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Dichotomy of magnetic effect between
Weyl fermions and anomalous Hall effect
in PrAlSi
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Three key aspects of magnetic topological materials, i.e., band topology, magnetic order and
anomalous transport are closed relatedwith each other, laying the ground for exotic phenomena such
as topological magnetoelectric and magneto-optical effects. Here in the ferromagnetic Weyl
semimetal PrAlSi, we report negligible effect of magnetic order on the band structure featuring Weyl
fermions, as directly observed by angle-resolved photoemission spectroscopy. Instead, both
anomalous and normal Hall effects show clear temperature/magnetism dependence. While the
longitudinal conductivity (σxx) is deep in the empirically intrinsic region, the anomalous Hall
conductivity (σAHE ) is quadratically proportional to σxx, suggesting giant anomalous Hall angle at
moderate σxx. Our findings point to disentangled band topology and anomalous transport, as well as
the possibility to achieve high σAHE in highly conductive, ultrathin PrAlSi, suitable for anomalous Hall
sensors and spin-transfer torque application.

The interplay of band topology and magnetism in magnetic topological
states of matter gives rise to novel transport phenomena such as anomalous
Hall andNernst effects1–3. These three key aspects are usually entangledwith
each other. For example, intrinsic magnetic topological insulatorMn-Bi-Te
family has shown a cascade of properties reflecting such entanglement,
including the gapped/gapless surface state Dirac cone4–7, Chern insulator/
axion insulator states8,9, quantum anomalous Hall effect10 and layer Hall
effect11. In particular, ubiquitous (nearly) gapless surface Dirac cones in
antiferromagnetic Mn-Bi-Te cast doubts on the effectiveness of surface
magnetic moments, despite the long-range bulk magnetic order, a major
puzzle remaining in this area12. Disentangling the interplay between topo-
logical band feature, magnetic order, and topological transport effect
composes a critical task in this area.

Recently, a family of intrinsic magnetic topological materials, the Weyl
semimetals RAlX (R =Ce, Pr, Nd, Sm; X = Si, Ge) emerge, exhibiting rich
magnetic structures and physics. Crystallizing in a noncentrosymmetric
space group I41/md (No. 109) (I41/amd (No. 141) in some cases13), RAlX
hosts low-energy Weyl fermions in its paramagnetic band structure as a
result of inversion symmetry breaking. Theoretically, long-range magnetic
orders further split the Weyl pairs and induce more Weyl nodes14. Experi-
mentally, Weyl nodes and Fermi arcs15–19, anomalous Hall/Nernst effect20–23,
singular magnetoresistance24 and tunable magnetic domains25 have been

reported within this family. Furthermore, the Weyl nodes are in turn pro-
posed to mediate exchange coupling and induce exotic magnetic texture26,27,
suggesting strong entanglement between magnetism, band topology and
transport effect. However, there are also results showing negligible effect of
the magnetic order on the band structure28 and the dependence18,22,23,29–31 or
independence32,33 of anomalous Hall transport on the intrinsic band topol-
ogy. These conflicting results call for a synergetic investigation of the
magnetic effect on the topological band features and transport behavior.

In this work, we systematically study the evolution of band structure
and transport behavior of PrAlSi with temperature crossing the ferromag-
netic transition. Using angle-resolved photoemission spectroscopy
(ARPES), we reveal termination dependent band features and especially
multipleWeyl nodes, which agreewith the existing reports and are captured
by our density functional theory (DFT) calculations. However, these band
features show no observable change with temperature crossing the ferro-
magnetic transition, suggesting decoupled band structure and magnetic
order. In stark contrast, the anomalous and normal Hall effects both show
clear temperature evolution, with the former only present in the ferro-
magnetic phase. The normal Hall conductivity (σNxy) shows nonlinear
dependence with magnetic field and is described by a two-band model
approach. The anomalous Hall conductivity (σAHE) reaches as high as 4200
Ω�1cm�1, far exceeding the intrinsic Berry curvature contribution.
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Interestingly, while the longitudinal conductivity σxx is in the intrinsic
region (104 Ω�1cm�1), the anomalous Hall conductivity σAHE

�
�

�
� is domi-

nated by the skew scatteringmechanism and proportional to σxx
2, pointing

to giant anomalousHall angle at easily accessibleσxx .Ourfindings reveal the
disentanglement between nontrivial band topology and anomalous Hall
transport in PrAlSi, and the possibility to pursue very high anomalous Hall
conductivity extrinsically in its two-dimensional limit.

Results
Termination dependent electronic structure of PrAlSi
PrAlSi family is commonly found to crystallize in a tetragonal structure with
the nonsymmorphic space group of I41/md (No. 109)28,32. As illustrated in
Fig. 1a, Pr, Al and Si atoms all form individual square net layers in the ab
plane and stack along the c axis. Such a structure could give rise to multiple
possible ab terminations up cleavage, for example, with terminations com-
posed of Pr, Al, or Si atoms. As shown in Fig. 1c, the magnetic susceptibility
χ � T curves exhibit a ferromagnetic transition with TC ¼ 17:6K as evi-
denced by the clear bifurcation between ZFC and FC curves for both H k c
andH k ab. An easy axis along c and an Ising-type exchange interaction are
suggested as susceptibility for H k c is two orders of magnitude higher than
that forH k ab. Furthermore, the magnetizationM �H curves show small
hysteresis loop at T ¼ 1:8K and saturate to� 3μB= Pr for μ0H > 0:4T . All
these behaviors agree with previous reports and establish a ferromagnetic
ground state with Pr moments all aligned parallel to the c axis32,33.

In line with the lattice structure, ARPES Fermi surface mapping
indeed found two types of terminations with distinct band and Fermi
surfaces. While the first type is dominated by a rhombic feature centered
at Γ, along with an electron pocket at Γ and the two circular bands located
on both sides of Σ points (Fig. 1e), only one large circular pocket at Γ is
well resolved in the second type (Fig. 1g). The predominant feature from
the first termination (Fig. 1f) is an “X”-shaped, cone-like manifold at the
BZ center, with the crossing located � 1:6eV below the Fermi level. In
this termination, the spectral weight is stronger on the lower part of the
“X”-shaped structure, particularly for γ1 band. The upper cone mainly

consists of sharp band ε1 and the broader band ϵ1. This dispersion also
features an electron-like pocket α1 near the Fermi level at Γ and β1 band
which extends to about 0:7eV below the Fermi level at the BZ center.
Additionally, the BZ boundary is occupied by a hole band δ1 with surface
band merging into the bulk when approaching the Fermi level. For the
second termination (Fig. 1h), the band dispersion also exhibits an “X”-
shaped, cone-like feature. However, in contrast the first case, the spectral
weight of the lower part of the “X”-shaped structure is noticeably weaker,
especially for γ2 band. The upper cone also primarily consists of the
sharp band ε2 and the broader band ϵ2. In this termination, an electron-
like α2 band at Γ appears larger and exhibits stronger spectral intensity
compared to α1 band. β2 band spans from BZ boundary to BZ center,
reaching � 1:2eV below the Fermi level at Γ. In addition, the BZ
boundary hole band δ2 is hardly visible in the second termination. In the
Supplementary Section II, we provide calculated the Fermi surfaces and
band structures for different possible terminations. While some features
are qualitatively consistent, a direct one-to-one correspondence between
the theory and the experiment is not clearly established. A more com-
prehensive analysis would be needed to reliably identify the cleavage
termination, which is beyond the current scope of this work.

Absence of magnetic effect on Weyl fermions
The evolution of Weyl nodes in PrAlSi associated with the paramagnetic-
ferromagnetic transition can be directly visualized from DFT calculations.
For paramagnetic states (Fig. 2a, b), exactly on the kz ¼ 0 plane, we find 8
Weyl nodes (W1) near the Σ points and 16 Weyl points (W3) close to the
middle and on both sides of the Γ � X line. Beyond this plane, 16 Weyl
nodes (W2) exist in the middle of the �Γ-�Σ line. In total there exist 40 Weyl
points connecting the valence and conduction bands. For ferromagnetic
state, magnetic moments align along the c axis, resulting in the breaking of
C2zT symmetry. As shown in Fig. 2c, d, this symmetry breaking causes a
shift ofW1 andW3 Weyl nodes along the kz axis, no longer confined to the
kz ¼ 0 plane. TheW2 Weyl nodes, previously existing as ± kz pairs, lose the
symmetric distribution due to the symmetry breaking. In addition,

Fig. 1 | Ferromagnetism and termination dependent band spectra of PrAlSi.
a Schematic crystal structure and magnetic structure of PrAlSi. b Sketches of three-
dimensional Brillouin zone (BZ) and (001) surface BZ of PrAlSi. c Zero-field-cooled
(ZFC) and field-cooled (FC) magnetic susceptibilities (χ) vs temperature (T) for
magnetic field (H ¼ 50Oe) parallel to the c axis (blue lines) and the ab plane (red
lines). Inset: the enlarged part of χ vs T for H k ab. d The magnetization curves for

H k c under different temperatures. Inset: the enlarged part of magnetization at
1.8 K. e, f ARPES Fermi surface mapping (e) and band spectra on the first termi-
nation. g, h Same as (e, f) but on the second termination. All the ARPES results are
measured at 12K (ferromagnetic state) using a photon energy of 40eV with linear
horizontal polarization, corresponding to the kz ¼ 0 plane (for kz dispersion see
Supplementary Fig. S1).
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ferromagnetism leads to the emergence of 24newWeyl nodes, designated as
W4. Thus, there are totally 64 Weyl nodes in ferromagnetic PrAlSi.

To enhance the visibility of theWeyl nodes on the (001) surface BZ, we
magnify the areas within the red rectangle regions in Fig. 2b, d and show
themcollectively inFig. 2e. In thisfigure, yellowpoints (1 and2)depictWeyl
nodes in the paramagnetic state, while dark green points (3, 4, 5 and 6)
indicate those in ferromagnetic state. Figure 2f shows the DFT calculated
band structures along ky direction in the paramagnetic state, which are the
superposition of dispersions cutting throughWeyl nodes 1 and 2. Similarly,
Fig. 2h presents the calculated ferromagnetic band structures containing
dispersions cutting through Weyl nodes 3, 4, 5 and 6 (Supplementary
Section III). The ARPES spectra corresponding to the paramagnetic
(Fig. 2g) and ferromagnetic (Fig. 2i) states come from the integration along
the kx direction over a range covering all the 6 Weyl nodes. Satisfactory
agreement between DFT calculation and ARPES spectral can be found,
particularly for the dispersive features such as band a (a0) and b (b0). Note
that, while ferromagnetism shiftsWeyl nodes 3, 4, 5, 6 away from the kz ¼ 0
plane, such kz deviation is less than � 0:057A�1, comparable to the
intrinsic photoemission kz broadening. Consequently, ARPES spectra
corresponding to the kz ¼ 0 plane shown here should contain contribution
from all these 6 Weyl nodes.

To resolve any possible band spectral change associated to the mag-
netic order, we plot the zoom-in ARPES spectra and DFT calculation for
bothparamagnetic (Fig. 2j) and ferromagnetic (Fig. 2k) states.All the 6Weyl
nodes predicted byDFTare located very close to theFermi level ( ± 30meV).
In particular, Weyl nodes 5 and 6 locate below the Fermi level, accessible in
theARPES spectra.WhileDFTpredictedenergy shift of theWeylnodes and
large band splitting in the ferromagnetic state, no such change can be
resolved in the ARPES spectra. For example, Weyl nodes 3 and 4 in ferro-
magnetic state are expected by splitting or moving of the Weyl nodes in
paramagnetic state. However, bands generated by Weyl node 3 and Weyl
node 4 in ferromagnetic state (marked by the red arrow in Fig. 2(k)) are

absent in the ARPES spectra. These observations point to the negligible
effect of ferromagnetic order on the band structure.

Giant, extrinsic anomalous Hall conductivity
Many RAlX compounds show anomalous Hall effect arising from the
intrinsic Berry curvature18,22,23,29–31, while the correlation with magnetism is
not obvious34.Hereweprovidedirect evidence that inPrAlSi, the anomalous
Hall effect is dominated by extrinsic effect and relies on the ferromagnetic
order. The longitudinal resistivity ρxx in Fig. 3a shows very low resistivity at
the low temperature (�15μΩcm at 2K), indicating high crystalline quality.
The magnetoresistances (Fig. 3b) exhibit non-saturating behavior for
magnetic field up to 9T . The measured Hall resistivities ρyx all exhibit
positive slope (Fig. 3c), and a kink feature develops at low temperature for
σyx (Fig. 3d) at the magnetic field which is coincident with the saturation
field of the magnetization (Fig. 1d). This suggests that σyx should contain
anomalous contribution σAyx which is proportional to the magnetization.
Consequently, Hall conductivity σyx is decomposed into anomalous Hall
resistivity σAyx (Fig. 3e) and normal Hall resistivity σNyx , with the latter must
being smooth at the saturation field. The corresponding anomalous Hall
conductivity σAHE ¼ σAyx (Fig. 3e) and normal Hall conductivity σNxy
(Fig. 3gf) are then obtained for various temperatures. As shown in Fig. 3e,
σAHE can reach� 4200Ω�1cm�1 at 2K.Thenormal part σNxy is nonlinear to
the magnetic field and can be well described by a two-band model (Fig. 3g)
for the whole magnetic field range (�9T to 9T). The two-band model
describes the normal Hall conductivity in terms of carrier concentrations
(ne, nh) and Hall mobilities (μe, μh), σNxy Bð Þ ¼ neeμ

2
eB=ð1þ μ2eB

2Þ�
nheμ

2
hB=ð1þ μ2hB

2Þ. The fitting parameters are summarized in Fig. 3h–i,
from which a clear temperature dependence can be resolved for both the
carrier concentrations andHall mobilities. Furthermore, the Hall resistivity
also shows oscillation behavior at low temperature and high field regime
(Fig. 3j–k), yielding one oscillation frequency of� 50T (Fig. 3l), in line with
the previous report33. In general, the anomalousHall effect only exists in the

Fig. 2 |Weyl fermions in paramagnetic and ferromagnetic states.Configuration of
the 40 Weyl nodes in paramagnetic state (PM) (a) and the 64 Weyl nodes in fer-
romagnetic (FM) state (c) in the bulk BZ with considering spin-orbital coupling
(SOC). Projection of theWeyl nodes on the (001) surface BZ in PM state (b) and FM
state (d). The blue (red) dots denote the Weyl node with chirality −1(+ 1),
respectively. e Sketch of theWeyl nodes in the red rectangle regions in panel (b) and
(d). The DFT calculated band structures through Weyl node 1 and 2 along ky

direction in PM state (f) and through Weyl node 2–6 along ky direction in FM state
(h). The measured band spectra in the integrated momentum range from 0.239 Å

�1

to 0.274 Å
�1

at kx direction in PM state (g) and FM state (i). The integrated range is
shown by red, double headed arrow in panel e. j, k Zoomed-in parts of the measured
band spectra in the regions marked by the green rectangle in panel (g) and panel i.
Weyl nodes are marked by black circles in j and k. ARPES spectra shown here are
measured using photon energy of 40eV with linear horizontal polarization.
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ferromagnetic state and the normal Hall effect shows clear temperature
dependence, suggesting strong correlation between the magnetism and
transport phenomena.

To gain insight into the origin of the large anomalous Hall con-
ductivity, we first calculate the intrinsic anomalous Hall conductivity σAyx by
integrating theBerry curvature over the occupied states. As shown inFig. 4a,
although σAyx reaches about 800Ω

�1cm�1 at 0.9 eV above the Fermi level, it
is only about 200 Ω�1cm�1 near the Fermi level, one order of magnitude
lower than the value observed experimentally. This points to the extrinsic
nature of the observed large σAyx. To explore the possible microscopic
mechanisms of the extrinsic σAyx, the scaling relation σAyx vs σxx among five
PrAlSi samples is analyzed (Fig. 4b). According to the empirical model,
intrinsic σAyx is independent of σxx. In the region of high longitudinal con-
ductivity, σAyx is dominated by the skew scattering mechanism and pro-
portional to σxx or σxx

2. Figure 4b, c display σAyx versus σxx in double
logarithmic scale. Although all the PrAlSi samples show longitudinal con-
ductivity located deep in the intrinsic region with 4× 104 < σxx<8× 10

4

Ω�1cm�1, the anomalous Hall conductivity clearly shows σAyx � σ2xx
behavior as highlighted by the bule dashed line in Fig. 4b, suggesting a
predominant skew scattering mechanism. This mechanism arises from
asymmetric scattering of spin-polarized electrons by impurities or defects in
the presence of spin-orbit coupling. The probability of an electron scattering
to the left or right depends on its spin orientation. In PrAlSi, the onset of
ferromagnetism aligns the spins, enhancing this asymmetry and giving rise
to a large anomalousHall response. The fact that anomalousHall effect only
appears in the ferromagnetic phase further confirms the direct link between
skew scattering and magnetic ordering.

Note that similar σAyx � σ2xx behavior has been observed not only in
traditional anomalousHallmaterials suchas Fefilm35, but also in discovered
V-basedKagomemetals36. InPrAlSi, the quadratic dependenceofσAyx on σxx
starts around 4× 104Ω�1cm�1, one order ofmagnitude smaller than that in

V-based Kagome metals36 and nearly two orders of magnitude before Fe
film35. This implies that high value of anomalous Hall ratio (σAHE=σxx) and
anomalous Hall angle (AHA ¼ tan�1ðσAHE=σxxÞ) can be achieved at
moderate σxx in PrAlSi. As shown in Fig. 4c, theAHAof 45°can be expected
at σxx � 2 × 106Ω�1cm�1.

Discussion
Combining synergetic ARPES, DFT and transport analyses, we have dis-
entangled the correlation between long-range magnetic order, topological
band features and anomalous Hall transport. Such conclusion is likely
applicable to thewholeRAlX family sharing a commoncrystal structure and
band topology framework. From the available reports, for R = Ce, Pr, Nd,
Sm and X =Ge, Si, temperature dependent transport experiments demon-
strate close correspondence between the anomalous Hall effect and
magnetization21–23,29–34,37. By contrast, while subtle band splitting by the
ferromagnetic order is reported in CeAlSi38, no clear magnetic effect on the
band structure and nontrivial band topology can be observed inmost of the
RAlX members. The negligible effect of the magnetic order on the band
structure is reminiscent of the gapless topological surface states in anti-
ferromagnetic topological insulator Mn-Bi-Te, providing another example
of decoupling between long-range magnetic order and band topology. One
natural explanation for this phenomenon is the weak effective coupling
between conduction bands and Pr f orbitals contributing magnetism.
According to a resonant photoemission study28, the Pr f states are mainly
located 4 eV below the Fermi level, leading to the speculation of weak c� f
hybridization. Another possibility is the complex spin structure deviating
from ideal ferromagnetic order, either for the bulk33 or just for the surface
region, calling for furthermicroscopic study on the surface magnetic order.

While the strong coupling between magnetism and band topology
has been the only approach experimentally proved to realize the quan-
tum anomalous Hall effect10,39, the decoupled magnetic order and band

Fig. 3 | The anomalous and normal Hall effect of PrAlSi. a Longitudinal resistivity
ρxx vs T in zero field. The magnetic field is applied along the c aixs and the current
along the ab plane (inset of c). bMagnetoresistances obtained in the temperature
range from 2K to 100K. c Hall resistivities ρyx vs magnetic field under different
temperatures. d σyx at 2K, which is decomposed into a normal part (σNyx) and an
anomalous part (σAyx). e The decomposed σAyx at various temperatures. f The
decomposed normal Hall conductivities σNxy under different temperatures. g σNxy at

2K (red line) and the fitting result by using a two-band model (black dashed line).
h, i Carrier concentrations (ne and nh) and mobilities (μe and μh) under different
temperature, from two-band fitting. j The representative Hall resistivity (ρyx) taken
at 2K. Inset: the oscillatory part (Δρyx) of the Hall resistivity by subtracting a poly-
nomial background. (k) Oscillation components (Δρyx) under different tempera-
tures. l The Fast Fourier transform (FFT) spectra of Δρyx oscillations at varies
temperatures.
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topology seem discouraging. However, in Fig. 4c we point out one pos-
sibility that giant anomalous Hall angle can be achieved via increasing σxx
to the orders of 106 � 107Ω�1cm�1. Indeed, several materials such as Fe
and Gd films40 have demonstrated the tunability of σxx in the range of
one or two orders of magnitude. One could also expect such tunability in
the ultrathin films of PrAlSi with optimized crystalline quality. Such
extrapolation suggests extremely high anomalous Hall conductivity can
be achieved in highly conductive, ultrathin PrAlSi films, holding great
potential in applications such as anomalous Hall sensors41 and those
based on spin-transfer torque42.

Methods
Sample growth and characterization
Single crystals of PrAlSi were grown by flux method. The stoichiometry of
starting raw materials of Pr, Si and Al is 1 : 1 : 10 in molar ratio. The
mixture was put into an alumina crucible and sealed in a quartz tube. The
quartz tube was heated slowly to 1050 °C, held for 20h, and then cooled to
700 °C at a rate of 2 °C/h, where the flux was decanted using a centrifuge.
Finally, the residualfluxwas removedbydissolving in the sodiumhydroxide
solution. The obtained single crystals are in the form of plate-like crystals
with a typical dimension of 10× 10 × 1mm3.Magneticmeasurements were
performedusing theQDMagnetic PropertyMeasurement System (MPMS)
with the Vibrating Sample Magnetometer (VSM) mode.

Transport measurements
The electrical transport was measured in a Quantum Design PPMS-9T. To
measure the electrical transport, the single crystals were cut into a rectangle
with dimensions of 1:5× 0:5× 0:1 mm3 and a standard six-probe method
was applied. To eliminate the influence of the voltage probe misalignment,
the longitudinal (ρxx) and transverse (ρyx) resistivities were measured for
both positive and negative fields (ρxxðμ0HÞ=( ρxxðþμ0HÞ þ ρxxð�μ0HÞ)/2
and ρyxðμ0HÞ = (ρyxðþμ0HÞ � ρyxð�μ0HÞ)/2).

ARPES measurements
ARPES measurements were performed at the beamline BL03U of the
Shanghai Synchrotron Radiation Facility (SSRF), the beamline 9 A of the
Hiroshima Synchrotron Radiation Center (HSRC), and the beamline 4B9B
of Beijing Synchrotron Radiation Facility (BSRF). The energy and angular
resolutions were set at 10meV and 0:1°. Samples were cleaved in-situ along
the ð001Þ crystal plane in an ultrahigh vacuum better than 5 × 10�11 mbar.

First-principles calculations
Thefirst-principles calculations utilized projector-augmented-wave (PAW)
method43, within the Vienna ab initio simulation package (VASP)44. The
exchange and correlation effectswere accounted by the generalized gradient
approximation (GGA) using the Perdew-Burke-Ernzerhof (PBE)
formalism45. An energy cut off of 273eV was employed for the calculations.
The whole Brillouin-zone was sampled by 12× 12× 6 Monkhorst-Pack
grid46 for all cells. Due to the local magnetic moments contributed by f
electrons in Pr atoms, the GGA+U approach47 within the Dudarev
scheme48 was applied, with the U value for Pr atom set at 4eV. The maxi-
mally localizedWannier function was constructed using theWANNIER90
package49 and the WannierTools package50 was utilized to calculate the
surface states and the position of Weyl points.

Data availability
The experimental data and calculated data that support the findings of this
work are available from the corresponding author upon reasonable request.

Code availability
The codes for analysing the data of this study are available from the cor-
responding authors upon reasonable request.
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Fig. 4 | Extrinsic nature of the anomalous Hall
effect. a The calculated anomalous Hall con-
ductivity. b, c Scaling relation of anomalous Hall
effect for various materials. Panel b is the enlarged
part of panel c and only displays the data of PrAlSi
samples. The data of other materials were taken
from references and therein40,51–59 in panel c. Purple
lines represent three anomalous Hall ratios
(σAHE=σxx) and their corresponding anomalousHall
angles (AHA ¼ tan�1ðσAHE=σxxÞ). The data of
Sample 2 is shown in Fig. 3 and that of Sample 1, 3–5
is shown in Supplementary Section V.
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