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Weyl semimetal (WSM), a novel state of quantum matter, hosts Weyl fermions as emergent
quasiparticles resulting from the breaking of either inversion or time-reversal symmetry. Magnetic
WSMs that arise from broken time-reversal symmetry provide an exceptional platform to under-
stand the interplay between magnetic order and Weyl physics, but few WSMs have been realized.
Here, we identify CeAlSi as a new non-centrosymmetric magnetic WSM via angle-resolved pho-
toemission spectroscopy (ARPES) and first-principles, density-functional theory based calculations.
Our surface-sensitive vacuum ultraviolet ARPES data confirms the presence of surface Fermi arcs
as the smoking gun evidence for the existence of the Weyl semimetallic state in CeAlSi. We also
observe bulk Weyl cones at the Fermi arc terminations in CeAlSi using bulk-sensitive soft-X-ray
ARPES measurements. These results implicate CeAlSi as a unique platform for investigating exotic

quantum phenomena resulting from the interaction of topology and magnetism.

The recent discovery of Weyl fermions as exotic quasi-
particles in Weyl semimetals (WSMs) has generated
tremendous research interest in condensed matter physics
and materials science, due to their intimate link between
the concepts of different fields of physics and its techno-
logical applications [1-10]. In a WSM, the conduction
and valence bands disperse linearly in three-dimensional
(3D) momentum space and the point where they inter-
sect is known as the Weyl node [9, 11, 12]. The essential
prerequisite for a WSM is that either the crystal inversion
(CI) symmetry [5] or the time-reversal (TR) symmetry
[1] must be broken. The TaAs-family of transition-metal
puictides [5, 7], MoTes and WTe, family transition-metal
dichalcogenides [13—16] belong to the class of WSMs with
broken CI symmetry. The TR symmetry broken WSMs
have been discovered recently in ferromagnets such as
Co3Sn3S2, CooMnGa, YbMnBi, [17-21]. However, when
both the symmetries are broken, a rare WSM arises which
provides an exciting opportunity to understand the cor-
relation between magnetism and Weyl fermions [22, 23].

Recently, the RAIGe and RAISi (R = Rare earth ele-
ments) materials, which are noncentrosymmetric, have
been proposed as a new family of magnetic WSMs,
where the Weyl nodes are tunable due to intrinsic mag-
netic order [24-30]. These families of compounds can
exhibit different types of magnetic ground states and
host Type-I or Type-II Weyl fermions. CeAlSi, a ma-
terial from the RAISi family, was recently shown to

be a noncentrosymmetric ferromagnetic WSM that ex-
hibits an anisotropic anomalous Hall effect between the
easy and hard magnetic axes [23]. The large ferro-
magnetic domains observed below T, = 8.3 K, makes
this material exciting as the Weyl nodes can be gen-
erated and manipulated by breaking both the CI and
TR symmetries, making it an ideal material to explore
the interplay between Weyl electrons and magnetism.

In this Letter, by performing vacuum ultraviolet
(VUV) and soft X-ray (SX) angle-resolved photoemission
spectroscopy (ARPES) measurements, we report a sys-
tematic study of the electronic structure of CeAlSi in the
paramagnetic phase. The surface sensitive VUV ARPES
results confirm the presence of the Fermi arcs, signatures
of the WSMs on the (001) surface of CeAlSi. Bulk sen-
sitive SX ARPES measurements reveal the presence of
Weyl nodes in the paramagnetic phase. The experimen-
tal results are well corroborated by our density functional
theory (DFT) results. We thus establish CeAlSi as a non-
centrosymmetric topological WSM material, a platform
for investigating the interplay between Weyl phases and
magnetism.

CeAlSi single crystals were grown by a self-flux method
using Canfield crucible sets [31]. For details of single
crystal growth technique, and ARPES measurements,
see Supplemental Material (SM) [32]. Density functional
theory (DFT) calculations were performed using the ex-
perimental lattice parameters (a = 4.25 A; ¢ = 1458
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FIG. 1. Crystal structure and electronic structure of CeAlSi. (a) Unit cell of CeAlSi where the red, teal, and blue colored solid
spheres denote the Ce, Al and Si atoms respectively. (b) Bulk Brillouin zone (BZ) and the projected (001) surface BZ. (c)
Calculated bulk bands along the high symmetry directions without SOC and (d) with the inclusion of SOC. (e) Configuration of
the 40 Weyl nodes in the bulk BZ created upon the inclusion of SOC. (f) Projection of the Weyl nodes on the (001) surface BZ
in one quadrant highlighting all the Weyl nodes. The red (blue) dots denote the Weyl node with chirality +1 (-1) respectively.
(g) Schematics comparing the three types of Weyl nodes appearing upon the inclusion of SOC.

A) and the projector-augmented-wave (PAW) method
implemented in the Vienna ab initio simulation pack-
age (VASP) [33]. The exchange-correlation effects were
included by using the generalized gradient approxima-
tion (GGA). The spin-orbit coupling (SOC) was included
self-consistently [34, 35]. An on-site Coulomb interac-
tion was added for Ce f -electrons within the GGA +
U scheme with Ucyr = 6 eV. A Wannier tight-binding
Hamiltonian was obtained from the ab initio results us-
ing the VASP2WANNIER90 interface, which was sub-
sequently used in our topological properties calculations
[36]. CeAlSi is a semimetallic material that crystallizes
in the tetragonal structure with space group 14;md (No.
109) with lattice constants a = 4.25 A, and ¢ = 14.58
A [23], as illustrated in Fig. 1(a). The crystal struc-
ture has two vertical mirror planes as well as two ver-
tical glide mirror planes, but lacks a horizontal mirror
plane thus breaking the inversion symmetry. Fig. 1(b)
shows the three-dimensional bulk Brillouin zone (BZ) of
CeAlSi, and the projected two-dimensional BZ onto the
(001) surface. The calculated bulk band structures along
the high symmetry directions without spin-orbit coupling
(SOC) and with SOC are presented in Fig. 1(c) and Fig.
1(d), respectively. The Fermi level is indicated with a
horizontal line at E = 0 eV. From the SOC-included cal-
culations, we can clearly see a hole pocket near 3 high-

symmetry point and along the ;-7 direction. The Weyl
nodes in the k, = 0 plane are pinned by the CoT sym-
metry. When SOC is included, there are four pairs of
W1, W3 and W3, as well as eight pairs of W2 Weyl
nodes, as required by the Cy, point group of the param-
agnetic CeAlSi. The nodal lines on the k, = 0, k, = 0
mirror-invariant plane are stabilized by the mirror sym-
metry m,, m,, as the touching conduction and valence
bands have opposite eigenvalues under the mirror opera-
tion. The 8 Weyl nodes on the k, = 0 plane are referred
to as W1, whereas the remaining 16 Weyl nodes away
from this plane are referred to as W2. Furthermore, each
W3 (spinless) Weyl node breaks into two W3’ and W3”
(spinful) Weyl nodes with the same chirality. As a result,
there are a total of 40 Weyl nodes in the paramagnetic
phase and the distribution of Weyl nodes in the bulk BZ
and the (001) surface are presented in Fig. 1(e) and 1(f),
respectively [22]. The presence of Weyl nodes at various
energies with respect to Ep is shown in Fig. 1(g).

In order to unveil the Weyl semimetallic phase in
CeAlSi, we have presented the results from ARPES mea-
surements on the (001) surface in Figs. 2-4. Fermi sur-
face (FS) maps obtained from VUV based ARPES mea-
surements with different photon energies are presented
in Figs. 2(a-c). The FS shows a circular pocket at the
T point and mustache-like pockets at the X point and
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FIG. 2. Fermi surface as a function of photon energy. Experimental Fermi surface measured along the (001) direction using
a photon energy of (a) 40 eV, (b) 50 eV, and (c¢) 60 eV. The spectral intensity is integrated within 20 meV of the chemical
potential. Blue dashed lines represent the constructed Brillouin zone in one quadrant. The squares (white dashed lines) along
the I'~M direction indicate the Fermi arcs in CeAlSi. The white dashed curves serves as guides to the eye to visualize the Fermi
arcs in one quadrant of the Brillouin zone. (d-f) Second-derivative plots of the Fermi surface as shown in (a-c) respectively.
The white dashed squares along the I'~M direction highlights the Fermi arcs. (g-i) Zoomed view of the ARPES measured
Fermi arcs in one quadrant of the Brillouin zone. (j) Calculated Fermi surface along the (001) direction. (k) Zoomed view of
the calculated Fermi surface highlighting the Fermi arcs. (1) Schematic illustration showing Fermi arcs (black lines) emerging
from W3’ or W3"" Weyl nodes along the I' — M direction. All measurements were performed at a temperature of 15 K.

the Y points. These mustache-like pockets observed at
the Y points are less intense compared to the pockets
at the X points and can be seen distinctly at around
40 eV. To distinguish the surface and bulk contributions
from various bands, we have performed photon energy de-
pendent ARPES experiments using photon energy range
from 40-60 eV. The measurements have been performed
at a temperature of 15 K i.e., in the paramagnetic phase.
The pockets observed at the I, X and Y points disperse
quite strongly with photon energy, suggesting their bulk
3D nature. Perhaps the most interesting observation is
the presence of Fermi arcs along the I' — M direction
as can be seen in Fig. 2 (a-c). These Fermi arcs do
not change shape and size with photon energy suggesting
their two-dimensional nature. This can be seen clearly in

the photon energy dependent cuts taken along the I — M
direction where the Fermi arcs have been observed, and
is presented in the Supplemental Material [32]. Fig. 2(d-
f) shows the second-derivative plot of the FS map of Fig.
2(a~c) respectively, which highlights the Fermi arcs along
the T-M direction. To better visualize the Fermi arcs,
we have also presented the zoomed Fermi arcs in one
quadrant of the Brillouin zone (see Fig. 2g-i) for pho-
ton energies of 40, 50, and 60 eV respectively, where the
Fermi arcs can be observed. The experimental F'S is rea-
sonably captured by our first-principles calculations as
can be seen in Fig. 2(j). Some discrepancies can be at-
tributed to matrix element effects and the limitations of
DFT in capturing the electronic structure of correlated
electron systems [37, 38]. The zoomed view of the DFT
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FIG. 3. Observation of Chiral charges in CeAlSi. Zoomed F'S (a) and the curvature plot (b) obtained from ARPES measurement
with a photon energy of 40 eV. Cuts of interest are illustrated with horizontal line labeled Cut 1 and white loops labeled 1
and 2 with the starting/end points marked by the vertical green lines. (c¢) Measured band dispersion along horizontal Cut 1.
(d) Second derivative plot of (¢). (¢) ARPES measured band dispersion along the loop 1. Loop 1 encloses the termination
point of the measured Fermi arc and shows a single left-moving chiral mode, corresponding to an enclosed Chern number n =
-1 and (f) Band dispersion along the loop 2 showing a single right-moving chiral mode, corresponding to a Chern number n =
+1. (g) Calculated energy dispersion around k, = 0.34 A~'. (h) Band dispersion measured along the T — M direction and
its corresponding integrated energy distribution curves showing the presence of Ce 4f states near the Fermi level at various
photon energies as noted on the figure. All measurements were performed at a temperature of 15 K.
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FIG. 4. Observation of bulk Weyl cone in CeAlSi. (a) Experimental FS on the k. = 0 plane obtained from SX-ARPES
measurement with a photon energy of 498 e¢V. (b) Experimental band dispersion measured along Cut 1 showing the linear
dispersion of the W3'" Weyl cone. The dashed line serves as guide to the eyes for better visualization. (c) DFT calculated
bulk band projection around W3’ along k,. The color marks the spectral intensity. All measurements were performed at a
temperature of 20 K.

obtained Fermi arc is presented in Fig. 2(k) for better = vature plot of the Fermi surface shown in Fig. 3(a) is

visualization and a schematic of the Fermi arc connect-  presented in Fig. 3(b) to observe the Fermi arcs dis-
ing the Weyl points as observed from DFT is presented tinctly. The band dispersion and its second derivative
in Fig. 2(1). plots along the Cut 1 of Fig. 3(a), which lies on the

k, = 0.34 A~! plane, are presented in Fig. 3(c) and
To prove that the arcs observed along the T — M direc-  Fig. 3(d) respectively. From Figs. 3(c) and 3(d) we
tion are indeed the Weyl Fermi arcs, we have examined can distinctly observe two counter propagating surface
the signature of projected chiral charge on the surface states. By analysing the energy-momentum dispersion
corresponding to a Chern number on the bulk taking into ~ for loop 1 (see, Fig. 3(a)), we detect one left-moving
account the bulk-boundary correspondence between the chiral mode which disperses towards Ep, thus showing
bulk Weyl fermions and surface Fermi arcs [1, 39]. For  chiral charge -1 on the associated bulk manifold and can
this we have considered closed loops in the surface BZ be seen in Fig. 3(e). Similarly for loop 2, we detect
along one of the Fermi arcs as shown in Fig. 3(a) by a right-moving chiral mode suggesting chiral charge of
white circles designated as loop 1 and loop 2. The cur-



+1 as can be seen in Fig. 3(f). In this way, using
only the surface sensitive ARPES measurements, we con-
firm that the arc-like features are indeed the Weyl Fermi
arcs and measure the chiral charges in CeAlSi through
the bulk-boundary correspondence [1, 39]. The calcu-
lated bulk band dispersion for a particular value of k,
— 0.34 A~ is presented in Fig. 3(g) and is in agree-
ment with the observed ARPES results. In Fig. 3(h),
we have presented the ARPES measurements along the
T — M direction and its integrated energy distribution
curves where we can clearly observe a sharp dispersion-
less peak at ~ -0.3 eV below Fermi energy which cor-
responds to the so-called Kondo resonance peak and is
labeled as 4f% /2 [40] suggesting that electronic correla-
tion is important in the system. The 4f} /o Peak which
lies near the Fermi level is not observed in the exper-
iments. Further temperature dependent and resonant
photoemission experiments should be performed to un-
derstand the importance of Kondo physics in this system.

We have also performed bulk-sensitive SX-ARPES
studies on CeAlSi to demonstrate the existence of the
bulk Weyl cones and the Weyl nodes as shown in Fig.
4. The SX-ARPES increases the relative spectral weight
of bulk vs surface features because the photoelectrons
excited by soft X-rays have a longer escape depth than
the photoelectrons excited by VUV light. This SX-
ARPES data can be readily compared with the cor-
responding bulk band calculations. In Fig. 4(a), we
present the FS obtained from SX-ARPES measurements
at 15 K on the k, = 0 plane with a photon energy of
498 eV. To observe the linear dispersion of the bulk
Weyl cones, band energy dispersion along the Cut 1
(indicated in the figure by dashed line) is shown in
Fig. 4(b) that intersects the experimentally observed
Fermi arcs and calculated position of the Weyl fermions.
We observe linearly dispersing Weyl cones that corre-
spond to the W3’ Weyl node. Within our experimen-
tal resolution the W3 Weyl fermion is located at (-
0.32, -0.26)A~' on the k, = 0 plane. The bulk band
dispersions shown in Fig. 4(b) along cut 1 is consis-
tent with the DFT calculation presented in Fig. 4(c),
which further confirms the presence of W3 Weyl cone
along the cut 1 direction with the W3’ Weyl node ly-
ing very close to Ep. Additional soft X-ray ARPES
measurements performed at various photon energies fur-
ther supports our observation of the presence of W3
Weyl nodes in CeAlSi, see Supplemental Material [32].

In conclusion, our systematic study of the electronic
band structure of CeAlSi using both VUV and SX
ARPES at 15 K reveals it as a CI symmetry-breaking
Weyl semimetal. By utilizing VUV ARPES, on the
(001) surface, we identified and confirmed the presence
of the Fermi arcs, the smoking gun evidence of the Weyl
semimetallic state. From SX-ARPES measurements, we
were able to resolve linearly dispersing conical features
that correspond to the lower part of the W3' Weyl
cone. The experimental observations are well reproduced
by our first-principles, DFT-based computations, further

confirming the presence of Fermi arcs and Weyl cones in
our experimental results. A recent report suggested that
the breaking of TRS in this material will shift the posi-
tion of the Weyl nodes in the BZ [23]. The ARPES data
which has been presented in this work is performed at
15 K which is in the paramagnetic phase i.e, the Weyl
nodes are generated due to the broken inversion symme-
try. CeAlSi therefore is a WSM with broken CI inversion
symmetry. Having a magnetic transition at around 8.2
K, this system provides an excellent platform to study
and understand the tuning of the Weyl points and the
associated states with magnetism [23]. The experimen-
tal confirmation for the shifting of the Weyl nodes due to
the breaking of TRS is not yet there and remains a fur-
ther point of our research interest. However, the present
study confirms the Weyl Fermi arcs and the Weyl nodes
in the paramagnetic phase arising from the breaking of
inversion symmetry and will be useful for future studies
as it can be used for comparison with those of the mag-
netic regime. Therefore, our study will open up a new
avenue to study and unveil the theoretically suggested
tuning of the Weyl nodes with the onset of magnetism
which is currently one of the most exciting topics in topo-
logical physics.
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