
communicationsmaterials Article
A Nature Portfolio journal

https://doi.org/10.1038/s43246-025-00952-7

Signatures of Kramers-Weyl fermions in
thechargedensitywavematerial (TaSe4)2I
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Soyeun Kim 1,2,3,10, Robert C. McKay4,10, Nina Bielinski 1,2,10, Junehu Park2,5,6, Chengxi Zhao2,5,
Meng-Kai Lin1,2,7, Joseph A. Hlevyack 1,2, Xuefei Guo1,2, Sung-Kwan Mo 8, Peter Abbamonte1,2,
T.-C. Chiang 1,2, André Schleife 2,5,9, Daniel P. Shoemaker2,5, Barry Bradlyn 4 &
Fahad Mahmood 1,2

Thequasi-one-dimensional charge densitywave (CDW)material (TaSe4)2I hasbeen recently predicted
to host Kramers-Weyl (KW) fermions which should exist in the vicinity of high symmetry points in the
Brillouin zone in chiral materials with strong spin-orbit coupling. However, direct spectroscopic
evidence of KW fermions is limited. Here we use helicity-dependent laser-based angle-resolved
photoemission spectroscopy (ARPES) in conjunction with tight-binding and first-principles
calculations to identify KW fermions in (TaSe4)2I. We find that topological and symmetry
considerations place distinct constraints on the (pseudo-) spin texture and the observed spectra
around a KW node. Our findings highlight the unique topological nature of (TaSe4)2I and provide a
pathway for identifying KW fermions in other chiral materials.

The past decade has seen the prediction and discovery of a large number of
topological materials, including 3D topological insulators1,2, Dirac3,4 and
Weyl semimetals5–8, andmultifold chiral semimetals9–14. Thesematerials are
characterized by nontrivial topology in the electronic band structure. They
are typically identified using a combination of ab—initio calculations and
symmetry-basedmethods that help to isolate unique spectroscopic features
(such asDirac andWeyl fermions) at certainpoints and lines in theBrillouin
zone (BZ). In many cases, these topological fermions arise due to the pre-
sence of certain crystalline symmetries15–19.

Recently, however, it has been realized that chiral crystals, char-
acterized by the absence of orientation-reversing symmetries, with
strong spin-orbit coupling (SOC) universally host topological Kramers-
Weyl (KW) fermions20. In these materials, each time-reversal invariant
momentum (TRIM) point in the BZ must feature a topologically
charged Weyl point (or multifold fermion, if there are additional crystal
symmetries) and is referred to as a KW point. Electronic bands near the
KW point are split by SOC in all directions, forming pockets with
opposite Chern numbers and an approximately radial (monopole-like)
spin texture. Other novel features of these KW fermions include the

circular photogalvanic effect10,21–24 and a longitudinal magneto-electric
response25–27.

As highlighted in ref. 20, a number of chiral crystals are predicted to
host KW fermions, yet experimental confirmation remains elusive. This is
primarily because the KW nodes are often far from a material’s Fermi level
and can also be in close proximity to other symmetry-enforcedWeyl nodes.
For example, ref. 20 predicted that the chiral charge density wave (CDW)
compound (TaSe4)2I

28,29 hosts KW nodes at its N TRIM point but at an
energy above its Fermi level. (TaSe4)2I has also gained extensive interest
recently as a Weyl-CDW candidate whereby its Fermi surface Weyl points
(FSWP) are gapped by the onset of CDW correlations below the CDW
transition temperature TCDW

30. Experimental observation of novel
magneto-electric responses under an external magnetic field suggested the
(TaSe4)2I as a first condensed matter version of an axionic insulator31,32,
which is under active debate33. Spurred by these aforementioned findings,
exploration of the unique combination of physical properties (TaSe4)2I
hosts was rejuvenated, motivating further state-of-the-art experiments34–38.

Here, we use helicity-dependent laser ARPES, in combination with a
tight-binding model and first-principles calculations to observe distinctive
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signatures that may indicate the presence of KW fermions in the chiral
CDWcompound (TaSe4)2I.Note that the surface of (TaSe4)2I is intrinsically
n-doped due to iodine vacancies, which raise its chemical potential as
observed in previous photoemission experiments39. We take advantage of
this to isolate conduction band features around theN TRIM point.We find
that the helicity-dependent photoemission intensity is directly correlated
with the unique (pseudo-)spin texture around this TRIM point, which
confirms the presence of KW fermions in (TaSe4)2I.

Results and discussion
Sample characterization of (TaSe4)2I
(TaSe4)2I has been studied extensively as a model quasi-one-dimensional
system undergoing a CDW Peierls transition40–42. As shown in Fig. 1a,
(TaSe4)2I consists of chains of Ta atoms surrounded by Se atoms along the
c-axis. The chains are bonded weakly by I atoms, forming a needle-like
crystal that naturally cleaves along the (110) plane. The unit cell size of
(TaSe4)2I is (a, b, c) = (9.5373(9), 9.5373(9), 12.770(2))Å−143. In Fig. 1b we
show the band structure of (TaSe4)2I, computed using density functional
theory (DFT). The left panel shows the bands along high-symmetry lines,
and is consistent with known literature15,20,30. In the right panel, we show
the bands along the experimentally relevant path and expressed with
respect to the crystallographic axes (ka, kb, kc) = (π/a, 0, kc), with the N

point at kc = π/c = 0.246 Å−1, and the N0 point at kc =−π/c. In Fig. 2a we
describe our coordinate system, and how it maps to the crystallographic
axes, defining k∥, k⊥,n as parallel/perpendicular with respect to the Ta chain
direction.We see in the inset that there is a small spin-orbit splitting visible,
exposing a KW fermion at the N TRIM point. To facilitate further theo-
retical calculations of photoemission intensity, we use this DFT input to
construct a symmetry-inspired four-band tight-binding model. We use
techniques from topological quantum chemistry44 to ensure this model
reproduces the symmetry properties of the four bands closest to the Fermi
level, as determined in the Topological Materials Database45. Details of the
model can be found in the SI46. The spectrum of the tight-binding model is
shown in Fig. 1c. We see good qualitative agreement with the DFT spec-
trum, although we have artificially increased the SOC strength in the tight-
binding model for clarity.

We first characterized our samples by measuring the four-terminal
electrical resistivity ρ as a function of temperatureTwith the current applied
along the c-axis. Consistent with previous work31, ρ increases with
decreasing T and its logarithmic derivative shows a peak around the
expected CDW transition temperature of TCDW ~ 260 K (Fig. 1d). More-
over, the logarithmic derivative saturates around a value of 0.7 (10-3 K),
corresponding to a gap size of 250meV.This is also consistentwith previous
transport experiments31.
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Fig. 1 | Crystal structure, experimental characterization, and Kramers-Weyl
(KW) band structure of (TaSe4)2I. a Crystal structure as seen from the (001) and
(110) directions. Here (001) is along the Ta chain direction and (110) is the natural
cleavage plane. A (conventional) unit cell is indicated by solid lines. b, c Electronic
band structure of (TaSe4)2I as calculated using (b) density functional theory (DFT)
and (c) a tight-binding model (TB) described in the SI46. The KW crossing along the
N0-N-N0 path is shown in the right panels. d The logarithmic resistivity normalized

by ρ0 = ρ(300 K). e Temperature dependence of the CDW satellite peaks (symbols)
from the Bragg reflection at (h, k, l) = ( − 1, 3, 4). TCDW ~ 260 K is marked with an
arrow. See Fig. S5 for the line cuts of satellite peaks46. A solid line is a fit using a BCS
gap function. f, g ARPES plots measured with 50 eV photon energy at room tem-
perature, showing (f) the photoemission intensity and (g) the curvature taken
parallel to the ΓZ (chain) direction. The intensity is rescaled by 10 inside the dashed
box in (f). Dashed straight lines in (g) are guides to the eye.
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To further characterize the CDW order, we also performed X-ray
diffraction (XRD) as a function of temperature above and below TCDW.
Similar to observations from other scattering studies47,48, satellite peaks
corresponding to qCDW emerge for T < TCDW (see Fig. S5 in ref. 46). The
intensities of the CDW peaks follow the expected mean-field behavior
with TCDW ~ 260 K, as can be seen in Fig. 1e. We also performed
synchrotron-based ARPES experiments with a photon energy of 50 eV
on the same set of samples to compare with previous such experiments.
Figure 1f shows the in-plane band dispersion at room temperature along
the chain direction (in this case the ΓZ-direction). We observe the
characteristic linearly dispersing valence bands with a minimum at Γ as
theoretically predicted and seen by various ARPES experiments30,39,42,49.
Note that the valence band maximum is significantly below the chemical
potential, indicating the intrinsic n-doping of (TaSe4)2I samples. At these
high photon energies, the photoemission intensity for the conduction
bands is much weaker compared to that of the valence bands30. None-
theless, the conduction band can be clearly resolved in the ARPES cur-
vature plots, as shown in Fig. 1g and the overall shape of the bands is
consistent with our laser ARPES experiments (discussed below).

Laser ARPES measurements
Our laser ARPES experimental configuration is shown in Fig. 2 along with
the bulk 3D BZ. For a photon energy of 6 eV, photoemission primarily
originates from the plane corresponding to kn � 0.6 ð2π= ffiffiffi

2
p

aÞ46. This
plane is close to the high symmetry N points, as indicated by the shaded
plane in Fig. 2a. For our measurements, the sample is aligned such that the
Ta chains are parallel to the analyzer slit which gives energy as a function of
k∥ for a given scan. The sample is then rotated so that k⊥ is close to the
momentum of the N0 TRIM point. Changes in k⊥ around this point are
measured by using electronic deflection without sample rotation. We first
show constant energy ARPES maps corresponding to energies
E − EF =−550 and −500meV in Fig. 2b, c, respectively. As shown in
Fig. 2b, two bands are observed around the KWnode at theN0 TRIMpoint,
i.e., around the coordinate (k∥, k⊥) = (-0.5, 0.5) in units of (-2π/c, 2π=

ffiffiffi

2
p

a).
These bandsdisperse outwardwith increasing kinetic energy, i.e., decreasing
binding energy, indicating that they correspond to the conduction band of
(TaSe4)2I near the KW node at the N0 TRIM point when compared with
first-principles calculations and our tight-binding model (Fig. 1b, c). The
almost linearly dispersing ‘V-shaped’ conduction bands are seen more

clearly in the energy vs. momentum (k∥) cut (see Fig. 2d for a plot along the
white lines illustrated in 2c). Similar ‘V-shaped’ bands with relatively high
velocitieswere also resolved in refs. 30 and39 formomentumalongk∥.On the
other hand, for momentum along k⊥ (Fig. 2e, f), the bands have a relatively
flat dispersion. These weakly dispersing bands along the k⊥ direction are a
characteristic feature of (TaSe4)2I due to its one-dimensional nature and
have been observed in a number of previous ARPES studies39,42,49. We note
that in our ARPES data, the spectral weight near the Fermi level is strongly
suppressed compared to that of a reference sample (Au or Bi2Se3) due to the
incoherent nature of the band50. The top of the occupied bands is about
100meV below μ. As established in early ARPES works50,51, this is due to a
strong polaronic effect which makes the spectral weight near the chemical
potential incoherent.

Bands near the KW point
Figure 3a presents the band structure near theN points calculated from the
DFT, where the binding energy of the N points is set to 0 eV. The band
structure across k∥ (Fig. 3b) resembles an hourglass shape. It leaves a peri-
odic wavy projection that originates from the interchain coupling42 in the
constant energy cuts (Fig. 3c–e). Overall, the calculation plots above
E = 0 eV are consistent with the upper ‘V-shaped’ band and a small band
splitting in the experiment (Fig. 2).

Having located the conduction bands originating fromapredictedKW
node in (TaSe4)2I, we now characterize their spin texture using helicity-
dependent laser ARPES measurements. In general, KW nodes can be dis-
tinguished from conventional band-inversionWeyl nodes20 or the Rashba-
like surface band splitting that can arise from iodine vacancy on the top
surface39 by their spin texture. Constructionof anyFermi surface enclosing a
single KW fermion maps onto itself under time-reversal symmetry. Since
time-reversal also flips spin, this constrains the electronic states on opposite
sides of the Fermi surface around a KW node to have opposite spin. Note
that this is in contrast to a conventional Weyl semimetal arising from band
inversion, where there are no symmetry constraints on states at a single
Fermi surface. The presence of additional rotational symmetries can further
constrain the spins of states near the KW node; in the isotropic limit, we
expect to see an approximately radial spin texture arising fromthedominant
k ⋅ σ term in the KW Hamiltonian. This was recently observed in spin-
resolvedARPESexperiments near theKWpoints in elemental tellurium52,53.
A similar approximately radial spin texture is expected aroundKWnodes of
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(TaSe4)2I, albeitwith a stronger anisotropydue to its quasi-one-dimensional
band structure46.

Helicity dependence near KW point
Due to the nature of the spin texture around the observed N0 KWpoint, we
expect a distinctive asymmetry in the helicity-dependent photoemission
from bands on either side of this point. Since the crystal is chiral and
therefore lacks simple selection rules for ARPES transitionmatrix elements,
we utilized an effective one-step model of photoemission to calculate the
ARPES intensity from a tight-binding model. We used our tight-binding
model to construct a large finite slab consisting of one region with zero
chemical potential (the “inside” of thematerial) and one region with a large
positive chemical potential (the “vacuum”). As an approximation, we
modeled the final state of the photoelectron as a time-reversed low energy
electron diffraction (TR-LEED) state, where to a first approximation we
treated thematerial-vacuum interface as a steppotential.Note that given the
low photon energy (6 eV) used in our photoemission experiment, the
quantitative features of the dichroic signal will depend on the final-state
which can deviate from that of a simple free electron-like state. Thus,
accurately computing the dichroic signal would require advanced Green’s
function and ab initio calculations of the final electron states in the band-
structure. Such a calculation is beyond the scope of the present work.
Nevertheless, any observed sign reversal with opposite helicity can provide
strong evidence for the KW band, regardless of the details of final electron
state.We included aphenomenological decay length for thefinal state inside
the sample to account for scattering processes. Since the final state decays
inside the sample, and the initial state decays outside the sample, our large
finite slab gives a good approximation to a semi-infinite slab. The experi-
mental geometry was taken into full account for the photoemission inten-
sity. Full details on the calculation are given in the SI46.

The results are illustrated in Fig. 4a–d. Figure 4c, d show the calculated
photoemission intensity as a function of light-helicity on the left and right
side of theN0 point respectively, as shown inFig. 4a.Note that there is a clear
difference in the photoemission intensities for opposite helicities of light on
one side of the N0 point but not on the other. We attribute this to a com-
bination of the chirality of the crystal and the incidence angle of the applied

light. Since the crystal is chiral, electronic states on the two sides of the N0

point are related by a twofold rotation symmetry and by time-reversal
symmetry. Both of these symmetry operations change the polarization and
incidence angle of the incoming light, leading to an asymmetry in the
photoemission matrix elements.

To study if this is indeed the case,wemodulated the light-helicity of the
photoemitting beam using a quarter waveplate (angle denoted by θλ/4). We
isolate the bands around the N0 point (Fig. 4e) and plot the integrated
spectral intensity in each band (region of integration is shownby the dashed
contours in Fig. 4f1–h1) as a function of θλ/4. The results are shown in
Fig. 4f2–h2. The photoemission helicity dependence on one side of the KW
point (Fig. 4f2, g2) is significantly more asymmetric than the other side
(Fig. 4h2) in agreement with theoretical predictions (Fig. 4c, d). In addition,
the spin-split bands onopposing sides of theN0 point have opposite helicity-
dependence. There is a clear difference in the observed intensity between left
and right circularly polarized light as shown in Fig. 4f2, g2 (The spin-split
bands can clearly be identified in the EDC cuts in Fig. 4f2, g2). Additional
observations of circular dichroism ARPES in (TaSe4)2I, at a photon energy
of 47 eV, are reported in ref. 39. Our observation of helicity-dependence of
spin-split bands near the N0 point could potentially also explain the char-
acter of the CD-ARPES spectra discussed in that experiment. In addition,
each of the spin-split bands on one side of theN0 point has the same helicity
dependencewhereas that is not the case for the opposite side. There is a clear
difference in the observed intensity between left and right circularly polar-
ized light as shown in Fig. 4f2, g2 (The spin-split bands can clearly be
identified in the EDC cuts in Fig. 4f2, g2). These observations are a direct
consequence of the presence of KW fermions in (TaSe4)2I and might also
explain the observed circular dichroism in other photoemission experi-
ments on (TaSe4)2I using higher photon energies39.

We note here that the θλ/4-dependence of the photoemission intensity
near a KWpoint of (TaSe4)2I is uniquely related to the radial (pseudo-)spin
texture around the KW point and is quite different from other well-studied
systems, such as topological insulators and strong Rashba SOC materials
with a tangential spin texture54–58. For those systems, circular dichroism
(CD-ARPES) experiments are typically performed to measure the photo-
emission intensity difference between left and right circularly polarized light
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which in turn gives a measure of the pseudospin texture59. In particular,
ref. 39 reports the CD-ARPES spectra of (TaSe4)2I at the iodine-deficient
surface where the Rashba-type Dirac band splitting with tangential spin
textures are expected. To compare our helicity dependentmeasurements on
bulk bands of (TaSe4)2Iwith those on a systemwith a tangential pseudo spin
texture, we studied the prototypical topological insulator Bi2Se3 (see Fig. S4
in ref. 46 for more details) with our setup. As observed in previous
measurements54–56,59, we obtain a symmetric θλ/4 dependence of the pho-
toemission intensity at points on either side of the Dirac point. This is in
contrast to the asymmetric intensity observed in (TaSe4)2I for bands near
the N0 point.

Relevance to the CDW phase
The helicity dependence below the CDW transition is of interest, though
experimentally hindered by strong polaronic effects near the Fermi level50.
KWfermions, protected atTRIMpoints in chiral space groups, are expected
to persist across TCDW, as (TaSe4)2I remains chiral above and below the
transition43,60,61. However, in contrast to the FSWP case in ref. 30, no CDW
wavevector connecting TRIM points is observed, making the coupling of
KW pairs unlikely.

Conclusions
In conclusion, by using helicity-dependent APRES, ab-initio calculations,
and tight-bindingmodeling, we have investigated theKWfermions at theN
point of (TaSe4)2I.Ourworkprovides thefirst experimental evidence for the
presence of KW fermions in this material. Our results suggest that a deeper
theoretical and experimental investigation of helicity-dependent ARPES in
the ordered phase could shed light on the exotic properties predicted for this

Weyl-CDW compound. Our conclusions encourage the investigation of
(TaSe4)2I using spin-sensitive tools, such as spin-resolved ARPES and
quantum interference, which can further confirm and provide insight into
KW physics.

Methods
Sample preparation
Single crystals were prepared by adapting a chemical vapor transport
technique reported by Maki et al.29 Stoichiometric amounts of Ta wire
(99.9%), Se powder (99.999%) and I shot (99.99%) were loaded into a fused
silica tube, which was sealed under vacuum and heated with a source
temperature of 600 °C and sink temperature of 500 °C for 10 days. XRD
patterns were collected on a BrukerD8ADVANCEdiffractometer withMo
Kα radiation.Resistivitywasmeasured in four-point geometry in aquantum
design physical property measurement system.

Density-functional theory
We perform fully relativistic, non-collinear first-principles DFT62 simula-
tions, including the spin-orbit interaction, using the Vienna Ab-Initio
Simulation Package (VASP)63–66. We converted the atomic coordinates of
the conventional unit cell of (TaSe4)2I provided byMaterials Project (mpID
30531)67,68 to a primitive unit cell using AFLOW/ACONVASP69. The
generalized-gradient approximation (GGA) as parameterized by Perdew,
Burke, and Ernzerhof (PBE)70 was used to describe exchange and correla-
tion. Kohn-Sham states were expanded into a plane-wave basis with a
kinetic-energy cutoff of 520 eV.A 10 × 10 × 10 Γ-centeredMonkhorst-Pack
grid71was used forBZ sampling, and the resultingKohn-ShamHamiltonian
was diagonalized on finely sampled high-symmetry lines in reciprocal space
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Fig. 4 | Light helicity dependent ARPES around the N point in (TaSe4)2I.
aCalculated tight-binding (TB)model band structure near the N0 point along theN-
N0-N path. Each Kramers-pair band is separated by spin-orbit coupling (SOC)
except at the TRIM (time-reversal invariantmomentum) point. Arrows indicate up/
down (pseudo-)spin. b Sketch of a constant energy map and the (pseudo-)spin
texture around the N KW point. c, d Calculated λ/4 waveplate angle (θλ/4) depen-
dence of photoemission intensities in the TBmodel for bands to the left (c) and right
(d) of the N0 point as shown in (a) and accounting for different measurement
geometries. (Pseudo-)spin-up (down) bands that are located at higher (lower)

energy are shown as dashed (solid) lines. e ARPES constant energy cut measured
around the N0 point at E − EF =−500 meV. f1–h1 ARPES spectra (E − EF vs. k)
along the arrows marked in (d). Energy distribution curves (at momentum marked
with an asterisk) fitted with Voigt functions are displayed on the right side of f1 & g1.
f2–h2 Integrated photoemission intensity as a function of θλ/4 for each spin split
band around the N point. The region of integration is shown by the dashed lines in
(f1–h1). The photoemitting beam helicity is left or right-handed circular polariza-
tion at θλ/4 =+ π/4 and − π/4 radians, respectively. Experimental data (symbols) are
normalized to maximum intensity for θλ/4 > 0. Solid lines are guides to the eye.
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to obtain the electronic structure data in this work. In Fig. 3 in themain text,
we visualized the electronic potential energy isosurface for several energies.
For the plot, we compute the Kohn-Sham eigenvalues εn,k, where n is the
band index of the highest valence and the lowest conduction band, for the
conventional unit cell. Further details are provided in the Supplementary
Information46.

Single crystal X-ray scattering
Single crystal X-ray scattering measurements were carried out using the in-
lab X-ray instrument equipped with a Xenocs GeniX3DMo Kαmicrospot
X-ray source with multilayer focusing optics, providing 2.5 × 107 photons/
sec in a beam spot of 130 μm at the sample position. The samples were
cooled by a closed-cycle helium cryostat with a base temperature of 8 K
mounted to a Huber four-circle diffractometer. The momentum resolution
varied between Δq = 0.01 and 0.08Å−1 depending on the location in
momentumspace. Scattering signalswere collected by aMar345 imageplate
detectorwith 3450 × 3450pixels. Three-dimensional surveys ofmomentum
space were performed by taking images in 0.05° increments while sweeping
samples through an angular range of 20° and mapping each pixel to the
corresponding location in momentum space.

Synchrotron ARPES
Measurements were performed using p-polarized 50 eV photons and a
Scienta R4000 energy analyzer with a step size of 15meV at Beamline
10.0.1.1, AdvancedLight Source.The (TaSe4)2I crystal was cleaved in-situ in
an ultra high vacuum environment at room temperature. The analyzer slit
was set parallel to the ΓZ direction.

Laser ARPES
The light helicity-dependentARPESmeasurementswere performedusing a
hemispherical analyzer with electronic deflection (ScientaOmicron, DA30-
L) to map both kx and ky without sample rotation. The photon energy was
set to 6 eV (206 nm) using a custom-built setup that generated the 5th
harmonic of a 1030 nm beam from a Yb-based laser source (Light Con-
versionPHAROS).Theplane of incidence is set to the kn-k⊥planewitha 45°
incident angle (see Fig. S3 in ref. 46). The light helicity was adjusted with a
quarter waveplate. The entrance slit of the hemispherical analyzer was
parallel to the chain direction of the sample. This system has energy and
momentum resolutions better than 10meV and 0.002Å−1, respectively.

Tight-binding modeling
The incoming wavefunction used in the theoretical modeling of the ARPES
intensitieswas calculatedusing a tight-bindingmodelwith a largefinite slab.
Using N to quantify the number of supercells, this model consists of an
effective vacuum region offinite sizeN, followed by the interior of the slab of
finite sizeN, followedby another effective vacuumregionoffinite sizeN.We
choseN = 30 such that the initial state wavefunctions were sufficiently bulk-
like, and so that the ARPES matrix element would approximate that of a
semi-infinite slab. To emulate the rapid decay of the initial state wave-
function into the vacuum region, we set a large chemical potential of
μ = 100 eV in the vacuumzones andμ = 0 in the interior zone.Thefinal state
was constructed as an approximate TR-LEED state.

Data availability
All relevant data are available from the corresponding authors (bbradly-
n@illinois.edu or fahad@illinois.edu) upon reasonable request.

Code availability
TheDFTsimulationused theViennaAb-Initio SimulationPackage (VASP)
which is available at https://vasp.at. Codes used to analyze the ARPES data
and implement the tight binding models are available from the corre-
sponding authors (bbradlyn@illinois.edu or fahad@illinois.edu).
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