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It has been theoretically predicted that perturbation of the Berry curvature by electromagnetic fields gives
rise to intrinsic nonlinear anomalous Hall effects that are independent of scattering. Two types of nonlinear
anomalous Hall effects are expected. The electric nonlinear Hall effect has recently begun to receive
attention, while very few studies are concerned with the magneto-nonlinear Hall effect. Here, we combine
experiment and first-principles calculations to show that the kagome ferromagnet Fe;Sn, displays such a
magneto-nonlinear Hall effect. By systematic field angular and temperature-dependent transport measure-
ments, we unambiguously identify a large anomalous Hall current that is linear in both applied in-plane
electric and magnetic fields, utilizing a unique in-plane configuration. We clarify its dominant orbital origin
and connect it to the magneto-nonlinear Hall effect. The effect is governed by the intrinsic quantum geometric
properties of Bloch electrons. Our results demonstrate the significance of the quantum geometry of electron
wave functions from the orbital degree of freedom and open up a new direction in Hall transport effects.

DOI: 10.1103/PhysRevLett.132.106601

Inspired by the understanding of the Berry physics and
topological materials, it is now well accepted that the
properties of quantum materials are determined by not only
the band dispersion but also the geometry of the quantum
wave functions, such as the Berry curvature and the
quantum metric. Consequently, probing and controlling
the quantum geometry is becoming one of the main themes
in the field of quantum materials [1-5]. The nonlinear
anomalous Hall effect (NLHE) has recently attracted
enormous interest [4—16]. It probes the so-called Berry
curvature dipole. The Berry curvature is usually taken as
field-independent in this effect. On the other hand, it has
been predicted early on that electromagnetic fields can
influence the Berry curvature, giving rise to a different
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NLHE [17]. The effect is intrinsic as it is determined by the
geometric property of wave functions and independent
of scattering. Since both electric and magnetic fields
can modify the Berry curvature, two types of intrinsic
effects are expected, i.e., electric NLHE (eNLHE) and
magneto-NLHE (mNLHE). The eNLHE is closely
related to the quantum metric that defines the infinitesimal
distance in the Hilbert space on the Brillouin zone. The
mNLHE is associated with the Christoffel symbol that
defines the affine geometry of the Brillouin zone. These
two geometric properties together make the Brillouin zone
a Riemannian manifold [17]. Therefore, studies of two
NLHEs provide complementary information on the quan-
tum geometry.

© 2024 American Physical Society
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Detection of the eNLHE using harmonic measurements
is relatively straightforward, as has been done for the
NLHE due to the field-independent Berry -curvature
dipole [6,9,10]. To distinguish the eNLHE from the
NLHE due to the field-independent Berry curvature dipole,
proposals have been put forth and particular attention has
been paid to P7 -symmetric materials, in which the latter is
precluded by symmetry [18-20]. Experimental studies
have appeared very recently [21,22]. In contrast, identi-
fication of the mNLHE seems very tricky, because the
effect, scaling as EH, shares the same electromagnetic field
dependence with the ordinary Hall effect due to the Lorentz
force [17]. Here, E and H are the electric and magnetic
fields, respectively. Although the symmetry requirement
for the mNLHE is less stringent than the eNLHE, which
needs inversion symmetry breaking, studies on the mNLHE
are scarce. A recent discovery of a novel in-plane anoma-
lous Hall effect (IAHE) on heterodimensional superlattice
VsSg provides a unique opportunity for probing the
mNLHE [23], owing to a strong suppression of the ordinary
Hall effect in the special in-plane configuration. In this
work, we study the Hall effect in a kagome ferromagnetic
semimetal Fe;Sn, and observe a strong mNLHE. The
ferromagnetic order of the material enables us to identify
the dominance of the orbital contribution. The first-
principles calculations are in excellent agreement with
the experiment data.

To understand the origin of this orbital mNLHE, we
recall that for the usual anomalous Hall effect in magnets,
there is an important contribution from so-called anoma-
lous velocity ~E x € of Bloch electrons, where € is the
Berry curvature of band structure [24,25]. A magnetic field
perturbs the band structure, therefore giving a correction to
the Berry curvature [17]. In the extended semiclassical
theory [26], the H-field—induced Berry connection is
given by

AL (k) = poH ,[FS, (k) + FS, (k)] (1)
Here, the subscripts @ and b denote Cartesian components,
k is the wave vector, and we suppress the band indices. It is
important to note that both A7 and F’s are gauge invariant.
The coefficients FS, and FO, are known as anomalous spin
polarizability and anomalous orbital polarizability (AOP),
respectively. They represent the susceptibility of positional
shift of Bloch wave packets with respect to an applied H
field due to its coupling with spin and orbital degrees of
freedom. The induced Berry connection generates the
correction to the Berry curvature Q7 =V, x A, which
in turn leads to the anomalous velocity and the anomalous
Hall effect scaling as ~EH. Clearly, in this simple picture,
the orbital mechanism is associated with AOP tensor F' Sb,
which is an intrinsic band geometric quantity. The key
point is that AOP is greatly enhanced and usually domi-
nates over anomalous spin polarizability at bands near

degeneracy regions. Thus, there is a chance that the orbital
contribution can dominate over spin contribution in certain
materials with entangled multiband structures around
Fermi level, especially those topological band crossings.
Nevertheless, such dominant orbital mNLHE has not been
experimentally verified so far.

Fe;Sn, is a soft ferromagnetic semimetal with a high
Curie temperature of 657 K [27,28]. Its structure consists of
breathing kagome Fe;Sn bilayers and Sn honeycomb layers
stacked along the ¢ axis [29], as shown in Fig. 1(a). This
layered rhombohedral crystal structure belongs to the R3m
space group (point group Ds;,;) with a mirror plane M,
perpendicular to the a axis [see the inset of Fig. 1(b) for the
coordinate system we adopt]. The M, mirror has a strong
constraint on IAHE: IAHE must vanish identically if H
field (and/or magnetization) is parallel to x (i.e., preserving
M,), and it is allowed for H field along other in-plane
directions (e.g., the y direction). Recent studies suggested
the emergence of Weyl nodes when the magnetization is in-
plane [30-34]. These degeneracy points can strongly affect
electronic response and transport properties. Consistently,
experiments have shown the unusually strong responses
to magnetic fields applied in z and y directions [35,36].
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FIG. 1. Crystal structure and basic transport characterization of

Fe;Sn,. (a) Crystal structure. The crystal includes a honey-
comb Sn layer sandwiched between kagome Fe;Sn bilayers
(green slices). The left illustration shows the breathing kagome
Fe;Sn layer. The gray dashed line indicates the mirror plane
perpendicular to the a axis. (b) Temperature-dependent longi-
tudinal resistivity along the a axis. The inset depicts the current
direction. The x, y, and z axes correspond to the @, a | , and ¢ axes,
respectively.  (c),(d) Magnetoresistance [MR = {[p.(H) —
0,:(0)]/p.(0)}] and Hall resistivity under an out-of-plane field
at various temperatures, respectively.
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As mentioned above, these topological features are ben-
eficial for enhancing the possible orbital mNLHE.

Our Fe;Sn, crystals were grown by a two-step growth
method. As the starting material, the pure phase of Fe;Sn,
polycrystals were obtained with solid-state reaction at
770°C. The Fe;Sn, single crystals with shiny surfaces
were grown from these polycrystals by the chemical vapor
transport method with iodine as the transport agent, in a
temperature gradient from 650°C to 720°C. The crystal
structure and the chemical composition were confirmed by
x-ray diffraction and energy dispersive spectroscopy,
respectively [37]. Single crystals of thin hexagonal plates
with a lateral dimension of 200—1000 pm and a thickness
of 15-60 pm were selected for transport measurements.
Samples were mounted on a motorized rotation stage with a
resolution better than 0.02°. A Hall sensor was placed on
the sample holder for accurate determination of the rotation
angle. The resistivity and Hall effect were measured by a
four-probe method using lock-in amplifiers and extracted
by a standard symmetrizing or antisymmetrizing procedure.
The data presented in the main text are mainly from sample
#03, whereas the in-plane angular dependence was mea-
sured on sample #04. Additional data and the data for
sample #01 are shown in the Supplemental Material [37].
These samples show basically identical behaviors.

The resistivity p,, of our crystal as a function of
temperature is shown in Fig. 1(b). p,, exhibits a typical
metallic behavior, with the residual resistivity ratio
(300 K)/p (5 K) being about 12. We first apply
external H field in the z direction. The magnetoresistance
and Hall resistivity of our samples display characteristics
reported before [29,33,47,48]. At high temperatures, the
high-field magnetoresistance in Fig. 1(c) is negative
and linear in H, consistent with electron-magnon
scattering [49]. With decreasing temperature, a quadratic
Lorentz magnetoresistance appears. The low-field valley in
magnetoresistance reflects the reorientation of magnetiza-
tion from the (in-plane) easy axis to the c¢ axis [50].
It increases with decreasing temperature, signifying the
development of the spin reorientation transition, in
which the easy axis rotates from the z axis toward the
xy (ab) plane and eventually lies in the xy plane below
70 K [31,50,51]. As seen in Fig. 1(d), the jump of the Hall
resistivity p,, at the coercive field corresponds to the
anomalous Hall resistivity. py, above the coercive field
is contributed by the ordinary Hall effect of Lorentz-force
origin. Above 100 K, the ordinary Hall effect is linear in
magnetic field, suggesting the dominance of one type
of carrier. At low temperatures, the field dependence of
the ordinary Hall effect deviates from a straight line,
indicating the involvement of multiple bands, as shown
in Fig. S3b [37].

To investigate the effect of magnetic field orientation on
the Hall resistivity, we tilt the field in the zx plane, as
sketched in Fig. 2(a). The angle between the field and the

z axis is denoted as 6. p,, decreases with increasing angle
and disappears when H is in-plane. The behavior is
consistent with the conventional picture of the ordinary
(anomalous) Hall effect, in which the effect normally
depends on the out-of-plane component of magnetic field
(magnetization). This is corroborated by the observation
that p,, at +6 coincides with that at —6. In stark contrast,
Py behaves distinctively when the field is rotated in the yz
plane. In particular, the Hall resistivities at +0 and —6
noticeably differ, implying that p,, is no longer solely
determined by the out-of-plane components of field and
magnetization. Furthermore, p,, remains substantial, even
when the field lies in the xy plane, indicating an in-plane
Hall effect, as shown in Fig. 2(b). Detailed measurements
confirm that the observation is not due to an angle
misalignment (see Supplemental Material [37]). The in-
plane Hall signal appears when the H field is along the
y axis, while it vanishes when the field is along the x axis.
This behavior is consistent with the constraints imposed by
the M, mirror we discussed above.

We then measure the angular dependence of the in-plane
Hall effect for magnetic field rotated in the xy plane. As
shown in Fig. 2(c), the Hall resistivity can be decomposed
into two sinusoidal components. One has a period of 2z,
apparently resulting from the out-of-plane Hall effect due to
a misalignment angle. The other dominant component is
the in-plane Hall effect. It displays a period of 27 /3, which
results from the concerted action of the threefold rotational
symmetry of the nonmagnetic lattice structure and the soft-
magnet nature of Fe;Sn, (detailed in the Supplemental
Material [37]). Here, we also remind that the in-plane Hall
effect is odd in magnetic field [52-55], while the so-called
planar Hall effect is even, hence essentially an anisotropic
magnetoresistance effect [23]. They can be separated by the
antisymmetrizing or symmetrizing procedure.

Having confirmed the observation of IAHE, we further
analyze its physical origin. As seen in the inset of Fig. 2(b),
the overall in-plane Hall signal apparently consists of two
parts: a jump around zero field and a H-linear part away
from the jump, ie., py, = playe + Playe. Both display
an angular dependence with a period of 2z/3, shown in
Fig. 2(d). Clearly, the jump is from the usual anomalous
Hall effect due to magnetization (though in an unusual
in-plane configuration), and this can be confirmed by its
correlation with the field dependence of in-plane magneti-
zation [50,51]. The H-linear part pf, . is consistent with
the electromagnetic field dependence of the mNLHE. Since
Fe;Sn, is a soft magnet and the temperature is far below the
Curie temperature, the magnetization of local moments
should be well saturated after magnetic switching and
therefore remains a constant [50]. Thus, the H-linear
contribution can only be related to the spin and/or orbital
coupling of carriers to the applied H field. It is important to
note that this contribution is remarkably large compared to
Paue due to magnetization. For example, at 10 K, pf4 . at
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FIG. 2. In-plane Hall effect and its angular dependence. (a) Hall resistivity for the magnetic field rotating in the zx plane at 7 = 50 K.
(b) Hall resistivity for the magnetic field rotating in the yz plane at 7 = 50 K. The top-left insets in (a) and (b) depict the current and
magnetic field directions. The top-right inset in (b) shows piagg from O to 7 T. (¢) H-antisymmetric Hall resistivity pfy'Asy for magnetic
field rotated in the xy plane at yyH = 6 Tand T = 5 K. pfy'ASy consists of two sinusoidal contributions with periods of 2z and 2/3x. The
27 oscillation is contributed by the out-of-plane Hall component due to a misalignment sketched in the inset. (d) Angular dependence of

Pane (blue, left axis) and pf e /uoH (red, right axis) at T = 5 K. The inset depicts the measurement configuration and mirrors (green
dashed lines) of the crystal.

3 T already amounts to pY,,- (see Fig. S3d in the

Supplemental Material [37]). As the exchange field of (@) 02 ©) of 0
Fe;Sn,, which underlies p?, i, is on the order of 1000 T K W -
[29], one can see that the spin Zeeman coupling to applied 04 ,—?SSK K ] al y
H field (a few Tesla) is negligible and cannot account for B0k 0k i -
the large pfi ;;; that we observe. Meanwhile, AOP and its F] oK ok .- ~of N
associated orbital contribution could be greatly enhanced in Q op TETVE 1 L o4 ot ol 1 _375
Fe;Sn, due to the band crossing features around the Fermi e = = o =
level. All these imply that the pronounced IAHE is very = ‘ og g 2 e
likely to have a dominant orbital origin. o4l | 2 z : E
We have also investigated the temperature dependence M T, B Y
of the signal. Figure 3(a) shows the total Hall resistivity E0
pyx versus H field for H||9 at various temperatures from 02 Hg 16 ¥ 0 IR -
10 K to 300 K. As temperature increases, p?AHE increases, s 28 o HO (T) 25 8 0 1OOT (K)zoo 800

while pfl ;- decreases. By a linear fit to Py above the jump,
we extract p?AHE and pﬁHE /1oH from the y-axis intercept FIG. 3. Tgmperature dependence of the in-p.lal}e. Hall response.
and the slope, respectively. The corresponding conductiv- (a) Magnf:tlc field .dependence of the Hall resistivity for H g]ong
s lcul 0 (0 2 the y axis at various temperatures. The in-plane Hall signal
ltg:s can bf, ca C;l atedh by Glane F(.pIAHE:){ Pbxx) l?.rll)d consists of a jump around zero field and a H-linear dependence
OIAHE = ~(Piang/Prc)> When p << .. Figure 3(b) exhib- after that. (b) Hall conductivity %, (blue, left axis) and the
its the temperature dependence of oV and ofh s /uoH.

N slope ol e /uoH (red, right axis) for H along the y axis as
opapp Strongly decreases with increasing temperature, functions of temperature. 6/, /o H from the experiment and the

although it persists to 300 K. o/, /uoH displays an even  first-principles calculations are compared in the inset.
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FIG. 4. Calculated AOP of Fe;Sn, with magnetization in the y direction. (a) The band projection of yy component of AOP in units of
ugA/eV, which is concentrated in small-gap regions. (b) Calculated band structures around two Weyl points appearing within an energy
window of 1 meV about the Fermi surface of Fe;Sn,. The two Weyl points are located in the k, = 0.793 plane of the Brillouin zone.
(c) Distribution of the k-resolved antisymmetrized AOP dipole on the Fermi surface, i.e., f{(v,F f\?x — v, F %), which is the integrand of
Eq. (2) obtained via an integration by parts, in the k, = 0.793 plane of the momentum space. Here, f{, = df(/0e. The black points show
a pair of Weyl points in this plane, which are the hot spots of AOP dipole. The coordinate of M point is (0.793, 0, 0).

stronger suppression with increasing temperature and
disappears above 120 K, shown in Fig. 3(b). Such a
dependence of ofi, is markedly different from the
ordinary Hall effect (see Fig. S4 in the Supplemental
Material [37]) and agrees well with the first-principles
calculations, which will be discussed in the following.
To clarify the origin of this significant H-linear IAHE,
we combine the theoretical formulation developed in
Ref. [26] with first-principles calculations to yield quanti-
tative estimations. Besides intrinsic contribution, our cal-
culation also includes extrinsic contributions quadratic
in the relaxation time 7 due to Lorentz force [23]. The
calculation details are presented in the Supplemental
Material [37]. Our calculation gives the nonlinear conduc-
tivity tensor y, defined by jAHE =y u E, H,. It corre-
sponds to the value 6% /4o H obtained in experiment. We
find that the IAHE in Fe;Sn, is indeed overwhelmingly
dominated by the orbital contribution due to AOP, which is

Kot == /[dk]fO(aaF?h — 0,F%,). (2)

where the integration with Fermi distribution f, is over all
occupied states, and the derivative is with respect to the wave
vector component. By an integration by parts, Eq. (2) can
also be put in the form of an integration of AOP
over the Fermi surface. This contribution quantifies the
antisymmetrized combination of AOP dipole, which is
defined in parallel to the Berry curvature dipole [6] and
quantum metric dipole [21,22]. Our calculation shows that
in the low-temperature regime (< 80 K) this AOP contri-
bution is 2 to 3 orders of magnitude larger than the spin
contribution, and at least 1 order of magnitude larger
than other contributions (Table S1 in the Supplemental
Material [37]). This confirms the dominant orbital origin of
IAHE in Fe;Sn,.

To correlate the large AOP contribution with band
features in Fe;Sn,, in Fig. 4(a) we plot the band projection
of AOP (Fg)y component). One can see that it is indeed
enhanced at small-gap regions. Taking a closer look at the
band structure around Fermi surfaces of Fe;Sn,, we find
four pairs of Weyl points within an energy window of
10 meV around the Fermi surface (see Table S2 in the
Supplemental Material [37]), one of which connected
by M, 7 symmetry (7 is the time reversal) are displayed
in Fig. 4(b). These Weyl points act as hot spots generating
large AOP values, as shown in Fig. 4(c) for the
distribution of k-resolved AOP dipole at Fermi level in a
2D constant-k, plane of Brillouin zone that contains low-
energy Weyl nodes.

Finally, we plot the calculated nonlinear conductivity
versus temperature curve in the inset of Fig. 3(b),
which shows a very good agreement with the experi-
mental result. Because of uncertainties in the structure and
magnetic configuration, we focus on the temperature
range below 80 K (see the Supplemental Material [37]).
First of all, the theoretical result gets the correct (negative)
sign. Second, it reproduces the trend, namely, the rapid
decrease of y with temperature. Physically, this is mainly
due to the temperature broadening of the Fermi surface,
causing a cancellation of opposite contributions across
small local gaps. Third, the order of magnitude of the
calculated conductivity agrees with the experiment. For
example, the experimental result of y,,, at 20 (50) K is
about —4.1(—1.8) Q' cm™! T~!, and the calculation gives
-8.7(-3.5) Q7 'em™' T

Our results demonstrate the orbital mNLHE for the first
time. The effect, complementary to the eNLHE, provides a
probe for AOP, an intriguing band geometric quantity
encoding the microscopic orbital magnetoelectric coupling.
Furthermore, the giant orbital tunability of quantum geo-
metry of electron wave functions can be expected in many
quantum materials, especially topological semimetals,
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suggesting a new route for characterizing and controlling
topological band features.

This work was supported by National Key Basic
Research Program of China (Projects No. 2022YFA
1403700 and No. 2020YFA0308800) and NSFC (Projects
No. 12074009 and No. 11774009), by Singapore NRF
CRP22-2019-0061, by the UGC/RGC of Hong Kong SAR
(AoE/P-701/20), and by the Start-up Research Grant of
University of Macau. We acknowledge computational
support from National Supercomputing Centre Singapore
and Texas Advanced Computing Center. Z. W. and Y. Y.
were supported by National Key Basic Research Program
of China (Project No. 2022YFA1403400), NSFC (Grant
No. 92065109), and the Beijing Natural Science
Foundation (Grants No. Z210006 and No. Z190006).
Z.W. also thanks the Analysis and Testing Center at
BIT for assistance in facility support.

“These authors contributed equally to this work.
Corresponding author: zhiweiwang @bit.edu.cn
?Corresponding author: congxiao@um.edu.mo
SCorresponding author: xswu@pku.edu.cn

[1] S.-Y. Xu, Q. Ma, H. Shen, V. Fatemi, S. Wu, T.-R. Chang,
G. Chang, A. M. M. Valdivia, C.-K. Chan, Q. D. Gibson, J.
Zhou, Z. Liu, K. Watanabe, T. Taniguchi, H. Lin, R.J. Cava,
L. Fu, N. Gedik, and P. Jarillo-Herrero, Nat. Phys. 14, 900
(2018).

[2] S. Lai, H. Liu, Z. Zhang, J. Zhao, X. Feng, N. Wang, C.
Tang, Y. Liu, K. S. Novoselov, S. A. Yang, and W.-b. Gao,
Nat. Nanotechnol. 16, 869 (2021).

[3] X.-G. Ye, H. Liu, P.-F. Zhu, W.-Z. Xu, S. A. Yang, N.
Shang, K. Liu, and Z.-M. Liao, Phys. Rev. Lett. 130,
016301 (2023).

[4] Q. Ma, A.G. Grushin, and K. S. Burch, Nat. Mater. 20,
1601 (2021).

[5] S. Sinha, P. C. Adak, A. Chakraborty, K. Das, K. Debnath,
L.D.V. Sangani, K. Watanabe, T. Taniguchi, U.V.
Waghmare, A. Agarwal, and M. M. Deshmukh, Nat. Phys.
18, 765 (2022).

[6] 1. Sodemann and L. Fu, Phys. Rev. Lett. 115, 216806 (2015).

[7]1 J.1. Facio, D. Efremov, K. Koepernik, J.-S. You, L
Sodemann, and J. van den Brink, Phys. Rev. Lett. 121,
246403 (2018).

[8] Z.Z. Du, C. M. Wang, H.-Z. Lu, and X. C. Xie, Phys. Rev.
Lett. 121, 266601 (2018).

[9] Q. Ma et al., Nature (London) 565, 337 (2019).

[10] K. Kang, T. Li, E. Sohn, J. Shan, and K. F. Mak, Nat. Mater.
18, 324 (2019).

[11] C. Xiao, Z.Z. Du, and Q. Niu, Phys. Rev. B 100, 165422
(2019).

[12] O. Matsyshyn and 1. Sodemann, Phys. Rev. Lett. 123,
246602 (2019).

[13] D. Kumar, C.-H. Hsu, R. Sharma, T.-R. Chang, P. Yu, J.
Wang, G. Eda, G. Liang, and H. Yang, Nat. Nanotechnol.
16, 421 (2021).

[14] Z.Z. Du, C. M. Wang, H.-P. Sun, H.-Z. Lu, and X. C. Xie,
Nat. Commun. 12, 5038 (2021).

[15] Z.Z. Du, H.-Z. Lu, and X. C. Xie, Nat. Rev. Phys. 3, 744
(2021).

[16] T. Ma, H. Chen, K. Yananose, X. Zhou, L. Wang, R. Li,
Z.Zhu, Z. Wu, Q.-H. Xu, J. Yu, C. W. Qiu, A. Stroppa, and
K. P. Loh, Nat. Commun. 13, 5465 (2022).

[17] Y. Gao, S. A. Yang, and Q. Niu, Phys. Rev. Lett. 112,
166601 (2014).

[18] C. Wang, Y. Gao, and D. Xiao, Phys. Rev. Lett. 127, 277201
(2021).

[19] H. Liu, J. Zhao, Y.-X. Huang, W. Wu, X.-L. Sheng, C. Xiao,
and S. A. Yang, Phys. Rev. Lett. 127, 277202 (2021).

[20] A. Kirikoshi and S. Hayami, Phys. Rev. B 107, 155109
(2023).

[21] A. Gao et al., Science 381, 181 (2023).

[22] N. Wang, D. Kaplan, Z. Zhang, T. Holder, N. Cao, A. Wang,
X. Zhou, F. Zhou, Z. Jiang, C. Zhang, S. Ru, H. Cai, K.
Watanabe, T. Taniguchi, B. Yan, and W. Gao, Nature
(London) 621, 487 (2023).

[23] J. Zhou et al., Nature (London) 609, 46 (2022).

[24] N. Nagaosa, J. Sinova, S. Onoda, A. H. MacDonald, and
N.P. Ong, Rev. Mod. Phys. 82, 1539 (2010).

[25] D. Xiao, M.-C. Chang, and Q. Niu, Rev. Mod. Phys. 82,
1959 (2010).

[26] H. Wang, Y.-X. Huang, H. Liu, X. Feng, J. Zhu, W. Wu, C.
Xiao, and S. A. Yang, arXiv:2211.05978.

[27] G. Le Caér, B. Malaman, and B. Roques, J. Phys. F 8, 323
(1978).

[28] H. Giefers and M. Nicol, J. Alloys Compd. 422, 132 (2006).

[29] L. Ye, M. Kang, J. Liu, F. von Cube, C.R. Wicker, T.
Suzuki, C. Jozwiak, A. Bostwick, E. Rotenberg, D. C. Bell,
L. Fu, R. Comin, and J. G. Checkelsky, Nature (London)
555, 638 (2018).

[30] H. Tanaka, Y. Fujisawa, K. Kuroda, R. Noguchi, S.
Sakuragi, C. Bareille, B. Smith, C. Cacho, S.W. Jung,
T. Muro, Y. Okada, and T. Kondo, Phys. Rev. B 101,
161114(R) (2020).

[31] A. Biswas, O. Iakutkina, Q. Wang, H. C. Lei, M. Dressel,
and E. Uykur, Phys. Rev. Lett. 125, 076403 (2020).

[32] S. Fang, L. Ye, M. P. Ghimire, M. Kang, J. Liu, M. Han, L.
Fu, M. Richter, J. van den Brink, E. Kaxiras, R. Comin, and
J. G. Checkelsky, Phys. Rev. B 105, 035107 (2022).

[33] N. Kumar, Y. Soh, Y. Wang, J. Li, and Y. Xiong, Phys. Rev.
B 106, 045120 (2022).

[34] Z. Ren, H. Li, S. Sharma, D. Bhattarai, H. Zhao, B.
Rachmilowitz, F. Bahrami, F. Tafti, S. Fang, M.P.
Ghimire, Z. Wang, and 1. Zeljkovic, npj Quantum Mater.
7, 109 (2022).

[35] J.-X. Yin et al., Nature (London) 562, 91 (2018).

[36] Y. Li, Q. Wang, L. DeBeer-Schmitt, Z. Guguchia, R.D.
Desautels, J.-X. Yin, Q. Du, W. Ren, X. Zhao, Z. Zhang,
I. A. Zaliznyak, C. Petrovic, W. Yin, M. Z. Hasan, H. Lei,
and J. M. Tranquada, Phys. Rev. Lett. 123, 196604 (2019).

[37] See  Supplemental ~Material at  http://link.aps.org/
supplemental/10.1103/PhysRevLett.132.106601 for single
crystals growth method, additional transport data, and first-
principles calculations, which includes Refs. [38—46].

[38] S. Liang, J. Lin, S. Kushwaha, J. Xing, N. Ni, R.J. Cava,
and N. P. Ong, Phys. Rev. X 8, 031002 (2018).

106601-6


https://doi.org/10.1038/s41567-018-0189-6
https://doi.org/10.1038/s41567-018-0189-6
https://doi.org/10.1038/s41565-021-00917-0
https://doi.org/10.1103/PhysRevLett.130.016301
https://doi.org/10.1103/PhysRevLett.130.016301
https://doi.org/10.1038/s41563-021-00992-7
https://doi.org/10.1038/s41563-021-00992-7
https://doi.org/10.1038/s41567-022-01606-y
https://doi.org/10.1038/s41567-022-01606-y
https://doi.org/10.1103/PhysRevLett.115.216806
https://doi.org/10.1103/PhysRevLett.121.246403
https://doi.org/10.1103/PhysRevLett.121.246403
https://doi.org/10.1103/PhysRevLett.121.266601
https://doi.org/10.1103/PhysRevLett.121.266601
https://doi.org/10.1038/s41586-018-0807-6
https://doi.org/10.1038/s41563-019-0294-7
https://doi.org/10.1038/s41563-019-0294-7
https://doi.org/10.1103/PhysRevB.100.165422
https://doi.org/10.1103/PhysRevB.100.165422
https://doi.org/10.1103/PhysRevLett.123.246602
https://doi.org/10.1103/PhysRevLett.123.246602
https://doi.org/10.1038/s41565-020-00839-3
https://doi.org/10.1038/s41565-020-00839-3
https://doi.org/10.1038/s41467-021-25273-4
https://doi.org/10.1038/s42254-021-00359-6
https://doi.org/10.1038/s42254-021-00359-6
https://doi.org/10.1038/s41467-022-33201-3
https://doi.org/10.1103/PhysRevLett.112.166601
https://doi.org/10.1103/PhysRevLett.112.166601
https://doi.org/10.1103/PhysRevLett.127.277201
https://doi.org/10.1103/PhysRevLett.127.277201
https://doi.org/10.1103/PhysRevLett.127.277202
https://doi.org/10.1103/PhysRevB.107.155109
https://doi.org/10.1103/PhysRevB.107.155109
https://doi.org/10.1126/science.adf1506
https://doi.org/10.1038/s41586-023-06363-3
https://doi.org/10.1038/s41586-023-06363-3
https://doi.org/10.1038/s41586-022-05031-2
https://doi.org/10.1103/RevModPhys.82.1539
https://doi.org/10.1103/RevModPhys.82.1959
https://doi.org/10.1103/RevModPhys.82.1959
https://arXiv.org/abs/2211.05978
https://doi.org/10.1088/0305-4608/8/2/018
https://doi.org/10.1088/0305-4608/8/2/018
https://doi.org/10.1016/j.jallcom.2005.11.061
https://doi.org/10.1038/nature25987
https://doi.org/10.1038/nature25987
https://doi.org/10.1103/PhysRevB.101.161114
https://doi.org/10.1103/PhysRevB.101.161114
https://doi.org/10.1103/PhysRevLett.125.076403
https://doi.org/10.1103/PhysRevB.105.035107
https://doi.org/10.1103/PhysRevB.106.045120
https://doi.org/10.1103/PhysRevB.106.045120
https://doi.org/10.1038/s41535-022-00521-y
https://doi.org/10.1038/s41535-022-00521-y
https://doi.org/10.1038/s41586-018-0502-7
https://doi.org/10.1103/PhysRevLett.123.196604
http://link.aps.org/supplemental/10.1103/PhysRevLett.132.106601
http://link.aps.org/supplemental/10.1103/PhysRevLett.132.106601
http://link.aps.org/supplemental/10.1103/PhysRevLett.132.106601
http://link.aps.org/supplemental/10.1103/PhysRevLett.132.106601
http://link.aps.org/supplemental/10.1103/PhysRevLett.132.106601
http://link.aps.org/supplemental/10.1103/PhysRevLett.132.106601
http://link.aps.org/supplemental/10.1103/PhysRevLett.132.106601
https://doi.org/10.1103/PhysRevX.8.031002

PHYSICAL REVIEW LETTERS 132, 106601 (2024)

[39] F.L. Zeng, Z. Y. Ren, Y. Li, J. Y. Zeng, M. W. Jia, J. Miao,
A. Hoffmann, W. Zhang, Y. Z. Wu, and Z. Yuan, Phys. Rev.
Lett. 125, 097201 (2020).

[40] G. Kresse and J. Hafner, Phys. Rev. B 49, 14251 (1994).

[41] G. Kresse and J. Furthmiiller, Phys. Rev. B 54, 11169
(1996).

[42] P.E. Blochl, Phys. Rev. B 50, 17953 (1994).

[43] J. P. Perdew, K. Burke, and M. Ernzerhof, Phys. Rev. Lett.
77, 3865 (1996).

[44] N. Marzari and D. Vanderbilt, Phys. Rev. B 56, 12847 (1997).

[45] 1. Souza, N. Marzari, and D. Vanderbilt, Phys. Rev. B 65,
035109 (2001).

[46] A.A. Mostofi, J.R. Yates, Y.-S. Lee, I. Souza, D.
Vanderbilt, and N. Marzari, Comput. Phys. Commun.
178, 685 (2008).

[47] T. Kida, L. A. Fenner, A. A. Dee, 1. Terasaki, M. Hagiwara,
and A. S. Wills, J. Phys. Condens. Matter 23, 112205 (2011).

[48] Q. Wang, S. Sun, X. Zhang, F. Pang, and H. Lei, Phys. Rev.
B 94, 075135 (2016).

[49] B. Raquet, M. Viret, E. Sondergard, O. Cespedes, and R.
Mamy, Phys. Rev. B 66, 024433 (2002).

[50] N. Kumar, Y. Soh, Y. Wang, and Y. Xiong, Phys. Rev. B
100, 214420 (2019).

[51] P. Wu, J. Song, X. Yu, Y. Wang, K. Xia, B. Hong, L. Zu, Y.
Du, P. Vallobra, F. Liu, S. Torii, T. Kamiyama, Y. Xiong, and
W. Zhao, Appl. Phys. Lett. 119, 082401 (2021).

[52] X. Liu, H.-C. Hsu, and C.-X. Liu, Phys. Rev. Lett. 111,
086802 (2013).

[53] R. Battilomo, N. Scopigno, and C. Ortix, Phys. Rev. Res. 3,
L012006 (2021).

[54] J. H. Cullen, P. Bhalla, E. Marcellina, A. R. Hamilton, and
D. Culcer, Phys. Rev. Lett. 126, 256601 (2021).

[55] S. Sun, H. Weng, and X. Dai, Phys. Rev. B 106, L.241105
(2022).

106601-7


https://doi.org/10.1103/PhysRevLett.125.097201
https://doi.org/10.1103/PhysRevLett.125.097201
https://doi.org/10.1103/PhysRevB.49.14251
https://doi.org/10.1103/PhysRevB.54.11169
https://doi.org/10.1103/PhysRevB.54.11169
https://doi.org/10.1103/PhysRevB.50.17953
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1103/PhysRevB.56.12847
https://doi.org/10.1103/PhysRevB.65.035109
https://doi.org/10.1103/PhysRevB.65.035109
https://doi.org/10.1016/j.cpc.2007.11.016
https://doi.org/10.1016/j.cpc.2007.11.016
https://doi.org/10.1088/0953-8984/23/11/112205
https://doi.org/10.1103/PhysRevB.94.075135
https://doi.org/10.1103/PhysRevB.94.075135
https://doi.org/10.1103/PhysRevB.66.024433
https://doi.org/10.1103/PhysRevB.100.214420
https://doi.org/10.1103/PhysRevB.100.214420
https://doi.org/10.1063/5.0063090
https://doi.org/10.1103/PhysRevLett.111.086802
https://doi.org/10.1103/PhysRevLett.111.086802
https://doi.org/10.1103/PhysRevResearch.3.L012006
https://doi.org/10.1103/PhysRevResearch.3.L012006
https://doi.org/10.1103/PhysRevLett.126.256601
https://doi.org/10.1103/PhysRevB.106.L241105
https://doi.org/10.1103/PhysRevB.106.L241105

