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Critical behavior of the magnetic Weyl semimetal PrAlGe
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Noncentrosymmetric PrAlGe is considered to be a magnetic Weyl semimetal that breaks both time-reversal
and inversion symmetry, in which the Weyl nodes can be moved by magnetization. However, the magnetic
interaction of this system remains poorly understood. In this work we perform a systematical investigation on
magnetic properties and critical behaviors in single-crystal PrAlGe. The temperature, field, and angle dependence
of magnetization reveal a strong magnetic anisotropy along the c axis and absolute isotropic characteristic
in the ab plane. By fitting to the magnetic entropy change [�SM (T, H )] around the critical temperature
TC = 16 K, critical exponents β = 0.136(6), γ = 1.801(7), and δ = 14.2(6) are obtained. Based on the obtained
critical exponents, �SM (T, H ) and M(T, H ) curves are scaled into universality curves under the framework of
universality principle. The critical behaviors and exponents suggest that the magnetic interaction in PrAlGe
is of a two-dimensional Ising type, revealing a uniaxial magnetic interaction along the c axis. However, the
ordering moments are tilted from the c axis, which causes antiferromagnetism in the ab plane. The clarification
of the magnetic interaction and magnetic structure is of significance for unveiling its interplay with topological
properties in this system.

DOI: 10.1103/PhysRevB.103.214401

I. INTRODUCTION

Topological semimetals have been one of the major discov-
eries in condensed-matter physics in recent years, exhibiting
fascinating properties such as high carrier mobility [1,2],
extremely large positive transverse magnetoresistance [2–4],
negative magnetoresistance [5], transport response and chi-
ral anomaly [6], anomalous Hall effect (AHE) [7,8], etc. In
particular, the magnetic Weyl semimetal, in which the Weyl
nodes can be generated and modulated by magnetization, pro-
vides an ideal platform for the investigation of the magnetic
field-tunable link between Weyl physics and magnetism [9].
Furthermore, in such systems, large magnetically sensitive
anomalous transport responses are expected as the magnetism
can break time-reversal symmetry and therefore can be ap-
plied in topological spintronics [10]. Compared with the rapid
development of nonmagnetic semimetals in theoretical pre-
diction and experimental confirmation [3,11–16], only a few
systems such as GdPtBi [17–19] and Co3Sn2S2 [8,20] have
been experimentally verified for magnetic Weyl semimetals.
Due to lack of appropriate or high quality specimens, most
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of the theoretically expected magnetic Weyl semimetals have
not been experimentally confirmed [21–24]. Therefore, ex-
ploration of new magnetic semimetals is therefore of great
importance.

Recently, noncentrosymmetric structure RAlGe (R = Ce,
Pr) with space group I41md have been predicted to be
magnetic Weyl semimetals [25]. While their isostructural
compounds LaAlGe have been confirmed to be a nonmag-
netic type-II Weyl semimetal by photoemission [26]. In the
meantime, CeAlGe is proposed as magnetic type-II Weyl
semimetal without AHE due to an antiferromagnetic (AFM)
ground state [27]. Since both space-inversion symmetry and
time-reversal symmetry broken, PrAlGe is supposed to be a
type-I Weyl semimetal with an easy axis along the c axis
[25]. Magnetic and transport measurements show that PrAlGe
has a ferromagnetic (FM) order along the c axis and a large
AHE up to ∼680 �−1 cm−1 originating from the contribution
of the intrinsic Karplus-Luttinger mechanism [28]. Moreover,
recent spectroscopy and transport measurements have directly
revealed a linear energy dispersion of the Weyl fermions and
the large anomalous Hall response, which support the topo-
logical characteristics of Weyl fermions in this system [29].

Up to date, research on PrAlGe mainly focuses on transport
[28–31] and structure properties [31]. To realize the mod-
ulation of the topological properties by magnetization, the
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FIG. 1. (a) Crystal structure of PrAlGe. (b) XRD pattern of the
single-crystal PrAlGe (inset gives the rocking curve). (c) EDX spec-
trum for single-crystal PrAlGe.

clarification of magnetic interactions and magnetic structure
is highly desirable. Motivated by this, we systematically in-
vestigate the magnetism of single-crystal PrAlGe. Based on
the anisotropic magnetization, magnetic entropy change, and
critical behaviors, strong anisotropic magnetic interaction is
unveiled and the magnetic structure is constructed for the
PrAlGe system.

II. EXPERIMENTAL METHODS

Single crystals of PrAlGe were prepared by a self-flux
technique using extra Al as a flux [32]. The detailed growth
process was described in a previous report [28]. The crystal
structure of PrAlGe was checked by the x-ray diffraction
(XRD), performed on a Rigaku-TTR3 x-ray diffractome-
ter, with high intensity graphite monochromatized Cu Kα

radiation. The chemical compositions of the single crystal
were checked by energy dispersive x-ray (EDX) spectrome-
try. The magnetization measurements, including the angle-,
temperature-, and field-dependent magnetization, were car-
ried out by a Quantum Design vibrating sample magnetometer
(SQUID-VSM). In order to obtain the magnetic entropy
change, the initial isothermal magnetization with field applied
along the c axis (H//c) was measured. Before each mea-
surement of initial isothermal magnetization, the sample was
heated to room temperature and held for 2 min, then cooled to
the target temperature under zero field. The magnetic field was
relaxed before data collection, and a no-overshoot mode was
applied to ensure a precise magnetic field. The magnetization
under high magnetic field beyond 7 T was performed on the
water-cooling resistive magnet.

III. RESULTS AND DISCUSSION

PrAlGe belongs to the space group I41md with noncen-
trosymmetric features as illustrated in Fig. 1(a). Figure 1(b)

FIG. 2. Temperature-dependent magnetization with (a) H//ab
and (b) H//c (inset magnifies the phase transition region for H//c).

shows the XRD pattern of the as-synthesized sample, where
the series of sharp diffraction peaks corresponds well to the
(0 0 l) plane of PrAlGe single crystals. The determined
lattice parameter is c = 14.667(1) Å, which is consistent with
the values reported previously [28,30,31]. The high resolution
x-ray rocking curve shown in the inset of Fig. 1(b) gives that
the full-width at half-maximum (FWHM) is �θ = 0.033◦.
The single peak and narrow FWHM of the rocking curve indi-
cate the superior crystalline quality of the single crystal used.
Figure 1(c) depicts the EDX spectrum for the single-crystal
PrAlGe, where the chemical proportions are determined as
Pr : Al : Ge = 1 : 1.01 : 0.99 approaching closely the desired
proportion.

Figures 2(a) and 2(b) display the temperature dependence
of magnetization [M(T )] (left axis) and the reciprocal of
susceptibility [χ−1(T )] (right axis) for single-crystal PrAlGe
with field parallel to the ab plane (H//ab) and c axis (H//c),
respectively. The M(T ) curves were measured under zero field
cooling (ZFC) and field cooling (FC) sequences. Apparently,
M(T ) curves for H//ab and H//c exhibit very distinctive
behaviors. When H//ab, peaks appear on both ZFC and FC
M(T ) curves, which coincide with each other even at low
temperature. These features suggest a typical paramagnetic-
to-antiferromagnetic (PM-AFM) phase transition, where the
Néel temperature is determined as TN ∼ 16 K. However, when
H//c, M(T ) curves display a λ shape due to the bifurcation
between ZFC and FC curves. The M(T ) curves with H//c
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implies a feature of paramagnetic-to-ferromagnetic (PM-FM)
phase transition, where the Curie temperature is determined
as TC ∼ 16 K. In addition, magnetization values with H//c
are much larger than those with H//ab by two orders of
magnitude, indicating strong magnetic anisotropy in PrAlGe.
The χ−1(T ) plotted as the right axis in Figs. 2(a) and 2(b)
present straight lines above the phase transition temperature,
suggesting paramagnetic behaviors for both H//ab and H//c
in the high temperature region. The fittings of χ−1(T ) curves
by the Curie-Weiss law [χ (T ) = C/(T − �CW)] give the
Curie-Weiss temperature �ab

CW = −22.05 K for H//ab and
�c

CW = 24.79 K for H//c, respectively. The negative �CW

confirms an AFM coupling for H//ab, while the positive one
suggests an FM coupling for H//c. As shown in the inset of
Fig. 2(b), another anomaly is noted in the M(T ) curves for
H//c at around 11 K, which indicates another magnetic tran-
sition [31]. The magnetic behaviors here are well consistent
with previous reports [28–31].

Figure 3(a) shows the field dependence of magnetization
[M(H )] up to 30 T at T = 1.8, 14, 16, and 18 K for H//ab and
H//c, where M(H ) curves for H//ab and H//c exhibit ab-
solutely different behaviors. As the field increases, the M(H )
curve with H//ab increases linearly and shows a nonsaturated
behavior even up to 30 T. However, the M(H ) curve with
H//c increases rapidly with the increase of field in the low
field region, and reaches saturation rapidly when H exceeds
4.3 kOe for that at 1.8 K. The M(H ) curves in Fig. 3(a)
suggest strong magnetic anisotropic properties of PrAlGe. In
order to unveil the evolution of the magnetic anisotropy, the
angle dependence of magnetization [M(ϕ)] was performed
at 2 K, which is presented as a three-dimensional (3D) plot
in Fig. 3(b). The in-plane M(ϕ) curves are measured by the
applied field rotated within the ab plane, which is depicted
in the xy plane. The out-of-plane M(ϕ) curves are performed
with the field rotated from the c axis to the ab plane, which
are projective to the xz plane. As can be seen in Fig. 3(b), all
in-plane M(ϕ) curves exhibit circular patterns despite orienta-
tions of the magnetic field, which suggest absolutely isotropic
magnetism in the ab plane. The out-of-plane magnetic behav-
iors are totally different. All curves reach the maximum when
H//c while the minimum when H//ab, illustrating dumbbell
shapes. The strong magnetization along the c axis reveals that
the easy axis of magnetization is along the c axis. The M(T ),
M(H ), and M(ϕ) curves uncover strong magnetic anisotropy
along the c axis in single-crystal PrAlGe, which is beneficial
to its potential application in spintronics [33].

In view of the strong magnetic anisotropy along the c
axis in single-crystal PrAlGe, it is significant to explore the
magnetic couplings and interactions. In the case of a magnetic
phase transition, the magnetic entropy change is correlated
intrinsically with critical exponents, which is an effective
method to unveil the magnetic interactions [34]. The critical
exponents can be obtained by means of magnetic entropy
change, which generates the exponents but does not require
any initial parameters compared with other methods [35,36].
The initial isothermal magnetization [IM(H )] around TC with
H//c are measured in detail to generate the magnetic en-
tropy change, as given in Fig. 4(a). Before measuring IM(H )
curves, the sample was heated to room temperature and held
for 2 min. Each IM(H ) curve was performed when the sample

FIG. 3. (a) Field dependence of isothermal magnetization
[M(H )] up to 30 T at T = 1.8, 14, 16, and 18 K with H//ab
and H//c. (b) 3D plot of angle-dependent magnetization [M(ϕ)]
at T = 2 K under selected field: in-plane M(ϕ) (xy plane) with H
rotated within the ab plane; out-of-plane M(ϕ) (xz plane) with H
rotated from the ab plane to the c axis.

was cooled to the target temperature under zero field. The
IM(H ) curves were carried out with temperature intervals
of �T = 1 K around TC . As shown in Fig. 4(a), all IM(H )
curves show similar saturation behaviors below TC , while they
increase as the field increases above TC indicating nonsatu-
rated behaviors. The magnetic entropy change [�SM (T, H )]
induced by the external field can be expressed as [37,38]

�SM (T, H ) = SM (T, H ) − SM (T, 0)

=
∫ Hmax

0

[
∂M(T, H )

∂T

]
H

dH, (1)

where Hmax is the maximum of external magnetic field.
According to Eq. (1), the temperature-dependent magnetic en-
tropy change [�SM (T )] under different fields can be obtained,
as plotted in Fig. 4(b). Each −�SM (T ) curve shows a peak
at TC ∼ 16 K, indicating that the magnetic entropy change
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FIG. 4. (a) Field dependence of isothermal initial magnetization
[IM(H )] around TC with H//c. (b) Temperature dependence of mag-
netic entropy change [−�SM (T )] under different field with H//c
(inset shows definitions of the generated parameters of a typical
fitting).

reaches the maximum at the phase transition temperature. The
−�SM (T ) curves can be fitted by the functions as shown
in the inset of Fig. 4(b), which generate parameters of the
maximum of |�SM (T )| (|�Smax

M |) and the full-width at half-
maximum (δFWHM). The inset of Fig. 4(b) gives the definitions
of the parameters.

As the field increases, parameters of |�SM (T, H )| curve
follow a series of power laws [34,39]:

|�Smax
M | ∝ Hn, δFWHM ∝ Hb, RCP(S) ∝ Hc, (2)

where RCP(S) is relative cooling power defined as RCP(S) =
|�Smax

M δFWHM|. Figures 5(a)–5(c) plot the field dependence of
|�Smax

M |, δFWHM, and RCP(S) for H//c, the fittings of which
give that n = 0.554(6), b = 0.515(4), and c = 1.070(5). Fur-
thermore, exponents n, b, and c are associated with critical
exponents β, γ , δ, and � [40]:

n = 1 + β − 1

β + γ
, b = 1

�
, c = 1 + 1

δ
, (3)

FIG. 5. Field-dependent parameters of �SM (T ) for H//c:
(a) −�Smax

M , (b) δFWHM, (c) RCP, and (d) modified Arrott plot (MAP).

where β is associated with the spontaneous magnetization, γ

is corresponding to the initial susceptibility, and δ is correlat-
ing with the critical magnetization. In addition, these critical
exponents should fulfill the Widom scaling law [41]:

δ = 1 + γ

β
. (4)

Combining Eqs. (3) and (4), critical exponents for single-
crystal PrAlGe are obtained as β = 0.136(6), γ = 1.801(7)
and δ = 14.2(6) for H//c.

The reliability of the obtained critical exponents can be
verified by the modified Arrott plot (MAP). According to the
Arrott-Noakes equation of state, there is [42]

(H/M )1/γ = (T − TC )/TC + (M/M1)1/β, (5)

where M1 is a constant. The Arrott-Noakes equation of state
suggests that M1/β vs (H/M )1/γ should be a bunch of straight
lines parallel to each other, which constitute the MAP. Fig-
ure 5(d) plots the MAP for single-crystal PrAlGe with H//c.
All the curves of MAP exhibit a series of lines parallel to
each other under high field, which confirms reliability of the
obtained critical exponents. On the other hand, the critical
exponent δ can also be independently fitted out by the critical
isothermal analysis at T = TC :

M = DH1/δ, (6)

where D is critical amplitude. The slope of log(M ) vs log(H )
at TC gives 1/δ. Figure 6 plots the isothermal magnetization
at TC up to high magnetic field of 30 T. The inset of Fig. 6 on
log-log scale gives the fitting exponent δ = 14.41(6). The in-
dependently obtained δ by the critical isothermal analysis is in
agreement with that obtained by the magnetic entropy change,
confirming the reliability of the obtained critical exponents.

According to the universality principle, �SM (T, H ) can
be scaled into a universal curve regardless of the external
field [34]. The magnetic entropy change can be normalized
as �S′

M = �SM/�Smax
M . The temperature is normalized to be
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FIG. 6. Isothermal magnetization at TC up to high magnetic field
of 30 T (inset shows that on log-log scale with the fitting line).

a rescaled temperature θ defined as [40]

θ =
{
θ− = (TC − T )/(Tr1 − TC ), T � TC,

θ+ = (T − TC )/(Tr2 − TC ), T > TC,
(7)

where Tr1 and Tr2 are reference temperatures below and
above TC , respectively, which correspond to �SM (Tr1, Tr2) =
1
2�Smax

M . Figure 7(a) shows �S′
M (θ ) curves. All curves col-

lapse into a single universal curve independent of the external
field, where Tr1 and Tr2 are corresponding to θ = −1 and
θ = +1. Meanwhile, the �SM (T, H ) can be also scaled by
another scaled equation of state H/Mδ = f (ε/M1/β ), based
on which �SM (T, H ) can be rewritten as [43,44]

�SM (T, H ) = H
1−α
� g

( ε

H1/�

)
, (8)

where critical exponents α and � can be yielded by the Rush-
brooke’s law [45]:

α = 2 − 2β − γ , � = δβ. (9)

Subsequently, α = −0.074(9) and � = 1.937(5) are obtained
according to Eqs. (9). Figure 7(b) gives −�SM/H (1−α)/� vs
ε/H1/�, where all the curves collapse onto a single universal
curve with the exception of a bit of divergence below TC . For
this divergence confirmed in the inset of Fig. 2(b), it may be
due to an abnormal spin transition which occurs at 11 K for the
single-crystal PrAlGe. Puphal and Destraz et al. attribute this
to a spin reorientation [10,31,46]. However, the measurement
of ac susceptibility by Meng et al. rules out the spin-glassy
transition [28].

In addition, the reliability of the critical exponents can
also be examined by the scaling functions, one of which is
described as [47]

M(H, ε) = εβ f±(H/εβ+γ ), (10)

where the reduced temperature is defined as ε = (T − TC )/TC ,
and f+ for T > TC and f− for T < TC are regular functions.
In terms of the renormalized magnetization m ≡ ε−βM(H, ε)
and renormalized field h ≡ Hε−(β+γ ), the scaling function
can be rewritten as m = f±(h), which indicates that m vs h
curves will form two separate branches above and below TC ,
respectively. Figure 8(a) depicts m(h) curves, all of which

FIG. 7. (a) Normalization of �SM (T ) vs rescaling temperature
θ (inset shows field dependence of the reference temperature Tr).
(b) Scaling of �SM (T ) under the obtained critical exponents.

collapse onto two branches above and below TC . Meanwhile,
the scaling functions can be written into another form [47]:

H

Mδ
= h

( ε

M1/β

)
, (11)

FIG. 8. (a) Scaling of M(H ) curves around the phase transition
temperature into m(h). (b) MH−1/δ vs εH−1/(β+γ ).
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TABLE I. Critical exponents of PrAlGe and different theoretical models.

Composition Technique Ref. TC β γ δ

PrAlGe Experiment This work 16 0.136(6) 1.801(7) 14.2(6)
2D Ising Theory [48] – 0.125 1.75 15
3D Ising Theory [47] – 0.325 1.24 4.82
3D XY Theory [47] – 0.346 1.316 4.81
Mean field Theory [47] – 0.5 1.0 3.0
3D Heisenberg Theory [47] – 0.365 1.386 4.8
Tricritical mean field Theory [49] – 0.25 1.0 5.0

where h(x) is a scaling function. This scaling hypothesis im-
plies that all the M(H ) curves including T < TC and T > TC

would collapse onto a single curve of MH−1/δ vs εH−1/(β+γ ).
As shown in Fig. 8(b), all the curves are scaled into a single
curve with TC located at the origin. The above results am-
biguously confirm that the critical exponents obtained here are
self-consistent, reliable, and intrinsic.

The obtained critical exponents of PrAlGe, as well as
those of theoretical models, are listed in Table I for a better
comparison. The critical exponents of PrAlGe are mostly
close to those of a two-dimensional (2D) Ising model, espe-
cially δ. The critical exponent δ of a 2D-Ising model (δ =
15) differs greatly with other models (see Table I). The in-
dependently obtained δ = 14.2(6) by the magnetic entropy
change and δ = 14.41(6) by the critical isothermal analy-
sis are both close to that of the 2D-Ising model. Taking
into consideration the three critical exponents, it indicates a
2D-Ising-like magnetic coupling in single-crystal PrAlGe.
The interaction of 2D-Ising type gives d = 2 and n = 1 (d is
the spatial dimensionality and n is the spin dimensionality),
which implies a two-dimensional characteristic in structure
and a one-dimensional interaction in magnetism. Other re-
ports also show the Ising-like magnetic coupling for PrAlGe
[10,28]. Indeed, the structure of PrAlGe is anisotropic, where
the lattice constants a = b = 4.2368 Å and c = 14.609 Å
[28]. The 2D-Ising interaction in a 3D material is also reported
in other systems. For example, in three-dimensional uranium
ferromagnet URhAl, 2D-Ising type of magnetic coupling in-
teractions is revealed, where such low-dimensional magnetic
coupling results from the strong hybridization between the
uranium 5 f and rhodium 4d electrons in the U-RhI layer [50].
Similarly, in its isostructural URhGa and UCoGa, critical ex-
ponents determined by analyzing magnetization data point to
the 2D-Ising universality class [51]. Moreover, 2D-Ising-like
critical behavior is also found in a three-dimensional uniaxial
ferroelectric Sr0.61Ba0.39Nb2O6 [52]. Meanwhile, for PrAlGe,
an AFM characteristic is also noted in the ab plane. The
magnetization and magnetic anisotropy are previously inves-
tigated in other literature [10,28–31]. Based on the previous
reports and the present results of critical behavior, the mag-
netic structure of PrAlGe is sketched in Fig. 1(a). All moments
are ferromagnetically arranged along the c axis, illustrating
an FM behavior. However, the moments are tilted from the c
axis to the ab plane, which result in AFM arrangement in the
ab plane. Consequently, PrAlGe exhibits an FM along the c
axis while an AFM ordering in the ab plane, which exactly
explains its anisotropic magnetism. In fact, Destraz et al.

evidence that in part of the sample Pr moments tilt away from
the c axis over nanometric length scale, which they attribute
to large FM domain walls [10]. In addition, the Ising-like
interaction is also revealed by neutron scattering experiments
and magnetic anisotropy measurements [10,28]. It should be
noted that the magnetic interaction is complex which can be
affected and modulated by the internal and external facts such
as defects, field, pressure, temperature, and so on. Therefore,
the results obtained here are confined within the temperature
range around TC under external field.

For the investigation and modulation of topological prop-
erties in PrAlGe, the clarification of magnetic interactions
and magnetic structure is of great importance. As we know,
the magnetic interaction and spin-orbital coupling play an
important role in the formation and evolution of topological
nontrivial states. In PrAlGe, the intrinsic FM ordering acts
as a Zeeman coupling to split the spin-up and spin-down
bands. However, the whole band structure is still kept. The
split of bands makes the Weyl nodes in k space shift to break
time-reversal symmetry, which consequently generates a large
anomalous Hall effect [25]. Many other novel phenomena are
also expected in magnetic Weyl semimetal due to the direct in-
terplay between Weyl nodes and incommensurate magnetism
[53]. More and more studies have suggested that the mag-
netic structure and magnetic interaction are essential in these
processes. Recently, it is proposed that a Dirac semimetal
state exists in the AFM ground state and a Weyl semimetal
state appears in the FM state in rare-earth monopnictides
NdSb [54,55]. Furthermore, it has been confirmed that many
magnetic incommensurate phases exist in the magnetic Weyl
semimetal candidate CeAlGe, which confirm connections be-
tween magnetism and topologically nontrivial states [53]. As
for PrAlGe, small-angle neutron scattering (SANS) measure-
ments indicate that it could be a platform for the study of
Weyl fermion gauge fields arising from spatially inhomo-
geneous magnetism [10]. The investigations in the present
work therefore provide a comprehensive understanding of the
magnetism in Weyl semimetal PrAlGe, which is significant
for understanding the interplay between the magnetism and
topological properties in this system.

IV. CONCLUSION

In summary, the magnetism and critical behavior of single-
crystal PrAlGe are systematically investigated. The magnetic
properties, including M(T ), M(ϕ), and M(H ) with the
field along different crystallographic directions, reveal strong
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magnetic anisotropy along the c axis and absolutely isotropy
in the ab plane. The critical behavior suggests that the mag-
netic coupling in single-crystal PrAlGe is of an Ising-like
type. Our present work provides a comprehensive under-
standing of the magnetic structure and interaction in Weyl
semimetal PrAlGe.

ACKNOWLEDGMENTS

The authors thank Dr. W. Tong, L. S. Ling, and C. Y. Xi
for the measurement of magnetization under High Magnetic
Field Facility. This work was supported by the National Key

R&D Program of China (Grant No. 2017YFA0303201), the
National Natural Science Foundation of China (Grants No.
12074386, No. 11874358, No. 11874158, No. U1732276, No.
11974181, and No. 11574322), the Users with Excellence
Program of Hefei Science Center CAS (2019HSC-UE010),
Anhui University Scientific Research Startup Fund (No.
S020318006/023), the Key Project of Natural Scientific Re-
search of Universities in Anhui Province (No. K120462009),
and the open research program from Science and Tech-
nology Commission of Shanghai Municipality (Grant No.
19DZ2270200). A proportion of this work was supported by
the High Magnetic Field Laboratory of Anhui Province.

[1] T. Liang, Q. Gibson, M. N. Ali, M. Liu, R. J. Cava, and N. P.
Ong, Nat. Mater. 14, 280 (2015).

[2] C. Shekhar, A. K. Nayak, Y. Sun, M. Schmidt, M. Nicklas, I.
Leermakers, U. Zeitler, Y. Skourski, J. Wosnitza, Z. Liu, Y.
Chen, W. Schnelle, H. Borrmann, Y. Grin, C. Felser, and B.
Yan, Nat. Phys. 11, 645 (2015).

[3] M. N. Ali, J. Xiong, S. Flynn, J. Tao, Q. D. Gibson, L. M.
Schoop, T. Liang, N. Haldolaarachchige, M. Hirschberger, N. P.
Ong, and R. J. Cava, Nature (London) 514, 205 (2014).

[4] N. Kumar, Y. Sun, N. Xu, K. Manna, M. Yao, V. Süss, I.
Leermakers, O. Young, T. Förster, M. Schmidt, H. Borrmann,
B. Yan, U. Zeitler, M. Shi, C. Felser, and C. Shekhar, Nat.
Commun. 8, 1642 (2017).

[5] X. Huang, L. Zhao, Y. Long, P. Wang, D. Chen, Z. Yang, H.
Liang, M. Xue, H. Weng, Z. Fang, X. Dai, and G. Chen, Phys.
Rev. X 5, 031023 (2015).

[6] S. Jia, S.-Y. Xu, and M. Z. Hasan, Nat. Mater. 15, 1140 (2016).
[7] T. Suzuki, R. Chisnell, A. Devarakonda, Y.-T. Liu, W. Feng,

D. Xiao, J. W. Lynn, and J. Checkelsky, Nat. Phys. 12, 1119
(2016).

[8] E. Liu, Y. Sun, N. Kumar, L. Muechler, A. Sun, L. Jiao, S.-Y.
Yang, D. Liu, A. Liang, Q. Xu, J. Kroder, V. Süß, H. Borrmann,
C. Shekhar, Z. Wang, C. Xi, W. Wang, W. Schnelle, S. Wirth,
Y. Chen et al., Nat. Phys. 14, 1125 (2018).

[9] Y. Tokura, M. Kawasaki, and N. Nagaosa, Nat. Phys. 13, 1056
(2017).

[10] D. Destraz, L. Das, S. S. Tsirkin, Y. Xu, T. Neupert, J. Chang, A.
Schilling, A. G. Grushin, J. Kohlbrecher, L. Keller, P. Puphal, E.
Pomjakushina, and J. S. White, npj Quantum Mater. 5, 5 (2020).

[11] B. Q. Lv, H. M. Weng, B. B. Fu, X. P. Wang, H. Miao, J. Ma, P.
Richard, X. C. Huang, L. X. Zhao, G. F. Chen, Z. Fang, X. Dai,
T. Qian, and H. Ding, Phys. Rev. X 5, 031013 (2015).

[12] Z. K. Liu, B. Zhou, Y. Zhang, Z. J. Wang, H. M. Weng, D.
Prabhakaran, S.-K. Mo, Z. X. Shen, Z. Fang, X. Dai, Z. Hussain,
and Y. L. Chen, Science 343, 864 (2014).

[13] S.-Y. Xu, I. Belopolski, N. Alidoust, M. Neupane, G. Bian, C.
Zhang, R. Sankar, G. Chang, Z. Yuan, C.-C. Lee, S.-M. Huang,
H. Zheng, J. Ma, D. S. Sanchez, B. Wang, A. Bansi, F. Chou,
P. P. Shibayev, H. Lin, S. Jia et al., Science 349, 613 (2015).

[14] Q. Li, D. E. Kharzeev, C. Zhang, Y. Huang, I. Pletikosić, A. V.
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