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We report the topological electronic structure, magnetic, and magnetotransport properties of a
noncentrosymmetric compound GdAIlSi. Magnetic susceptibility shows an antiferromagnetic tran-
sition at T = 32 K. In-plane isothermal magnetization exhibits an unusual hysteresis behavior at
higher magnetic field, rather than near zero field. Moreover, the hysteresis behavior is asymmetric
under positive and negative magnetic fields. First-principles calculations were performed on various
magnetic configurations, revealing that the antiferromagnetic state is the ground state, and the
spiral antiferromagnetic state is a close competing state. The calculations also reveal that GdAISi
hosts multiple Weyl points near the Fermi energy. The band structure measured by angle-resolved
photoemission spectroscopy (ARPES) shows relatively good agreement with the theory, with the
possibility of Weyl nodes slightly above the Fermi energy. Within the magnetic ordered state, we
observe an exceptionally large anomalous Hall conductivity (AHC) of ~ 1310 Q 'cm™" at 2 K.
Interestingly, the anomalous Hall effect persists up to room temperature with a significant value
of AHC (~ 155 Q@ 'em™'). Our analysis indicates that the large AHC originates from the Berry

curvature associated with the multiple pairs of Weyl points near Fermi energy.

I. INTRODUCTION

Topological Weyl semimetals (WSMs) host emergent
bulk Weyl fermions and surface Fermi arc states which
give rise to robust transport signatures [1-8]. Magnetic
WSMs where Weyl fermions are stabilized by the broken
time-reversal symmetry are particularly appealing since
they can produce tunable topological states under ex-
ternal magnetic fields. For example, the separation be-
tween the Weyl nodes can be tuned by external magnetic
fields to enhance the net Berry flux and results in a large
anomalous Hall effect [9-13]. On the other hand, the
tunable control of the nontrivial real space spin textures
can lead to a large topological Hall effect [14-19]. There-
fore, it is worthwhile to study the interplay between the
electronic band topology in momentum space and the
topology of spin texture in real space.

Most of the Weyl semimetallic phases are formed
by breaking either inversion symmetry or time-reversal
symmetry. The Weyl semimetal phase that simultane-
ously breaks both inversion and time-reversal symme-
try is relatively rare in real materials. The RAIX (R
= rare earth, X = Si, Ge) family of materials that be-
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long to this double-symmetry breaking Weyl semimetals
group, exhibit several intriguing topological properties
as well as a rich variety of magnetic properties. While
commensurate collinear magnetic order is vastly stud-
ied in Weyl semimetals, CeAlGe shows several incom-
mensurate, square-coordinated multi-k magnetic phases
and topological Hall effect [20]. A helical ferrimag-
netic order is observed in the Weyl semimetal NdAISi,
whose wavelength is linked to the nesting vector between
two topologically non-trivial Fermi pockets [21]. The
bond-oriented Dzyaloshinskii-Moriya interactions asso-
ciated with Weyl exchange processes promote helical
magnetism. In SmAISi, the Weyl electrons take part
in magnetic interactions and the Weyl-mediated indi-
rect exchange coupling between f-electrons induces spiral
magnetism [22]. Interstingly, a special type of topolog-
ical state, Kramers nodal lines, is observed in SmAISi,
where the doubly degenerate nodal lines connect time-
reversal invariant momenta [23]. These materials possess-
ing Kramers nodal lines lead to several exotic properties
including monopole-like spin texture, and the quantized
circular photogalvanic effect [24, 25]. Furthermore, the
magnetic field-induced Lifshitz transition, van-Hove sin-
gularity, and large anisotropic magnetocaloric effect are
observed in PrAlSi [26, 27].

Among others, spiral magnetism is an intriguing phe-
nomenon in Weyl semimetal state. In order to form
a spiral magnetic order state, a very weak magneto-
crystalline anisotropy is required, which allows the spins
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to arrange in spiral order. (GdAISi has a very weak
magneto-crystalline anisotropy, suggesting it as a good
candidate for spiral magnetism. Here, we report the elec-
tronic structure and physical properties of GdAISi sin-
gle crystals. GdAISi crystallizes in a LaPtSi-type body-
centered tetragonal structure with the polar space group
I41md. A Weyl semimetallic state with multiple pairs
of Weyl nodes is confirmed by the first principle cal-
culations and angle-resolved photoemission spectroscopy
(ARPES) measurement. Magnetic susceptibility shows
an antiferromagnetic transition at Ty = 32 K. An un-
usual asymmetric hysteresis behavior is observed in the
in-plane isothermal magnetization. Moreover, we observe
Berry curvature induced large anomalous Hall effect in
the antiferromagnetic ordered state as well as in the non-
magnetic state.

II. METHODS
A. Experimental details

GdAISi single crystals were grown by the standard self
flux method with excess Al as a flux [28, 29]. Gd ingot
(99.9%), Al ingot (99.999%), and Si chips (99.999%) in a
molar ratio of 1:10:1 were mixed in an alumina crucible.
The crucible was then sealed into a quartz tube under
a partial pressure of argon gas. The content was heated
to 1050°C, kept for 24 hours at that temperature, and
then cooled to 700°C at a rate of 3°C/hour. The excess
flux could not be completely removed by centrifuging.
Therefore, the remaining Al-flux was further removed
by dissolution in a NaOH-H5O solution. The very clean
plate-like single crystals were filtered from the solution.
The typical size of the crystal is 4mmXx3mmXx0.3mm
as shown in the inset of Fig. 1(c). The crystal struc-
ture and phase purity were determined by x-ray diffrac-
tion and energy dispersive x-ray spectroscopy methods.
The powder of crushed single crystals was characterized
at 28-ID-1 beamline of the National Synchrotron Light
Source IT at Brookhaven National Laboratory with an
x-ray wavelength of 0.1665A. The plane orientation of
the single crystal was confirmed by Cu-K, radiation in
the Rigaku Smartlab diffractometer. Magnetotransport
measurements were carried out in a physical property
measurement system (PPMS, Quantum Design) via the
standard six-probe method and magnetic measurements
were executed in a magnetic property measurement sys-
tem (MPMS, Quantum Design). In-situ strain study was
performed in PPMS using Razorbill high-force strain cell.

ARPES experiments were performed at the Electron
Spectro Microscopy (ESM) 21-ID-1 beamline of the Na-
tional Synchrotron Light Source II, USA. The beamline
is equipped with a Scienta DA30 electron analyzer, with
base pressure better than ~ 1x10~' mbar. Prior to
the ARPES experiments, samples were cleaved using a
post inside an ultra-high vacuum chamber (UHV) at ~
15 K. The total energy and angular resolution were ~ 15
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FIG. 1.  (a) Crystal structure of GdAlSi. (b) Powder x-

ray diffraction pattern of crushed single crystals, recorded at
room temperature (wavelength A= 0.1665A). The intensity
data for 20 > 4.8 degree are multiplied by a factor 4 for
clear visualization of the refinement. The observed intensity
(blue scattered points), Rietveld refinement (solid green line),
background (solid red line), difference between the experimen-
tally observed and calculated intensities (solid cyan line), and
Bragg peak positions (vertical blue bars) are shown. (c) Single
crystal x-ray diffraction pattern (wavelength A= 1.5406A). An
image of a single crystal is shown in the inset (the grit scale:
1 mm). (d) The core level photoemission spectrum using a
photon energy of hv = 260 eV.

meV and ~ 0.1°, respectively. All measurements were
performed using linearly-horizontal (LH) polarized light.
The incident angle of light was 55 degrees with respect
to the sample normal. The analyzer slits were oriented
along the vertical direction.

B. Computational details

The density-functional-theory (DFT) calculations were
done using VASP DFT package [30-32]. The primitive
Brillouin zone was sampled with a regular 11 x 11 x 11
mesh containing 126 irreducible k points. Perdew-Burke-
Ernzerhof (PBE) exchange-correlation functional [33]
within the generalized gradient approximation (GGA)
was used in all the calculations. The GGA + U.g method
[34] was used to handle the Gd-4f orbitals. Ueg of 6 eV
was chosen in our calculations [21]; however, we have also
verified that the results presented here remain robust for
a large range of Ueg values. The calculations for the
non-magnetic phase were done within open-core approx-
imation by freezing the Gd-4f states. The spin-orbit cou-
pling (SOC) was treated in the second variation method.
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FIG. 2. (a) Temperature-dependent magnetic susceptibility in zero-field-cooled (ZFC) condition and the Curie-Weiss fit to the
inverse magnetic susceptibility in the temperature range 100 K — 300 K. (b) Magnetic susceptibility vs temperature in the
temperature range 2 K - 50 K.(c) Isothermal magnetization curves for B || ¢ at various temperatures. The inset shows a small
kink at 7" = 4.5 K for B || ab. (d) Isothermal magnetization curves for B || ab at several temperatures. (e, f) The magnetization
curves are uniformly shifted along vertical axis for clear visualization of the hysteresis loops. The area of hysteresis loop around
1 T is larger than that of around —1 T. (g) Schematic diagram of spin orientation for a typical spiral magnetic structure.

The slab and Weyl points calculations were done by us-
ing Wannier90+WannierTools software [35, 36] by taking
56 x56 Wannierised Hamiltonian. Gd 5p, Gd 4d orbitals,
Al p, and Si p orbitals were used in the Wannierisation
procedure to accurately reproduce the DFT bands in the
energy window from —2 to 2 eV.

ITII. RESULTS
A. Crystal structure and sample characterization

GdAISi crystallizes in a LaPtSi-type body centered
tetragonal structure with the polar space group I4;md
(No. 109) as shown in Fig. 1(a). The measured lattice
parameters from the XRD refinement fitting are a = b =
4.12584(4)A and ¢ = 14.42816(20)A [Fig. 1(b)]. Fig. 1(c)
shows the XRD diffraction pattern for c-axis which con-
firms that the plate-like surface is ab-plane. Fig. 1(d) rep-
resents the core level photoemission spectrum of GdAISi

crystal, which clearly manifests the characteristic peaks
originating from Si 2p, Al 2p, and Gd 4f orbitals.

B. Magnetic properties

Fig. 2(a) shows the temperature dependent zero-field
cooled (ZFC) magnetic susceptibility (x) along the crys-
tallographic c-axis (B || ¢) and in ab-plane (B || ab). An
antiferromagnetic (AFM) transition is observed at Tn=
32 K due to the ordering of Gd** moments. This com-
pound shows a very weak magnetocrystalline anisotropy,
Xe/Xab = 0.95, which is similar to that of a spiral magnet
SmAISi [22]. Such a weak magnetocrystalline anisotropy
allows the spins to arrange in a spiral magnetic order. To
determine the effective magnetic moment of the Gd ions,
the inverse susceptibility (1/x) is fitted with the mod-
ified Curie-Weiss law, x(T') = xo + C/(T — 6,), in the
paramagnetic region (100 K - 300 K). Here, xo, C, and
fp are the temperature-independent susceptibility, Curie
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FIG. 3. (a) Electrical resistivity as a function of temperature. The inset shows a comparison of resistivity without strain

and under compressive strain of 0.033%.

(b) Magnetic field dependence of transverse magnetoresistance (MR) at various

temperatures from 2 K to 300 K. (c¢) Magnetic field dependence of Hall resistivity p,, in the temperature region 2 K - 300 K.
(d) Temperature dependence of carrier density (n) and Hall mobility (u). (e) The py-(B) at 2 K strongly deviates from linear
field dependence. (f) Anomalous Hall conductivity (o2,) as a function of B at various temperature from 2 K to 300 K.

constant, and paramagnetic Curie temperature, respec-
tively. The estimated effective magnetic moment of Gd3+
is 8.11up for B || ab and 8.26u 5 for B || ¢ which are close
to the theoretical value of g1/S(S + 1)up = 7.94up for
S = 7/2. The estimated values of the §p from the fitting
are —109 K for B || ab and —116 K for B || ¢. The neg-
ative values of paramagnetic Curie temperature are con-
sistent with AFM ordering in this compound. We found
that the x(T') curve below Ty is quite different from that
observed in a typical AFM system [Fig. 2(b)]. A bifurca-
tion between ZFC and FC curves is observed below Ty
for B || ab and these curves cross each other at 15 K.
Moreover, isothermal M(B) curves show an unusual hys-
teresis behavior for B || ab as shown in Fig. 2(d),(e),(f).
The hysteresis around 1 T and —1 T are not symmetric
[ Fig. 2(e),(f)]. The area of hysteresis loop around 1 T is
larger than that of around —1 T. We confirmed this un-
usual behavior by performing measurements repeatedly
with several crystals. Overall, the hysteresis becomes
weaker with increasing temperature, and it disappears
for T > 15 K [ Fig. 2(f)]. No hysteresis is observed for
B || ¢ as shown in Fig. 2(c). The value of magnetiza-
tion of GdAISi at 7 T is 0.7 pup, which is an order of
magnitude smaller than that of Gd3>* moment. Simi-

lar behavior is also observed in its sister spiral magnetic
compound SmAISi [22]. Moreover, SmAISi also shows
magnetic hysteresis only for B || a around 4 T rather
than zero field region. A schematic diagram is shown in
Fig. 2(g) for visualization of spin orientation in a typical
spiral magnetic structure. Another small kink in x(7') is
observed at T*= 4.5 K for B || ab as shown in the inset of
Fig. 2(c). Further studies are required to get an insight
into the magnetic ordered state of this compound.

C. Magnetotransport and in-plane strain effect

The electrical resistivity (p..) is measured as a func-
tion of temperature within the ab-plane as shown in
Fig. 3(a). The py(T) shows metallic behavior and a
kink is observed at Tny= 32 K due to the influence of
magnetic ordering. We applied in-situ strain to the crys-
tals along the in-plane direction while measuring tem-
perature dependence of p,,. The p,, increases with the
increase of applied compressive strain. No changes in
Ty are detected under maximum force of 39.2 Newton
which corresponds to 0.033% compressive strain, indi-
cating that the onset of magnetism is robust [the inset



of Fig. 3(a)]. The estimated residual resistivity ratio
[p2z (300K) /prr(2K)=3] is comparable to that observed
in other materials of this family [37]. Fig. 3(b) displays
the magnetic field dependence of transverse magnetore-
sistance (MR) for B || ¢. The observed maximum MR
is 53% at 2 K and 14 T, which gradually decreases with
increasing temperature.

The field dependence of Hall resistivity, after remov-
ing the MR contribution using the expression p,, =
[Pyz(B) = pyz(—B)]/2, is shown in Fig. 3(c). The positive
Py indicates that hole carriers dominate in GAAISi. The
carrier density and Hall mobility are estimated from the
linear fitting of the p,,(B) curve at low field region using
the relation n=1/(eRpy) and u=Ryu/p=(0), where Ry is
the slope of py,,(B) curve. The temperature dependence
of n and p are shown in Fig. 3(d). The carrier density of
GdAISi (~ 3 x 10%° cm™3) is much smaller than that of
typical metals (10?2 —1023 cm~?) indicating a semimetal-
lic behavior, consistent with the small value of density of
states at the Fermi level (Er) [see Fig. 5]. The values of
n and p of GdAISi are of the same order of magnitude as
those reported for other members of this family [37, 38].
As shown in Fig. 3(d), above magnetic ordering temper-
ature Ty, the carrier density is found to be constant as
a function of temperature up to 300 K, suggesting nearly
no changes in the electronic states near Fermi level, which
is expected for a system like this with Fermi level sub-
stantially above band edge, and this is consistent with
the DFT calculations discussed later. The Hall mobility
decreases slowly with increasing temperature due to in-
creased carrier scattering at higher temperature. Below
TN, magnetic order sets in and enhances as temperature
decreases. Increased magnetic orders decreases magnetic
scattering to the carriers that resulted in higher mobility
and lower numbers of mobile carriers, i.e. lower value of
n at low temperatures.

The py.(B) at 2 K exhibits an anomaly around 3 T and
the curve strongly deviates from linear field dependence
at higher magnetic field as shown in Fig. 3(e). The fit-
ting with conventional two-band model fails to reproduce
the Hall conductivity data. Rather, this behavior is rem-
iniscent of the Berry curvature induced anomalous Hall
effect (AHE) observed in AFM Weyl semimetals [11, 39].
To gain further insight, the anomalous Hall conductivity
(Ufy) is separated from the observed Hall conductivity
(04y) using the relation 02 = o — op,, where oy is
the normal Hall conductivity estimated from linear ex-
trapolation of the low field fitting curve (pl,). Both oy,
and a% are obtained through tensor conversions from
the measured py, and pye, 0wy = pya/ (P2, + Ph,) and
ol = p./(p2, + p)2). The field dependence of o2,
is plotted in Fig. 3(f) at various temperatures from 2
K to 300 K. The maximum value of ny reaches 1310
Q 'em ™! around 7.5 T at 2 K. This value is quite large
compared to those reported in RAIX family and other
AFM Weyl semimetals [See Table I]. The peak of 022 be-

Yy
comes broader and shifts towards higher magnetic field

FIG. 4. Different magnetic configurations used in the DFT
calculations. The arrows represent the spin configurations of
Gd-atoms. Only Gd-atoms are shown in panel (d) for clarity.

with increasing temperature. Moreover, the value of
ny decreases gradually with increasing temperature and
reaches ~ 155 Q~'em™! at 300 K. We note that GdAISi
has the highest AHC, nearly two times higher than the
second highest AHC material presented in table I. Fur-
thermore, the observed AHC in GdAISi is present at
room temperature, which is not observed in other ma-
terials compared in table I.

TABLE I. Anomalous Hall conductivity of RAIX family and
other AFM Weyl semimetals

Compound g, (2 Tem™ ) Ref.
NdAlGe ~ 430 40
CeAlSi ~ 550 41
PrAlGe ~ 680 42
GdAISi ~ 1310 [This work]
GdPtBi ~ 30 — 200 11
TbPtBi ~ 744 39

D. DFT results

Fig. 4 shows different magnetic patterns studied in
this work using DFT calculation. Table. II shows the
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from Weyl bands. See text for details.

TABLE II. Calculated energy difference per formula unit in
meV for different magnetic patterns (see text).

Pattern GGA GGA+SO
AFM-udud 0 0
AFM-uudd /uddu 10.6 -

FM 14.2 13.2
In-plane AFM 4.4 3.9
Ferri-udd 3.2 -

120° spiral 2.8 3.3

energy difference between various magnetic configura-
tions. Our calculations find that all antiferromagnetic
configurations are lower in energy compared to the fer-
romagnetic phase which is consistent with the experi-
mental observation. In particular, A-type AFM pattern
with in-plane FM and out-of-plane AFM arrangement
of spins (udud) [Fig. 4(a)] is found to be lower in en-
ergy compared to up-down-down-up (equivalently up-up-
down-down) [Fig. 4(b)] and in-plane AFM [Fig. 4(c)] ar-
rangement. We also studied in-plane ferrimagnetic pat-
tern [21] by fixing spins in the up-down-down (udd) di-

rection along 110-axis [Fig. 4(d)] Similarly, 120° rotated
spiral spin arrangement along 110 direction was also in-
vestigated [22]. While both of these patterns were found
to have slightly higher energy than the udud pattern, the
numbers are well within the uncertainty of the DFT cal-
culations. The magneto-crystalline anisotropy energy is
found to be weak in this system (<1 meV per Gd atom).
This is consistent with the experimentally measured mag-
netic anisotropy for in-plane and out-of-plane applied
magnetic field [see Fig. 2(a)]. In addition to the GGA
functional [Table. II], we also used SCAN-GGA func-
tional to perform total energy calculations between differ-
ent magnetic configurations for consistency check [43, 44].
SCAN functional also gave udud phase as the lowest en-
ergy state by similar order of magnitude.

In Fig. 5, we compare the DFT calculated electronic
structure of GdAISi between the non-magnetic (NM) and
lowest AFM phase (udud) found from our fixed-spin DFT
calculations. Since there are no significant differences in
the electronic dispersion between the magnetic and NM
phase [Fig. 5(a) and 5(b)], we will first describe the elec-
tronic dispersion of NM phase in detail. The calcula-
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FIG. 6. Electronic structure of GdAlSi probed by ARPES. (a) Fermi surface map using a photon energy of 130 eV (k. ~ 0) and
at T = 15 K. The dashed squares outline the surface Brillouin zones. Circles illustrate the projection of Weyl cones. The inset
displays the second derivative of the region enclosed by the red box, revealing a Weyl arc-like feature. (b) and (c¢), Theoretical
constant energy contour at £ — Er = —120 meV in the k, — k, plane for k&, = 0 and k.-integrated, respectively. The dots
(magenta, color) are the locations of Weyl points as obtained from calculations. (d) and (e), ARPES spectra along the M-T'-M,

X-T-X-T-X directions of the SBZ. (f) ARPES spectra along the cut 1 as indicated in (a). Theoretical bands (white dashed

over k., from 0 (I") to 0.5 (Z) in the NM phase along the high symmetry directions M-I'-M and X-I'-X-T-X, respectively.

tion for the NM phase was done within the open-core
approximation where the Gd-4f states were frozen. Fig.
5(a) shows atom-projected electronic bands and density
of states which reveal that the states around the Fermi
level are derived mainly from Gd-d with small contri-
butions from p-states of Gd, Al, and Si. Linear bands
exist in the vicinity of the Fermi level which is consistent
with vanishing DOS. While there are SOC induced gaps
along high symmetry lines, band crossings exist along
non-high symmetry directions giving rise to many Weyl
points. An exhaustive search of band crossings in the

entire BZ finds 18 pairs of Weyl points with Chern num-
ber of +1 in the primitive BZ lying at around ~ 50 to
100 meV above Fp. Despite having many pairs of Weyl
nodes, most of them are in close vicinity to the Fermi
level. While this system is very far from the ideal regime
with single pairs of Weyl nodes, it still presents a unique
opportunity to study Weyl mediated interactions due to
the proximity of Weyl nodes to the Fermi level [45-51].
The Fermi surface plot [Fig. 5(d)] shows “hammer”-like
feature from the electron bands along the I'— X direction
and small ellipsoids from hole Weyl bands slightly away



from T' — M direction. The electronic dispersion and FS
plot for udud AFM phase shown in Figs. 5(b) and 5(e)
are almost identical to the NM phase. The Gd-4f states,
which are at —6 eV below Er are pushed to —10 eV by
the application of Hubbard U of 6 eV. There is a weak
hybridization between the Gd-5d dominated Weyl bands
with the Gd-4f states which enhances the exchange split-
tings between the Kramer’s pairs as highlighted by the
dotted blue circle in the inset plot of Fig. 5(b). However,
it is remarkable that except for a slight increment in the
size of both the electron and hole pockets, the overall
shape and topology of the FS remain intact. Therefore,
in the next section, we use the electronic dispersion of
the NM phase to make a comparison with the ARPES
experiment.

E. ARPES

To experimentally probe the electronic structure of
GdAISi, we have performed ARPES measurements.
Fig. 6(a) represents the Fermi surface (FS) of GdAISi
measured in the AFM phase. We used a photon energy of
130 eV that covers two successive surface Brillouin zones
(SBZs). One of the most notable features of the FS is
the presence of high-intensity spots (enclosed by the cir-
cles) located near the T' point, slightly offset along the I'-
M. A closed electron pocket is also observed around the
[. The overall features of the FS appear slightly differ-
ent between the first and second zones, likely due to the
photoemission matrix element effect. To understand the
origin of the FS features, we have plotted the theoretical
constant energy contour (at E — Er = —120 meV) along
with the Weyl nodes (magenta color dots) in the k; — k,
plane for k., = 0 and k. integrated from 0 (I') to 0.5 (2)
in Figs. 6(b) and 6(c), respectively. Comparison of ex-
perimental and theoretical results suggests that the high-
intensity spots and arc-like features [the inset of Fig. 6(a)]
observed in the ARPES Fermi surface possibly originate
from the projection of the Weyl cones. Similar Weyl arcs
were previously found in PrAlSi and SmAISi [23, 52, 53].
ARPES spectra along the I'-M and I'-X directions of the
SBZ are shown in Fig. 6(d) and 6(e), respectively. The
theoretical bands from the k, = 0 plane are overlayed on
top of the ARPES spectra for comparison. A relatively
good agreement between theory and experiment is ob-
tained when the theoretical bands are shifted upward by
~ 120 meV. This energy shift is most likely related to the
surface effects. Overall, the ARPES spectra show some
broadening due to the finite k£, broadening. This can be
better understood by comparing ARPES spectra to the
projected DFT band structure results [Fig. 6(g) and (h)].
Although the theoretical band dispersions agree well with
the ARPES along the I'-M direction, some discrepancies
can be seen along the I'-X direction, especially in the
first SBZ. For example, the M-shaped band (marked by
an asterisk symbol) observed in ARPES at around —0.8
eV is not present in the theoretical calculations, even in

the k., projected spectra [Fig. 6(h)]. Thus, this M-shaped
band is possibly originating from the surface states. In
Fig. 6(f), the ARPES spectrum cutting through the Weyl
nodes [cut 1 in Fig. 6(a)] is displayed, with DFT bands
superimposed. The comparison indicates that the ma-
terial exhibits Weyl-like band dispersion near the Fermi
energy. However, we could not resolve the Weyl points
as they are expected to be above the Fermi energy from
our DFT calculations.

IV. DISCUSSIONS AND CONCLUSIONS

We now discuss viable reasons for observing a large
anomalous Hall effect in GdAISi. The conventional ferro-
magnetism induced anomalous Hall resistivity [p;‘z (B) x
M (B)] is not expected here because of the linear field
dependence of M (B). Topologically non-trivial spin tex-
ture in real space with finite scalar spin chirality [S;.(55 x

5’;;)] generates a pseudo magnetic field, that gives rise to
topological Hall effect. This can be a possible reason
of large unconventional Hall contribution in GdAISi. A
large topological Hall effect has been reported in SmAISi
with a spiral magnetic order. GdAISi also shows very
weak magneto-crystalline anisotropy (X¢/Xa» =0.95) sim-
ilar to that of SmAISi, which allows the spins to arrange
in a spiral magnetic order [22]. However, the mechanism
of non-trivial spin texture can not explain the anomalous
Hall effect in GdAISi above Tx. The py, even at 300 K
still deviates from the linear field dependence. A signifi-
cant o4y, (~ 155 Q~'em ™! at 14 T) is found at 300 K that
indicates a different origin of AHE. In this context, we
note that the band structure calculations reveal multiple
Weyl points near Fermi energy and the Berry curvature
associated with these Weyl points can produce a large
anomalous Hall effect.

It may be instructive to make a crude estimation of
anomalous Hall conductivity arising from Berry curva-
ture associated with the Weyl nodes, using the expression

oh, = %% [54, 55]. The estimated value of AHC for a

single pair of Weyl nodes is ~ 164 Q~tcm™!, where k is
the average distance (=0.13298 A1) between the pairs
of Weyl points from our DFT calculation. We note that
ny depends on the detailed band structure, in particular
the orientation of the Weyl nodes and temperature. The
total estimated value of crfy including 18 pairs of Weyl
nodes is ~ 2900 2 'cm™!. This very crude estimation is
not far off from the experimental value ~ 1310 2~ 'ecm ™!
at 2 K.

In conclusion, our magnetic susceptibility measure-
ments revealed that GdAISi has an antiferromagnetic
ground state below T = 32 K. Isothermal magnetiza-
tion curves show an unusual asymmetric hysteresis be-
havior, suggesting a possible spiral magnetic order in
the ab-plane. Using first-principles calculations, we show
that GAAISi hosts an antiferromagnetic Weyl semimetal
ground state and a spiral magnetic order state as a close



competing state within the uncertainty of calculation.
We also find multiple Weyl points near Fermi energy.
The Weyl semimetallic features are further confirmed by
ARPES measurements. The large observed anomalous
Hall effect is contributed to the Berry curvature associ-
ated with the Weyl nodes near Fermi energy. Evaluat-
ing the topological Hall effect from real space spin tex-
ture requires detailed information of the magnetic order
of the system, such as the possible spiral configuration
strongly suggested by our experiments and DFT calcula-
tions. Unfortunately, Gd is a neutron absorber, thus it is
challenging to probe the magnetic ordering in GdAlSi us-

ing neutron scattering approach. Other methods, such as
resonant elastic X-ray scattering and spectroscopy TEM,
might be able to shed light on the magnetic ordering in
this class of materials.
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