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Magneto-optical response of the Weyl semimetal NbAs:
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The magneto-optical properties of (001)-oriented NbAs single crystals have been studied in the spectral range
from 5 to 150 meV and in magnetic fields of up to 13 T. A rich spectrum of inter-Landau-level transitions is
revealed by these measurements. The transitions follow a square-root-like dependence with magnetic field, but
the simple linear-band approximation is unable to accurately reproduce the observed behavior of the transitions
in applied fields. We argue that the detected magneto-optical spectra should be related to crossing hyperbolic
bands, which form the W1 cones. We propose a model Hamiltonian, which describes coupled hyperbolic bands
and reproduces the shape of the relevant bands in NbAs. The magneto-optical spectra computed from this
Hamiltonian nicely reproduce our observations. We conclude that the hyperbolic-band approach is a minimal
model to adequately describe the magneto-optical response of NbAs and that the chiral (conical) bands do not
explicitly manifest themselves in the spectra.
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Weyl semimetals (WSMs) [1–5] are probably the most
interesting and currently most studied family in the diverse
field of topological bulk electronic phases [6–12]. WSMs pos-
sess chiral electron bands, in which the quasiparticles behave
similarly to Weyl fermions [13]. The rich spectrum of differ-
ent electrodynamic properties of WSMs has been intensively
studied in recent years [14–16]. The major attractions for
such studies include the presence of the chiral quasiparticles
as such and the possibility for a solid-state realization of
the chiral anomaly [17,18]. The unconventional consequences
of these phenomena on the material’s electrodynamics stim-
ulated intensive theoretical and experimental studies of the
optical properties of WSMs [19–23].

At present, the family of transition-metal monopnictides
(TaAs, TaP, NbAs, and NbP) [24–26] is likely the best-known
and experimentally most explored class of WSMs. In these
nonmagnetic materials, which lack space inversion [space
group No. 109; Fig. 1(a)], a type-I WSM state is realized.
According to band structure calculations [24,27–29], the Bril-
louin zone (BZ) of these compounds possesses 24 Weyl nodes,
which can be divided into two groups, commonly dubbed as
W1 (8 nodes) and W2 (16 nodes); see Fig. 1(b). Ab initio
calculations predict that the Weyl nodes are situated either
slightly below or slightly above the Fermi level, giving rise
to conical Weyl bands. In addition, trivial parabolic bands are
also present. This rather complex low-energy band structure
often obscures observation of the effects, related to the chiral
carriers.
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Magneto-optical Landau-level (LL) spectroscopy in the
far-infrared region is a well-established tool for experimen-
tal studies of topological materials [30–35]. This method
is able to directly probe the inter-LL transitions and to
discriminate between parabolic and linear (conical) bands.
Hence, complementary to angle-resolved photoemission spec-
troscopy (ARPES), it probes the material’s band structure
at low energies, where photoemission often lacks accuracy.
Furthermore, the inter-LL spectroscopy may also differen-
tiate between chiral and nonchiral bands, bringing a new
piece of experimental information, unavailable to standard
ARPES. In recent years, a number of magneto-optical stud-
ies on the WSMs that form the TaAs family have been
published [34,36–42]. These studies generally confirm the
presence of the Weyl bands, even though the magneto-
optical spectra may look different for different members
of the family (also, the experiment geometry affects the
spectra).

In this Letter, we concentrate on one compound—NbAs—
and study its Landau-level spectrum in the applied external
magnetic field in the Faraday geometry. We motivate our study
by attempting to consistently describe the major features of
the magneto-optical response within a single effective Hamil-
tonian, which grasps the essence of the band structure. In a
previous study [38], the observed inter-LL transitions in NbAs
have been assigned to a number of different simple models,
combining linear and parabolic low-energy approximations of
the bands for different sections in the BZ. Below, we argue for
the validity of our approach.

Single crystals of NbAs were obtained according to the
procedure reported in Ref. [43]: a polycrystalline NbAs pow-
der was synthesized in a direct reaction of pure Nb and As,
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FIG. 1. (a) Crystallographic structure, (b) first Brillouin zone,
and (c) low-energy DFT band structure of NbAs. The Weyl points
of different types and chiralities are shown in different colors and the
mirror planes in pale yellow in (b). The small gaps present in (c) are
due to the vicinity of the chosen k path to the gapped nodal lines. The
W1 points are not far from the �-� line, while the W2 nodes are in
the vicinity of the �-�′ line in (c).

while the single NbAs crystals were grown from the powder
via chemical vapor transport with iodine.

Our magneto-optical data were collected in reflectivity
mode in the Faraday configuration from a (001)-oriented
facet. The facet area was roughly 2×2 mm2 and the sample

was kept at T = 1.8 K in helium exchange gas during the
measurements. The sample holder was placed in a super-
conducting coil, which provided magnetic fields up to 13 T.
Far-infrared radiation (∼5–150 meV) from a globar or Hg
lamp was delivered to the sample via light-pipe optics. The
reflected light was directed to a Fourier-transform spectrom-
eter and detected by a liquid-helium-cooled bolometer placed
outside the magnet. The sample reflectivity RB at a given
magnetic field B was normalized by the samples reflectivity
R0 measured at B = 0.

The ab initio calculations were performed with the
WIEN2K code [44], which is based on the (linearized) aug-
mented plane-wave and local orbitals [(L)APW+lo] method
to solve the Kohn-Sham equations [45] of density functional
theory (DFT). The exchange-correlation potential was calcu-
lated using the Perdew-Burke-Ernzerhof generalized gradient
approximation [46]. The self-consistent field calculations con-
verged on a 10×10×10 k mesh (charge convergence below
10−5 e, energy below 10−6 Ry) for the two-dimensional and
on a 30×30×30 k mesh (charge convergence below 10−6 e,
energy below 10−7 Ry) for the one-dimensional band structure
cuts.

Our main experimental result—the measured relative re-
flectivity of NbAs, RB/R0—is presented in Figs. 2(a) and 2(b).
A rich series of field-dependent optical features is clearly
observable, indicative of inter-LL transitions at h̄ωnm(B) =
En(B) − Em(B), where En(B) are energies of the LLs. We note
that the transitions we observe are similar, but not identical,
to those reported in Ref. [38]. The exact energy of some of
the transitions can differ between our and the previous obser-
vations; see Fig. S1 in the Supplemental Material [47]. The
detected nonlinear variation of ωnm with B [see Figs. 2(b) and
2(c)] signals a nonparabolic dispersion of the corresponding

FIG. 2. Experimental magneto-optical spectra of (001)-oriented NbAs at 1.8 K. (a) Relative magneto-optical reflectivity, RB/R0, for B from
0.25 to 13 T in steps of 0.25 T. The spectra are shifted upwards with increasing B. The arrows indicate approximate positions of the major
transition lines at the highest fields. (b) Same spectra plotted as a false-color plot on the energy-field plane. (c) Schematic diagram showing
the observed transitions; the dot colors correspond to the arrow colors in (a). The noise level around 50 meV is rather high and no lines can be
reliably traced here. This area is shaded yellow; cf. (a). (High noise at around 75 meV does not prevent tracing the transition lines.)
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electronic bands; however, a simple conical-band dispersion
with its square-root dependence of ωnm(B) cannot adequately
fit the measured spectra either.

Considering the set of transitions in the range 60 to
100 meV, marked in Fig. 2(c) by the red dotted lines, one notes
that all of these transitions are of similar slope, strength, and
width. Hence, this fan of lines can be associated to inter-LL
transitions of a common origin in the band structure. (The
other experimental lines will be discussed below.) The fact
that these lines are curved points towards assigning them to
the bands with nonparabolic dispersion, but not necessarily to
the transitions between linear bands.

Importantly, the intensity of the inter-LL transitions in
three-dimensional (3D) bands heavily depends on the out-
of-plane velocity vz. This parameter differs by an order
of magnitude for the bands near the W1 and W2 nodes:
vz(W1) ∼ 104 m/s and vz(W2) ∼ 105 m/s [28,29]. This vari-
ation obviously results in a difference in the density of states
(DOS) and, via the Kubo formula, in very different intensities
of the inter-LL-transition lines, as demonstrated in Fig. S2 of
the Supplemental Material [47]. In short, the transitions near
the W1 cones are expected to dominate over the contributions
of the W2 bands in the response of the (001) facet.

We can hence confidently assign the detected magneto-
optical features to the band structure that is in proximity to the
W1 cones, where vz is small and the DOS is large. As noted
above, it is, however, impossible to fit the transitions using a
single Weyl Hamiltonian with linear bands, also because the
observed tight spacing between the inter-LL transitions cannot
be reasonably reproduced.

To resolve this issue, we have to construct a model Hamil-
tonian, which is able to sensibly mimic the DFT band structure
and to describe our magneto-optical observations. We now
explain the logic we followed in constructing such a Hamilto-
nian. First, we point out that the intersecting bands in NbAs
have a hyperbolic character; cf. Fig. 1(c). Second, these in-
tersecting hyperbolic bands give rise to Dirac nodal lines, if
the spin-orbit coupling (SOC) is ignored; see Refs. [24,28].
Thus, we can start building our model with a hyperbolic-band
Dirac Hamiltonian. Note that in our experiments, we probe
the ab-plane response (which we identify as the kx-ky plane
in the BZ). Hence, building a 2D model is a sufficient and
common approach [34,37,40,48,49] (the kz dispersion will be
included via the DOS, as mentioned above and discussed in
the Supplemental Material [47]). Such a Dirac Hamiltonian
can be written as

H4 =
(

mσ0 + c1σz + c2σx h̄vxqxσx + h̄vyqyσy

h̄vxqxσx + h̄vyqyσy −mσ0 − c1σz − c2σx

)
, (1)

where the index 4 indicates the matrix size, m is a mass term,
vi are velocity parameters, qi are the crystal momenta, {σi}
are the Pauli matrices, σ0 is the identity matrix, and {ci} are
coupling constants, introduced to provide the band crossings
in accordance with the DFT band structure. Without the cou-
pling constants {ci}, the Hamiltonian describes a gapped Dirac
Hamiltonian with its characteristic hyperbolic band disper-
sion. Similar models have been applied recently to different
nodal semimetals [37,42,50]. As usual, qi = ki/ai with {ai} ≡
{a, b, c} the lattice constants, i = {x, y, z} (recall that NbAs
has a tetragonal symmetry), and ki ∈ [−π, π ). We found that

FIG. 3. (a) Two-dimensional projection of the NbAs DFT band
structure with SOC at kz = 0. (b) BZ with the position of the pro-
jection plane shown in orange. (c) The bands of the Hamiltonian in
Eq. (3) with c3 = 10 meV and c4 = −2 meV, which split the Dirac
cones into two Weyl cones along the kx direction.

the LLs obtained from the quantized version of Eq. (1) allow
one to reproduce the fan of the inter-LL transitions marked
with the red dotted lines in Fig. 2(c) quite well, with m, c1,
and c2 being around 100–150 meV.

The band crossings obtained in this model, however, are
formed by nondegenerate bands. In order to restore the spin
degeneracy, we need to double the number of bands and thus
we arrive at the following Hamiltonian:

HnoSOC
8 =

(
H4 0
0 H4

)
. (2)

Finally, to model the Weyl nodes, as required by the complete
DFT calculations with the SOC included, the H4 Hamiltonians
are coupled in the following way:

H8 =
(

H4 C
C† H4

)
, C =

(
0 c4σx

c3σx 0

)
. (3)

In Fig. 3(a), we provide relevant DFT band structure ren-
derings with the SOC included. It splits the bands such that
they overlap by about 15 meV, giving rise to the W1 Weyl
cones. Given the strong curvature of the electron band near
the point of the intersection, a linear band approximation is
questionable even within a single-digit-meV energy range and
also can be entirely obscured by scattering. This indicates that
a direct detection of inter-LL transitions within the chiral W1
bands is unlikely in our and similar experiments.

Including the coupling constants in Eq. (3) lifts the band
degeneracy and splits the low-energy lines. This allows an
accurate description of the lines below 40 meV (magenta
dotted lines in Fig. 2) within the same model. In this way, the
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FIG. 4. RB/R0 calculated from the model Hamiltonian given by
Eq. (3) and shown as a false-color plot, in comparison with the exper-
imentally observed transitions, extracted from the magneto-optical
data as demonstrated in Fig. 2.

SOC is effectively included and the pairs of Weyl cones are
created from each Dirac cone; see Fig. 3(c). We note here that
the parameters m, c1, and c2 that determine the shape of the
spin-degenerate bands (100 meV range, see above) are much
larger than the parameters c3 and c4 (1–10 meV range), which
emulate the SOC.

In Fig. 4, we plot the calculated RB/R0, which con-
tains the inter-LL transitions obtained from the quantized
version of Eq. (3), which is provided in the Supplemen-
tal Material [47]. In addition, the experimentally observed
transitions from Fig. 2(c) are presented as dotted lines.
The interband optical conductivity was calculated using the
Kubo formula. From the conductivity, the relative reflectivity
was calculated utilizing the standard optical formulas; see
the Supplemental Material [47] for details. We found that
the best match between experiment and computations can
be obtained for vx = 5.1×105 m/s, vy = 2.8×105 m/s, m =
179 meV, c1 = −132 meV, c2 = 130 meV, c3 = 10 meV,
and c4 = −2 meV. As one can see from Fig. 4, the model
description of the observed transition lines is very good. Un-
certainty estimations of the fit parameters are provided in the

Supplemental Material [47]. Let us recall that originally we
aimed to describe only the transitions marked with the red
lines, as they obviously belong to a single band structure fea-
ture. Additionally, if the SOC is taken into account, our model
provides a good description of the low-frequency magenta
lines as well. Only the high-frequency blurred violet (dotted)
line does not fit within the model, but it is obvious that this
line cannot belong to the same LL fan, as all other lines. The
additional line appearing in the calculations in-between the
two experimentally detected sets (i.e., the red and magenta
lines) is likely invisible in the experiment because of the large
noise at the relevant frequencies, as marked by the yellow
area in Fig. 2(c). Although the number of the free parameters
in our Hamiltonian may look large, one should recall that
these parameters reasonably fit a dozen of observed lines with
various field-dependent curvatures and gaps between them.
Note that the obtained values of vx and vy are the asymptotic
values of the hyperbolic bands and thus represent the upper
bonds for the velocity parameters; cf. the values for the Fermi
velocities from Refs. [28,29].

We conclude that the Hamiltonian of Eqs. (3) enables
an accurate description of almost all inter-LL transitions
observed in our experiment. We also conclude that these
transitions belong to a single LL fan and are related to
a single band structure feature—the crossing hyperbolic
bands forming the W1 nodes—as discussed above. One
remaining transition [at 120–150 meV; the blurred violet line
in Fig. 2(c)] is likely related to gapped bands, in line with the
previous assessment [38].

Summarizing, our results on Landau-level optical spec-
troscopy demonstrate that the magneto-optical spectra of the
Weyl semimetal NbAs at low energies (5–150 meV) cannot
be reduced to such simple approximations, as a linear or
parabolic-band response (or a sum of such responses). In-
stead, the spectra are dominated by the transitions within the
crossing hyperbolic bands, which form the W1 Weyl cones.
The chiral Weyl bands themselves are not visible, as they
have a very small energy scale. Still, taking into account the
accurate band structure near the W1 nodes is essential for the
proper description of the observed magneto-optical features.
The chiral W2 bands, in turn, do not provide detectable con-
tributions due to the low density of states in these bands. Our
results are important for correct estimates of the energy scales
of chiral carriers in NbAs and for proper interpretations of
related results.
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