived the research; C.M. and X.L. fabricated devices with
support from H.H.; H.L. performed transport experiments with support
from C. Zhou, C.M., Z.J., and B.L.; C. Zhang and K.T.L. provided theore-
tical support; H.L., C. Zhang, H.H., K.T.L., and J.N.W. analyzed experi-
mental data and wrote the manuscript with input from all co-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/s41467-024-52206-8.

Correspondence and requests for materials should be addressed to
Kam Tuen Law or Jiannong Wang.

Peer review information Nature Communications thanks Weibo Gao,
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.

Open Access This article is licensed under a Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International License,
which permits any non-commercial use, sharing, 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 you modified the licensed
material. You do not have permission under this licence to share adapted
material derived from this article or parts of it. 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-nc-nd/4.0/.

© The Author(s) 2024

Hui Li"3, Chengping Zhang ® "3, Chengjie Zhou', Chen Ma', Xiao Lei?, Zijing Jin', Hongtao He?, Baikui Li',

Kam Tuen Law®"' & Jiannong Wang ®'

Department of Physics, the Hong Kong University of Science and Technology, Clear Water Bay, Hong Kong, China. 2Department of Physics, South University

of Science and Technology of China, Shenzhen, Guangdong, China. 3These authors contributed equally: Hui Li, Chengping Zhang.

phjwang@ust.hk

e-mail: phlaw@ust.hk;

Nature Communications | (2024)15:7779


https://doi.org/10.1038/s41467-024-52206-8
http://www.nature.com/reprints
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://orcid.org/0000-0003-1093-6972
http://orcid.org/0000-0003-1093-6972
http://orcid.org/0000-0003-1093-6972
http://orcid.org/0000-0003-1093-6972
http://orcid.org/0000-0003-1093-6972
http://orcid.org/0000-0003-0501-6290
http://orcid.org/0000-0003-0501-6290
http://orcid.org/0000-0003-0501-6290
http://orcid.org/0000-0003-0501-6290
http://orcid.org/0000-0003-0501-6290
http://orcid.org/0000-0002-6133-6371
http://orcid.org/0000-0002-6133-6371
http://orcid.org/0000-0002-6133-6371
http://orcid.org/0000-0002-6133-6371
http://orcid.org/0000-0002-6133-6371
mailto:phlaw@ust.hk
mailto:phjwang@ust.hk
www.nature.com/naturecommunications

	Quantum geometry quadrupole-induced third-order nonlinear transport in antiferromagnetic topological insulator MnBi2Te4
	Results
	Temperature dependence of nonlinear transport properties of MnBi2Te4 flakes
	B-fields dependence of nonlinear transport properties in MnBi2Te4 flakes

	Discussion
	Methods
	Devices fabrication and magnetoresistance measurements
	Theoretical calculations of third-order nonlinear conductivity
	Odd- and even-symmetry of B-fields dependent third-harmonic nonlinear voltages

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




