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Field-induced chiral transitions in the Weyl semimetal TaP
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The chiral anomaly effect has been regarded as a hallmark of Weyl semimetals. While most research focuses
on the change of electrical conductivity due to the chiral charge-pumping effect, these transport measurements
are accompanied by other effects such as weak antilocalization which are difficult to exclude. Also, the magnetic
field intensity at which the energy dispersion of the Landau level starts to display the chiral anomaly effect is hard
to identify. Here, we report the evolutionary process of the energy dispersion of the zeroth Landau level under
increasing magnetic fields, and we elucidate the relationship between the chiral Landau level and the Fermi level
via magneto-optical measurements in Weyl semimetal TaP. Two series of Landau-level transitions have been
extracted and fitted well to a massless Weyl fermion model and a classical semiconductor model, respectively.
The field-induced chiral Landau-level transition is obtained from a comparison between the spectra under Voigt
geometry and Faraday geometry in an increasing magnetic field. The chiral nature of the zeroth Landau level is
found to enhance with the increase of magnetic field and clearly manifests in the magneto-optical spectrum above
13 T. The state transition of the zeroth Landau level can be explained by the strength of the field-induced chiral
anomaly effect and the position of the Fermi level. These magneto-optical results unveil the chiral Landau-level

transitions in TaP, which serves as an ideal material platform to analyze the chiral anomaly effect.
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The electronic excitations in Weyl semimetals are de-
scribed by the Weyl equation and they lack degeneracy
concerning spins [1-4]. The carriers in Weyl semimetals not
only host a linear E-k dispersion in the momentum space but
also carry chirality, which gives rise to unique electromag-
netic responses such as the chiral anomaly effect [4—14]. In
the presence of parallel electrical field E and magnetic field
B, the chiral anomaly effect is enhanced under an increas-
ing B and leads to the charge-pumping effect between Weyl
nodes that induces the negative longitudinal magnetoresis-
tance (MR) [5,6,11]. Thus, the analysis of the conductivity in
transport measurements has been widely used to identify the
chiral anomaly effect [5,12-17]. However, the conductivity
under the magnetic field is not solely influenced by the chiral
anomaly effect. The weak localization and weak antilocaliza-
tion effects have always been observed to be accompanied
by the chiral anomaly effect in Weyl semimetals under mag-
netic fields [18,19]. Some approximations need to be made
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to exclude such effects. Several formulas have been used to
fit the conductivity with the magnetic field. Thus, it is chal-
lenging to extract pure chiral anomaly signals and analyze the
dispersion mode of chiral Landau levels via traditional trans-
port measurements. Under an increasing magnetic field, how
the state of the Landau level changes is still uncertain. Re-
cently, the presence of zeroth Landau level and dynamic chiral
anomaly in a Weyl semimetal NbAs has been discovered by
magneto-optical measurements [20,21]. Landau-level transi-
tions involved with chiral Landau levels have been observed
intuitively excluding other effects. However, the magnetic in-
duction intensity where the chiral anomaly effect dominates
the zeroth Landau-level transition is hard to identify. To ob-
serve the evolutionary process of the strength of the chiral
anomaly effect under a varying magnetic field, a good material
platform is indispensable.

Here, we report magneto-optical measurements of the
Weyl semimetal TaP under both Voigt and Faraday geome-
tries with a linear polarizer controlling the incoming light.
All the energy transitions that originate from excitations in
Weyl cones have a good agreement with the +/B dependence
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FIG. 1. Crystal structure and negative MR measurement. (a) Body-centered-tetragonal structure of TaP with inversion-symmetry-breaking.
(b) Angular dependence of MR at 4 K. The inset indicates the geometry of the TaP sample. (c) The voltage contacts of the TaP sample. The
silver paint contacts of MR are small and placed along an edge. (d) Schematic plot of the Voigt geometry magneto-optical experimental setup

for the (001) face of the same sample as (c).

model. The other series of Landau-level transitions display a
linear-in-B dependence which originates from a conventional
semiconductor band structure. Chiral Landau-level transitions
induced by the parallel magnetic field are observed via a
comparison between the spectra under Voigt and Faraday
geometry. Based on the fitted Landau-level transitions excited
from massless Weyl fermions in the Voigt geometry, we find
that the dispersion of the zeroth Landau level changes from
classical parabolic type to chiral type at around 13-14 T.
The crossover of the zeroth Landau level induced by the
field indicates that the chiral anomaly effect dominates the
energy dispersion until above 12 T. In addition, the relative
position between the zeroth Landau-level transition and the
Fermi energy indicates that the zeroth chiral Landau level
changes from an empty state to an occupied state with the
increase of magnetic field. In contrast to the extensively in-
vestigated Weyl semimetal TaAs [22], the bands involved
with Landau levels in TaP are less complex, and the Fermi
surface is not too low to achieve the state transition. Thus,
we have demonstrated that TaP is an excellent material plat-
form to investigate the chiral anomaly effect and that the
method of a comparison between the magneto-optical spectra
under Faraday and Voigt geometries is an effective tool for
studying the chiral anomaly effect in complex topological
systems.

Conventional transport measurements are essential to study
the existence of chiral anomalies in Weyl semimetals. Nega-
tive MR is regarded as a sign of the chiral anomaly effect. We
chose high-quality TaP single crystal for transport measure-
ments. TaP crystallizes in a body-centered-tetragonal lattice
with the space group /4;md (No. 109). The crystal structure is
shown in Fig. 1(a). We performed the magnetotransport mea-
surement with a standard Hall-bar sample. The silver paint
contacts are aligned to avoid the effect of the current jetting as
shown in Fig. 1(c). Figure 1(b) shows the angular dependence
of MR at 4 K. Negative MR appears and the electron pumping
effect between Weyl cones dominates the transport behavior
when the magnetic field is parallel to the current direction and

disappears at 8 = 3°. The temperature dependence of negative
MR and the fitted lifetime parameter is provided in Fig. 3 of
the Supplemental Material [23]. This result proves that the
chiral anomaly effect can be observed in our sample and is
very sensitive to the angle between B and I. However, the weak
antilocalization effect also accompanies the chiral anomaly
effect under the increasing magnetic field. Complex mathe-
matical approximations have been used to study the relation
between the magnetic induction intensity and the strength of
the chiral anomaly effect, similar to the TaAs transport results
[6]. The transport measurement can confirm the existence of
the chiral anomaly effect in our TaP sample, but it is hard to
exclude other effects. An intuitive experimental tool is thus
needed to study the pure chiral anomaly signal under a varying
magnetic field.

We perform magneto-optical measurements for TaP to
study the chiral anomaly effect. Linearly polarized light was
used in the magneto-optical measurements under Voigt geom-
etry, and the electric vector of incoming light was controlled
to be parallel or perpendicular to the magnetic field. The
magnetoreflectivity data were taken on the same TaP sample
with the same geometry as transport measurement as shown
in Fig. 1(d). The well-defined (001) plane of the TaP sample
(~4 mm) was kept at 4.2 K in the liquid helium and placed
in a magnetic field up to 17.5 T. The reflected light was
detected by a liquid-helium-cooled bolometer placed outside
the magnet and analyzed by a Fourier-transform spectrome-
ter and delivered via light-pipe optics. The concrete setup is
shown in Fig. 1 of the Supplemental Material. The sample
reflectivity Rp at a given magnetic field B was normalized by
the sample’s reflectivity Ry measured at B = 0. As shown in
Fig. 2(b), when the electric vector is parallel to the magnetic
field, a series of reflection features can be extracted under
Voigt geometry. We label some of the features that show a
linear-in-B dependence as M-type Landau-level transitions.
The gapped-semiconductor band model can be used to ex-
plain their origin. The classical quadratic energy dispersion
& = h?k?/2m* corresponds to the Landau-level quantization
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FIG. 2. Normal Landau level transitions under Voigt geometry in the midinfrared regime. (a) Best fitting of transition energies vs magnetic
field in the midinfrared regime. Short dotted lines are fitting curves for the intraband Landau-level transitions from Weyl nodes (C-type). The
transition energies are denoted by red square frames. The label —n to n 4- 1 denotes the initial and final Landau levels involved in the optical
transition process. The —(n + 1) to n transition is also involved but not labeled for simplicity. The dash-dotted lines are fitting curves with
linear-in-B evolution for M-type transitions, which is denoted by blue square frames. (b) Magneto-optical spectrum of TaP under a varying
magnetic field. The reflection rate under the magnetic field is normalized by zero-field reflection measured from the same setup. The features
changing with magnetic fields are classified as T-type and M-type. (c) Landau-level dispersion of massless Weyl fermions in TaP. The chiral
zeroth Landau level is not included. The arrows indicate the measured Landau-level transitions excited by massless Weyl fermions at k, = 0.
(d) Landau fan diagrams for the Weyl nodes in TaP under a varying magnetic field. The labels indicate the experimental transition energy and
Landau-level index from —1 — 2 to =7 — 8 with increasing incident energy under different magnetic fields. The solid lines are guidelines
verifying the massless Weyl fermions and assignment of transition index under fitting Fermi velocity. (e) Detailed fitting results of M-type
transitions. The ratio of slopes for the three gapped linear-in-B lines is 5:4:3. M4,5,6 features are all fitted by the top line, in which M4,6
features may be excited from energy splitting from the energy level located at the M5 feature range.

under magnetic field: E, = A + (n + 1/2)heB/m*, where #,
m*, n, and e represent the reduced Planck’s constant, effective
mass, Landau index, and the electron charge, respectively. We
successfully fitted M-type transitions in the midinfrared range
as shown in Figs. 2(a) and 2(e). The fitted gap energy is 42
meV and the effective mass is 0.021m,. The energy difference
between adjacent Landau levels is equal to AE = fieB/m*.
The slopes’ ratio of M2,3,5 is 3:4:5, which coincides with the
classical Landau quantization mode. Among the M-type tran-
sitions, the M4 and M6 transitions have the same intercepts
as the others. The M-type transitions originate from one band
that holds a parabolic E-k dispersion. We have noticed that
the average energy of the M4 and M6 transitions is almost
equal to the M5 transition. When the excitation energy and the
magnetic field increase, Zeeman splitting appears similar to
some Dirac-type materials [24], which can explain the origin
of the M4 and M6 transitions.

Except for the linear-in-B transitions, we also fitted the
VB dependence Landau-level transitions, which are labeled
as T-type transitions, via a massless Weyl fermion energy
dispersion model as shown in Figs. 2(a) and 2(d). The
Landau-level dispersion is quantitatively described by E, =
++ 2eh|n|Bv%, where n, e, and 7 are the integer Landau
index, electron charge, and reduced Planck constant, respec-
tively. The Fermi velocities are obtained as vg = 2.75 x
10° m/s. All the T-type transitions are fitted to our model
with only one parameter, vr. The optical selection rule is
An = |nj|—|ns| = £1, where n;, ny represent the Landau-
level index of the initial and final states, respectively. The
T ,0n+1 transitions shown in Fig. 2(a) denote the —n —
n+ 1 and —(n + 1) — n transitions whose excitation energy
is AE,(B) = v2eh(|n| + 1)Bv2 + v/2efi|n|Bv:. The good
agreement between the experimental data and fitting curves
shows that Landau-level transitions from massless Weyl nodes
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FIG. 3. Chiral Landau-level transitions under Voigt geometry. (a) Far-infrared magneto-optical spectra of TaP under Voigt geometry under
a varying magnetic field. The features are classified by C-type, R-type, and M-type. (b) Comparison between spectra in the far-infrared regime
under Faraday and Voigt geometry at different magnetic fields. The vertical blue dotted line indicates the R figure under Faraday geometry
hardly moves with the magnetic field. The red arrows point out the position of the R feature under Voigt geometry at different magnetic
fields. (c) Energy dispersion of different Landau levels in TaP vs magnetic field at k, # 0. (d) Transition energies involved zeroth Landau

level.

excluding zeroth Landau level still follow the conventional
Weyl dispersion mode as shown in Fig. 2(e). The transitions
occur at k; = 0. In the midinfrared range, two series of Lan-
dau level transitions are extracted and all of them have been
fitted in the conventional Weyl energy dispersion models.
The fitting results of normal Landau-level transitions prove
that they come from a pair of gapless Weyl nodes with a
low Fermi energy and a gapped parabolic band. Landau-level
transitions only allow the excitation from the occupied en-
ergy level to the empty energy level. Our results reveal that
above 9 T, where all the transitions can be observed, all
the Landau-level transitions from —1 to 2 and —7 to 8 are
still stable and clear until 17.5 T. This means that the Fermi
energy stays between —1 and 42 Landau levels. Compared
to the TaAs magneto-optical spectra in Fig. 2 of the Supple-
mental Material, TaP displays a less complex band structure
and more obvious Landau-level transitions from Weyl nodes.
Therefore, TaP is an ideal platform in the TaAs material
family for the study of the field-induced chiral anomaly
effect.

To study the zeroth Landau-level quantization mode, we
have analyzed the magneto-optical spectra in the far-infrared
regime. When the electronic vector is parallel to the magnetic
field (Voigt geometry), the spectra and extracted features are

shown in Fig. 3(a). The energy transitions that move with
the increasing magnetic field are extracted and classified as
C-type, R-type, and M-type transitions. The M1 transition
displays a linear-in-B dependence, and it can be fitted with
the previous classical semiconductor model including M2,3,5
transitions, which is also shown in Fig. 2(b). The fitting result
indicates that the slopes’ ratio of M1,2,3,5 is 1:3:4:5 with the
same gap and effective-mass parameters. The position of this
transition peak corresponding to the transition that has slope
ratio “2” is at the border of the mid- and far-infrared magneto-
optical spectrum, and it is hard to extract. To classify the
C-type and the R-type transition, we measured the magneto-
optical spectrum for the same sample under Faraday geometry
as a comparison shown in Fig. 4 of the Supplemental Material.
However, features from the spectra under Faraday geometry
are very few; only the R-type feature can be extracted, and an
intuitive comparison between Voigt and Faraday geometry is
shown in Fig. 3(b). The R transitions under both geometries
are located at the same position and have similar strength
compared with other features. The vertical blue dotted line
indicates that the R transition under Faraday geometry hardly
moves with magnetic fields. We can infer that the R fea-
tures are from the same origin. Under Voigt geometry, the R

transition can be fitted with @ = x/wlzj + w?, which is the
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FIG. 4. Origin of chiral Landau level transitions. (a) Transition energies involved with zeroth Landau level. The short dotted line is the
fitting curve for 0 — 1 Landau-level transition without the chiral anomaly effect. The dash-dotted line is fitting curves for +0 — +1 Landau-
level transition considering the chiral anomaly effect. They fit C1 feature 4-12 and 14-17.5 T, respectively. The inset is the C1 transition under
Voigt geometry. (b) The red dashed line denotes the possible changing trend of Fermi energy with increasing magnetic field. The black solid
line denotes 0+ chiral Landau-level energy dispersion. They intersect at 13—14 T. The inset is the intraband Landau-level transition involving
0+ chiral Landau level. This transition is excited at the k-point where the Fermi level and Landau level intersect. (c) Landau-level transitions

and energy dispersion in TaP under Voigt geometry.

dispersion mode of cyclotron resonance under Voigt ge-
ometry. The transition energy also changes with a varying
magnetic field. The specific spectra under Faraday geometry
in the far-infrared range are shown in Fig. 5 of the Supple-
mental Material.

As for the rest of the C-type transitions under Voigt geome-
try in the far-infrared regime, we assume these transitions are
involved with the chiral Landau level or the Fermi level. To
deduce the energy dispersion mode of the chiral Landau level
under Voigt geometry, we have carried out the calculations of
the Weyl Hamiltonian in TaP. The specific derivation process
is shown in Sec. IV of the Supplemental Material. The Landau
bands are given by

E,+ = £,/v2k2 + 2v%eBn, Ey = vk,

and the optical transition frequencies between chiral Landau
levels and the two |n| = 1 Landau levels are

472p\? 47%p
Epy+ = \/< B ) + 2v%eBn — B
472p\ > 42p
Eo1- = \/< B ) + 2v%eBn + B

The transition energies involved with the chiral Landau
level are determined by the location of Fermi energy under

varying magnetic fields. Here, we assume the electron density
p is constant. The chiral Landau-level transition occurs at the
intersection between the Fermi energy and the chiral Landau
level where k, # 0 while the others still excite at k;, = 0. The
zeroth chiral Landau-level energy dispersion mode and other
Landau levels are shown in Fig. 3(c).

Based on the calculated energy dispersion, three Landau-
level transitions are involved in the zeroth Landau level. The
transition wave numbers in the magneto-optical spectrum of
these transitions are shown in Fig. 3(d). We fit the C-type tran-
sitions in our newly proposed chiral Landau-level model. Sur-
prisingly, we observed that the C1 transition has an unusual
change at about 13-14 T. In the low-magnetic-field range, we
can fit C1 as a massless Weyl transition O to 1 in the red line of
Fig. 3(d). The zeroth Landau level has not been influenced by
the chiral anomaly effect. The Fermi velocity V'p is 2.12 x
10° m/s. Such a difference from the previously fitted Fermi
velocity is also observed in other topological material sys-
tems, and this phenomenon is usually attributed to the many-
body interaction [25,26]. When the magnetic field increases,
the C1 transition energy is fitted to our theoretical transition
energy Eo_ 1+ with the same Fermi velocity parameter under
the many-body interaction. Figure 4(a) shows the measured
C1 transition energy and the two fitting curves. The inset of
Fig. 4(a) shows the change of the C1 transition under varying
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magnetic field. This result reveals the crossover of the zeroth
Landau level intuitively. At around 13-14 T, the dominant
state starts to become the chiral Landau level. As for the C2
and C3 features, they cannot be fitted to any models that we
have developed. Considering the weakness of their strength,
they can be classified as a transition from Fermi level to other
Landau levels, which is similar to some Weyl semimetals
[20,27]. Under Voigt geometry, all the Landau-level transi-
tions in the magnetic-optical measurements are extracted and
classified into three types. The T-type and C-type transitions
originate from the Weyl nodes, and the M-type transitions are
from the classical semiconductor bands. The sketch maps of
these three types of transitions are shown in Fig. 4(c).

Next, the origin of the chiral Landau-level transition can
be explored. When the magnetic field increases, the Fermi
energy will only cross the chiral Landau level for sufficiently
strong magnetic fields. The position of the Fermi energy is
important for the allowed Landau-level transitions. Assum-
ing v, is a constant, the chiral Landau level has only one
intersection k, with the Fermi level. The transition energy
should be /v2k? 4+ 2v?eBn & v k.. In our case, we observed a
C1 transition, which follows: AE = \/v2k? 4+ 2v?eBn — v k..
However, another transition from 0 to +1 has not been ob-
served. Based on the previous analysis of interband massless
Weyl Landau-level transitions in the midinfrared regime, we
have observed the —1 to +2 transition, which indicates that
the —1st Landau level is always in an occupied state above
9 T. The Fermi level is located above the —1 Landau level. For
the low-field C1 transition, the origin may be —1 to 0 or O to
+1, and it depends on the position of the Fermi level and the
circularly polarized light direction of incoming light. In the
high-magnetic-field regime, the chiral Landau level dominates
the low-energy transition. The change from normal to the
chiral Landau-level transitions calls for detailed discussions
about the positions and energies of the chiral Landau level.
This phenomenon can be ascribed to two main reasons. On
the one hand, the chiral anomaly effect gets enhanced with an
increasing magnetic field. When the magnetic field is below
13 T, the chiral anomaly effect is not strong enough to dom-
inate the energy dispersion. The obtained transition excites
at k, = 0. When the magnetic field is above 13 T, the chiral
nature of the zeroth Landau level is well-established. Without
the influence of other effects in transport measurements, the
evolutionary process of the zeroth Landau level induced by the
magnetic field can be obtained directly and the transiting point
of the magnetic field can be located at 13 T. On the other hand,
the tracking of the Fermi level should be carried out. Fig-
ure 4(b) shows a possible dispersion mode in a high magnetic
field. The chiral Landau transition occurs at k, # 0. At low
magnetic fields, when the chiral effect does not dominate the
zeroth Landau level, the O to 41 transition energy is the same
as the —1 to O transition. Based on the existence of the 0 to 41
(or —1 to 0) transition, the Fermi Landau level lies between
the 0 and 41 (or —1 to 0) Landau level below 13 T. We obtain
the chiral O to +1 transition from the spectrum, which means
the Fermi level intersects with the +1 Landau level. So it
can be inferred that the Fermi level moves upwards with the
increasing magnetic fields. And below 13 T the C1 transition
is the O to +1 transition. At high magnetic fields, if the zeroth

Landau level is in an occupied state, the transition from 0 to
+1 is allowed. That is why we can observe the 0 to 41 chiral
Landau-level transition. In this case, —1st and Oth Landau
levels are both in the occupied state at the momentum point,
thus the —1 to O transition is not allowed. So, our far-infrared
measurement did not show the signal of Ey_,;-. The inset of
Fig. 4(b) shows the energy dispersion and the position of the
C1 transition. Considering the shift of the Fermi level with a
magnetic field, another assumption can also explain our exper-
imental phenomenon. Based on our transport measurement,
the negative MR appears below 4 T. This means that the chiral
Landau level dominates transport behavior in a low magnetic
field. However, we observed an energy transition from the
chiral Landau level at 14 T, which is remarkably higher than
the transport measurement. The Landau energy quantization

mode of the zeroth chiral Landau level is Ey = %, which
decreases monotonically with a magnetic field. The conse-
quence is that the energy of the zeroth Landau level at a low
magnetic field is higher than the Fermi level, which makes the
zeroth chiral Landau level in an empty state. Even though the
chiral Landau level has formed, the Landau-level transitions
involved with the chiral Landau level are not allowed. At
about 13-14 T, the chiral Landau-level energy begins to be
lower than the Fermi energy, and the O to +1 transition can
be obtained. Figure 3(c) shows this progress. The Fermi level
moves to the zeroth Landau level with increasing magnetic
field. Its range of change with the magnetic field can be
ignored compared with the chiral Landau level.

In summary, we have studied the chiral Landau-level
transition induced by a magnetic field in Weyl semimetal
TaP through magneto-optical measurements. All the optical
features are extracted and fitted well in a massless Weyl
fermions model and a classical semiconductor model. Based
on the analysis of massless Weyl Landau-level transitions in
the midinfrared range and the comparison between the spectra
under Voigt and Faraday geometries, a field-induced chiral
Landau-level transition from the zeroth chiral Landau level
is observed. Different from other Landau levels, the energy
dispersion of the zeroth chiral Landau level allows the optical
transition without the limitation of k, = 0 or /B evolution.
Combining with theoretical calculations, we obtained the
state transition of the zeroth Landau level from chiral normal
to chiral anomaly induced by the increasing magnetic field,
and we propose two main possible reasons: the strength
of the chiral anomaly effect and the moving track of the
Fermi level. In our work, we observed how the magnetic
induction intensity determines the chiral Landau-level energy
dispersion intuitively. We demonstrated that TaP is an ideal
material platform for the research on the chiral anomaly
effect, and we provide an approach to exclude other effects
by taking advantage of the comparison between the energy
transitions under Voigt and Faraday geometries.

METHODS

Single crystals of TaP were synthesized by a standard
two-step chemical vapor transport method. Sample crystalline
quality and stoichiometry were checked by the x-ray diffrac-
tion and the energy-dispersive spectrum. Broadband IR reflec-
tion measurements were performed in the Voigt and Faraday

195201-6



FIELD-INDUCED CHIRAL TRANSITIONS IN THE WEYL ...

PHYSICAL REVIEW B 107, 195201 (2023)

configuration using a Bruker 80v Fourier-transform IR spec-
trometer. The collimated infrared beam from the spectrometer
was propagated inside an evacuated beamline and focused
at the top of the brass light pipe equipped with a diamond
window. Then the infrared beam was guided through the pipe
down to the sample space of the 17.5 T vertical bore supercon-
ducting magnet. The sample was placed in the middle of two
confocal 90 ° off-axis parabolic mirrors mounted at the bottom
of the probe. While the first mirror focuses the IR radiation on
the sample, the second mirror collimates the reflected radia-
tion to the short light pipe with a 4 K composite Si bolometer
mounted at the end. The thin-film wire-grid polarizer was used
to control the polarization of the incident IR light in front of
the first mirror. The sample was cooled down to 5.5 K by
a small amount of helium exchange gas. Magnetotransport
measurements were carried out using a physical property mea-
surement system (PPMS). A standard Hall-bar geometry is
made. Lock-in amplifiers were used to measure the electrical
signals.

The data that support the plots within this paper and other
findings of this study are available from the corresponding
author upon reasonable request.
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