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ABSTRACT

Broken symmetry and tilting effects are ubiquitous in Weyl semimetals (WSMs). Therefore, it is crucial to understand their impacts on the
materials’ electronic and optical properties. Here, using a realistic four-band model for WSMs, which incorporates both the symmetry
breaking and tilting effects, we study its Landau quantization and the associated magneto-absorption spectrum. We show that the Landau
bands in tilted WSMs can be obtained by considering a non-tilt Hamiltonian through Lorentz boost. However, broken symmetry effects can
generate an additional term in the Hamiltonian, which equivalently lead to band reconstruction. Our work provides a more realistic view of
the magnetic field response of WSMs that shall be taken into account in relevant future device applications.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0042307

I. INTRODUCTION

The rise of Weyl semimetals (WSMs)1–4 is a boon to quantum
materials research, as it not only hosts low-energy excitations that
mimic the Weyl fermions in quantum field theory but also features
topologically protected states at room temperature for novel
practical applications.5–8 The intriguing properties of WSMs
include the Fermi arcs,3,4,9–12 the ultrahigh mobility,13 the chiral
anomaly effect,14–18 the mixed axial-gravitational anomaly,19 and
the enhanced photovoltaic effect.20–23 These properties stem from
the unique electronic structure of WSMs, consisting of linearly dis-
persing conduction band (CB) and valence band (VB) touching at
two distinct Weyl points (WPs) in momentum space. Such a
two-Dirac-cone-like (Weyl-cone) band structure has been the basis
for revealing the WSM physics.

However, the above simple model does not capture the full
aspects of Weyl physics. When the separation between WPs is
small, they no longer can be treated as isolated WPs, and the inter-
action between Weyl cones has to be taken into account.24

Consequently, a hybridization gap occurs when the two Weyl cones
cross each other, leading to a reduction of symmetry. Such broken
symmetry effects are responsible for the bandgap opening at high
magnetic fields and Weyl annihilation,25 as well as a new selection
rule for inter-Landau-band optical transitions.26 These unique

electronic and optical properties distinguish WSMs from Dirac
semimetals. Another important effect is the tilting of the Weyl
cones.27,28 Although a small tilt does not qualitatively change the
transport behaviors, it reconstructs the Landau bands and gives rise
to new optical transitions beyond the usual electric dipole
ones.29–32 When the tilting is sufficiently large, the Fermi level (EF)
can intersect both CB and VB simultaneously. Such an electron–
hole coexisting system is thought to be a solid-state realization of
breaking Lorentz invariance, as it cannot be adiabatically connected
into a Lorentz conserved Hamiltonian.27,33,34

Even though both the broken symmetry effects and the tilting
effects are well established, few analyses have been done on their
interplays. In this work, we employ a four-band effective
Hamiltonian model that incorporates the WP coupling and band
asymmetry of realistic WSMs to study the tilting effects in Landau
quantization and magneto-absorption. We specifically focus on the
titled Weyl bands in the archetypal WSM family of nonmagnetic
transition-metal monopnictides (TX: T ¼ Ta, Nb; X ¼ As, P), as
their electronic structures have been actively probed by magneto-
infrared spectroscopy26,35–37 and their band parameters can be
accurately determined via fitting the four-band model to the ab
initio results. Our analysis shows that (i) the titled Weyl band can
always be modeled by an equivalent, non-tilt Hamiltonian with a
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perfect match in Landau band energy; (ii) broken symmetry effects
can lead to an additional term in the non-tilt Hamiltonian that
breaks Lorentz invariance even with a small tilting angle; and (iii)
the combined tilting and broken symmetry effects give rise to rich
spectral features in magneto-absorption that could be mostly
captured by a non-tilt model.

II. THEORETICAL MODEL

We start with a 4� 4 Hamiltonian24 that provides an excellent
description of the low-energy electronic structure of coupled WPs
in realistic WSMs,8,26

H0 ¼ T(k)þ τx�h(σ � vk)þmτz þ bσx: (1)

Here, we assume the WPs are along the x direction, v ¼ (vx , vy , vz)
is an anisotropic band velocity, k (�hk) is the wave (momentum)
vector, and vk ¼ (vxkx , vyky , vzkz). In addition, m is the mass
parameter, b describes the intrinsic Zeeman effect in the material, �h
is the reduced Planck constant, and σ and τ denote the Pauli matri-
ces for spins and orbitals, respectively. The tilting of the Weyl cones
is quantified using T(k) ¼ �h(txvxkxτx þ tyvyky þ tzvzkz), where
t ¼ (tx , ty , tz) is the tilt parameter vector. This form of T(k) preserves
the mirror symmetry of the Weyl band.38 For nonmagnetic transition-
metal monopnictides WSMs, ab initio calculations show that the
largest tilt is along the z direction with tz � 0:5.39 In Sec. II A, for
simplicity, we will set the tilting along the z direction only.40

A. Lorentz boost and Landau bands

It has been shown previously that the Landau bands of tilted
WP can be obtained by finding an equivalent, non-tilt Hamiltonian
through a Lorentz boost.29–31 This property reflects the relativistic
nature of WSMs, enabling straightforward interpretations of experi-
mental data. Here, we apply the Lorentz boost method to the more
realistic Hamiltonian H0 to eliminate the tilt along the z-direction.
The Lorentz boost is done via the following transformation:

H0
0 ¼ eτxσzθ=2H0e

τxσzθ=2 ¼ τx�h(vxσxkx þ vyσyky)þ τx�hvzσzkze
τxσzθ

þmτz þ bσx þ Teτxσzθ:

By setting

βz ¼ tanh (θ) ¼ �tz , γz ¼ cosh (θ) ¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� β2z

q ,

we obtain

H0
0 ¼ τx�h(vxσxqx þ vyσyqy)þ τx�hvzσzqz þmτz þ bσx , (2)

where

qx ¼ kx , qy ¼ ky , qz ¼ kz
γz

:

In this new coordinate system (qx , qy , qz), the T(k) term vanishes,
and the Hamiltonian H0

0 leads to a non-tilt band structure. The

concept of the Lorentz boost is schematically shown in Fig. 1(a) for
the case of βz ¼ �tz ¼ �0:5.

We note that since the Lorentz transformation is not
unitary, H0 and H0

0 represent two different energy bands at zero
magnetic field. But, their Landau bands are equivalent with proper
scaling. To see this, we solve the following two eigenvalue
equations:31

(H0 � E)jΦi ¼ 0, (3)

(H0
0 � Eeτxσzθ)j~Φi ¼ 0, (4)

where E is the energy, j~Φi ¼ N exp(�τxσzθ=2)jΦi, and N is a
normalization constant. Here, we set magnetic field (B) along the y
direction, perpendicular to the WP separation direction (kWP) as
an example, but the analyses and results are similar with the mag-
netic field along the other directions. In this setting, we can again
redefine a coordinate system (q0x , q

0
y , q

0
z), where q0x ¼ qx , q0y ¼ qy ,

and q0z ¼ qz � βzγzE=�hvz , and rewrite the momentum operators
in H0 and H0

0 with ladder operators. Using Landau gauge
A ¼ (0, 0, �Bx), the ladder operators read a ¼ (Πx þ iΠz)=

ffiffiffiffiffiffiffiffiffiffi
2e�hB

p
and ay ¼ (Πx � iΠz)=

ffiffiffiffiffiffiffiffiffiffi
2e�hB

p
, where e is the elementary charge,

and the canonical momentum Π ¼ �hk þ eA in Eq. (3) and
Π ¼ �hq0 þ eA in Eq. (4), respectively. In this way, we find the
Landau bands of the two Hamiltonians having an identical form if

FIG. 1. (a) Schematic demonstration of the Lorentz boost from tilted
Weyl cones to non-tilt Weyl cones. (b) Landau band dispersion along the
ky direction at B ¼ 10 T, applied along the y direction. (c) Magnetic field
dispersion of the Landau bands at ky ¼ 0. A perfect match in Landau
band energy between the tilt and non-tilt models is evidenced in both (b)
and (c). All calculations are performed using the band parameters of WSM NbP
enlisted in Table I.
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the following replacements are made:

m0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� β2z

q
m, b0 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� β2z

q
b,

v0x,z ¼ (1� β2z)
3=4

vx,z , v0y ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� β2z

q
vy: (5)

From now on, we will refer the tilt and non-tilt models to Eqs. (3)
and (4) utilizing the Hamiltonian before and after the Lorentz
boost.

We then numerically calculate and compare the Landau bands
between the two models by expanding their wavefunctions in the basis
of Hermite polynomials with a cutoff of 100 terms. We use a realistic
set of band parameters of WSM NbP, m ¼ 24 meV, b ¼ 34 meV,
vx ¼ 3:8� 105 m/s, vy ¼ 1:8� 105 m/s, vz ¼ 2:7� 105 m/s, and
tz ¼ 0:5 (Table I). Figure 1(b) shows the Landau band dispersion
along the ky direction at B ¼ 10 T, and Fig. 1(c) shows the magnetic
field dispersion at ky ¼ 0. A perfect match in Landau band energy
between the tilt and non-tilt models is evidenced.

B. Landau bands mismatch due to symmetry breaking

It is important to note that the Lorentz boosted non-tilt Weyl
band and the resulting perfect match in Landau band energy are
not always guaranteed due to symmetry breaking.41 In this section,
we will analyze the broken symmetry effects on Landau bands
mismatch.

1. Electron–hole asymmetry

The above four-band model (1) preserves the electron–hole
(e–h) symmetry except for the tilt term. However, in reality, asym-
metric band edges occur in the CBs and VBs due to the e–h asym-
metric intrinsic Zeeman effect, as evidenced in both angle-resolved
photoemission spectroscopy (ARPES) measurements42,43 and band
structure calculations.39,44,45 Therefore, we modify H0 as

Heh ¼ H0 þ δbτzσx , (6)

where δb describes the level of e–h asymmetry (see Appendix A for
details). Now the model not only provides a decent description
around the WPs but also captures the correct hybridization gap
and dispersion for the upper CB and lower VB.

In carrying out the Lorentz boost to Heh, the inclusion of e–h
asymmetry modifies the non-tilt Hamiltonian as

H0
eh ¼ H0

0 þ γzδb(τzσx þ βzτyσy): (7)

This result is in stark contrast to H0
0, where the Lorentz boost only

eliminates the tilt term so that H0
0 exhibits a non-tilt form. Here,

however, not only δbτzσx is scaled to γzδbτzσx after transforma-
tion, but more importantly, an additional term βzγzδbτyσy

emerges which is not present in its original Hamiltonian Heh.
Figure 2(a) visualizes how the boosted Weyl band is modified by
the additional βzγzδbτyσy term at zero magnetic field. As one can
see, although the WPs still preserve, the upper CB and VB are both
offset to the negative kz direction while the lower CB and VB
shifted to the positive kz direction, breaking the symmetries within
the kx–kz plane.

Consequently, the Landau bands of Heh with a tilt cannot be
simply obtained by the method described before, that is, setting the
tilt to zero and using the renormalized band parameters (5)

together with δb0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� β2z

q
δb. This additional term will inevita-

bly modify the Landau bands regardless of the magnetic field direc-
tions, but the details depends on the magnitude of δb, field
directions, and also the tilting angles. Figure 2(b) shows the match-
ing between these two models in NbP with our current setting.
Due to the prefactor βz in the additional τyσy term, the deviation
in Landau band energy is not significant for small tilting angles.
Noticeable differences only appear when jβj . 0:5. Therefore, the
above non-tilt model with renormalized band parameters could
still work as a great approximation in e–h asymmetric WSMs with
a small tilting angle, including the nonmagnetic transition-metal
monopnictides interested herein. For large tilting angles, we can
build a modified non-tilt model using H0

eh to recover the

TABLE I. Band parameters of nonmagnetic transition-metal monopnictides WSMs extracted from the ab initio calculations of Ref. 39. Here, x is the WP separation direction, z
is the c axis of the crystal and the fitting results are shown in Fig. 4. WP1 (WP2) refers to the coupled WPs lying on (off ) the kz = 0 plane.

WP1 WP2

WSMs TaAs TaP NbAs NbP TaAs TaP NbAs NbP

m (meV) 76 68 21 17 83 78 25 24
b (meV) 104 97 35 26 131 120 39 34
δb (meV) −55 −50 −15 −9 −20 −25 −8 −8
vx (10

5 m/s) 6.4 6 6.4 6 4.2 4.4 3.9 3.8
vy (10

5 m/s) 2.3 2.6 2.4 2.4 3 2.6 1.5 1.8
vz (10

5 m/s) 0.15 0.3 0.3 0 2.9 2.7 2.9 2.7
tx 0 0 0 0 0 0 0 0
ty 0.3 0.35 0.3 0.4 0.15 0.15 0.15 0.1
tz 0 0 0 0 0.52 0.55 0.49 0.55
Bx (eV nm2) −0.1 −0.1 −0.1 0 0 0 0 0
By (eV nm2) −0.14 −0.12 −0.02 −0.18 −0.16 −0.1 −0.15 −0.16
Bz (eV nm2) −0.01 −0.01 −0.05 −0.04 −0.1 −0.2 −0.18 −0.2
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contribution of the additional τyσy term and match the Landau
bands of the tilt model. A perfect match in Landau band energy
between the two models is shown in Fig. 2(c).

2. Broken symmetry due to the intrinsic Zeeman effect

The reason for the additional term in H0
eh is because the sym-

metry breaking term δbτzσx in (6) commutes with the transforma-
tion matrix τxσz . Simply put, if the tilt is along a symmetry
breaking direction, then the Lorentz boost transformation will gen-
erate an additional symmetry breaking term in the non-tilt
Hamiltonian. Compared with the commonly used two-band
model31,46 where the isolated WPs exhibit spherical symmetry, the
intrinsic Zeeman effect term bσx in our four-band model reduces it
to the axial symmetry with respect to kWP. Therefore, in principle,
we can consider the case of t k kWP and Lorentz boost via transfor-
mation matrix σx for H0. Since both mτz and bσx commute with
σx , the transformed Hamiltonian now generates two additional
terms after the Lorentz boost,

bσx �! γxb(σx þ βx), mτz �! γxm(τz þ βxτzσx),

where βx ¼ tanh (θ) ¼ �tx and γx ¼ cosh (θ). However, in a mag-
netic field, the non-tilt model now fails to reproduce the correct
Landau bands of the tilt model. This is because the off diagonal E
term from Eeσxθ can no longer be absorbed into one of the k. In
reality, since the tilting along kWP is not possible for all WSMs in

the nonmagnetic transition-metal monopnictides family, we will
not pursue further investigation here.

C. Magneto-absorption

Having calculated the Landau bands and their wavefunctions,
we can further compute the magneto-absorption coefficient α of
WSMs using Fermi’s golden rule,47

α(E)/
X
ν

X
n1,n2

B
E
jhn1jvν jn2ij2

f (En1 )� f (En2 )ð Þδ(E � (En2 � En1 )):

Here, vν ¼ @H=@(�hkν) is the velocity operator, f is the Fermi–
Dirac distribution, and n1 and n2 denote the initial and final
Landau bands summing over all possible combinations. The index
ν indicates the light polarization direction, which we set to be
along the x and z directions (? B). The magneto-absorption coeffi-
cient is proportional to the real part of the optical conductivity and
can be measured directly using magneto-infrared spectroscopy. In
the following discussion, we assume EF is pinned at the WPs, that
is, at the charge neutrality, while leaving the discussion of finite
doping effects in Appendix B. We also replace the delta function by
a Lorentzian function with a phenomenological broadening of
1 meV. Finally, since the experimentally observable optical transi-
tions are dominated by the contributions at the band extrema,
where the joint density of states diverges, we calculate the Landau
band transitions at ky ¼ 0. This is the only Van Hove singularity
along the magnetic field direction in our setting (B ? kWP), as
shown in Fig. 3(c).

Figure 3(a) shows the calculated magneto-absorption spectra
α(E) at B ¼ 10 T and different tilting angles using the tilt model.
Figure 3(b) compares the detailed spectra for the tilt and modified
non-tilt models at jβj ¼ 0 and jβj ¼ 0:4. Here, we neglect the
non-tilt model because it produces similar spectra as the modified
non-tilt model when the tilt is small (jβj , 0:5). At zero tilt
(jβj ¼ 0), the magneto-absorption spectra of all models overlap
with each other and exhibit a series of interband transitions such as
L0�(�2) ! L2(0þ) (light blue) and L�1(�3) ! L3(1) (magenta and
cyan), following a selection rule of Δn ; jn2j � jn1j ¼ +2.26 The
e–h asymmetry further splits the electron-like (Δn . 0) and hole-
like (Δn , 0) transitions, as evidenced by the doublet structure of
the L0�(�2) ! L2(0þ) (light blue) transition.48 Additionally, several
pronounced chiral transitions (that is, involving the 0th LL) are
observed, including the L0� ! L0þ (black) transition, the green
transition from the upper VB to the upper CB, and the brown tran-
sition from the lower VB to the lower CB. All the observable transi-
tions at jβj ¼ 0 are labeled by solid arrows in Fig. 3(d) and solid
circles in Fig. 3(b). These transitions, along with the new selection
rule, are the results of the WPs coupling.

As the tilt increases, the intensity of the aforementioned tran-
sitions decreases, and new transitions labeled by dashed arrows in
Fig. 3(d) and open circles in Fig. 3(b) emerge. All the transitions
redshift due to the Fermi velocity renormalization. Since the high-
energy transitions are relatively weak and tend to merge to form a
continuum background, we shall only focus on the experimentally

FIG. 2. (a) Schematic demonstration of the Lorentz boost from e–h asymmetric
tilted Weyl cones to non-tilt Weyl cones. Here, the symmetry in the boosted
Weyl band is further reduced. (b) Landau bands matching at different tilting
angles between the tilt model and the non-tilt model [using the renormalized
band parameters (5)]. (c) Same as (b) but comparing the tilt model with the
modified non-tilt model (using H0

eh). The Landau bands are calculated at ky ¼ 0
with the same setting as in Figs. 1(b) and 1(c) but including e–h asymmetry.
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discernible low-lying ones. We find that except for two new modes
(orange and purple) and intensity mismatches, most transitions in
the tilt model can be captured by the modified non-tilt model in
Fig. 3(b), indicating its effectiveness as an approximation to the tilt
model. Among those new transitions, chiral transitions are the
most visible, particularly L0�(�1) ! L1(0þ) (orange), as it maintains
strong intensity even at a large tilt. Therefore, it can be viewed as
an experimentally accessible indicator for the tilted Weyl bands.

III. DISCUSSION

The additional term generated from the Lorentz boost in the
four-band model is indicative of Lorentz invariance violation.
Indeed, the symmetry breaking terms bσx and δbτzσx correspond
to Lorentz-violating terms in high-energy theory.41 These terms
result in distinct optical responses and signify the differences
between the Weyl and Dirac semimetals.

From an experimental point of view, magneto-infrared spec-
troscopy provides an effective way to identify the tilting effects in
WSMs with several observables complimentary to the zero-field
approach.49 The first is the breaking of the zero-tilt selection rule,
which leads to the observation of the otherwise forbidden transi-
tions. When the tilt is relatively large (jβj . 0:6), the higher-energy
transitions tend to merge, causing an oscillatory behavior in the
magneto-absorption spectra. The second is the renormalization of

the band velocity and mass. In a magnetic field (taking B k y-axis),
the Landau band energy near WPs scales with �h

ffiffiffiffiffiffiffiffi
vxvz

p
(1� β2z)

3=4
=lB (where lB ¼ ffiffiffiffiffiffiffiffiffiffi

�h=eB
p

is the magnetic length),50

whereas the mass scales with m(1� β2z)
1=2

. Such βz dependence
can be viewed as the consequence of tilting induced band renorm-
alization described by Eq. (5). We note that the magnetic field for
these two energy scales being comparable gets larger with increas-
ing tilt, making the magneto-infrared spectra of highly tilted
WSMs less Dirac-like, that is, deviated from the characteristic

ffiffiffi
B

p
dependence.

Lastly, we want to make a few additional comments on the
tilting effects in nonmagnetic transition-metal monopnictides
WSMs. To facilitate the discussion, we first extract the band param-
eters via fitting the band structures of ab initio calculations39 with
the four-band model of (A1). There are 12 pairs of coupled WPs in
these materials.1–4 But, we can simply categorize them into two
types, WP1 and WP2, for the fitting. The fitting procedure is
described in Appendix A, and the resulting band parameters are
listed in Table I. We note that for both WP1 and WP2, the tilt is
not very large (jβj , 0:6). The non-tilt model is, thus, applicable to
both WPs. The broken symmetry effects (related to the m, b, and
δb terms) are in general larger in Ta-based WSMs than Nb-based
ones, indicative of their correlation with the strength of spin–orbit
coupling.11 Also, as mentioned above, since the tilt is in the direc-
tions perpendicular to the WP separation direction, only the e–h
asymmetry (related to the δb term) would lead to a symmetry
breaking term in the Hamiltonian. As tz ¼ 0 for WP1, the broken
symmetry effects only occur in WP2.

IV. CONCLUSION

In summary, using a realistic four-band model, we show that a
tilted Weyl band can be transformed into a non-tilt one through
the use of Lorentz boost, which greatly facilitates the understanding
of the magnetic field responses of WSMs. However, due to the
broken symmetry effects such as the e–h asymmetry, the transfor-
mation can generate an additional term in the non-tilt
Hamiltonian, which leads to a reconstructed Weyl band in mag-
netic fields. Using nonmagnetic transition-metal monopnictides
WSMs as examples, we evaluate the impacts of the tilting and
broken symmetry effects on the Landau quantization and magneto-
absorption. We find that a simple non-tilt model with renormalized
band parameters can effectively reproduce the Landau bands, while
the resulting magneto-absorption spectra need to include transi-
tions beyond the usual selection rule.
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FIG. 3. (a) Calculated magneto-absorption spectra α(E) at B ¼ 10 T (using the
tilt model) as a function of tilting angle. As expected, more transitions appear
with increasing tilt. (b) Comparison of the tilt and modified non-tilt models at
jβj ¼ 0 and jβj ¼ 0:4. The magneto-absorption spectra of the two models
show a perfect match at zero tilt but deviation occurs at a finite tilt. (c) Landau
band dispersion along the ky direction at B ¼ 10 T. (d) Low-lying transitions at
ky ¼ 0 in (c), color-coded corresponding to the major absorption peaks in (b).
The solid (dashed) arrows in (d) as well as the solid (open) circles in (b) label
the transitions at jβj ¼ 0 (jβj ¼ 0:4), respectively. For a split peak, the thick
(thin) arrows mark the strong (weak) transitions. The red dashed line in (c) and
(d) indicates the Fermi level position.
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APPENDIX A: EXTRACTING BAND PARAMETERS OF
NONMAGNETIC TRANSITION-METAL MONOPNICTIDES
WSMS

In this appendix, we describe how we extract the band parame-
ters of nonmagnetic transition-metal monopnictides WSMs via
fitting the band structures of ab initio calculations39 with the four-
band model. For better presentation, we set the WP separation along
the z axis, which can be easily done by replacing bσx with bσz in
Eq. (1). Note that the band edges of the four bands at kz ¼ 0 are
solely determined by the two parameters m and b in Eq. (1). To fully
account for the asymmetric band edges observed in both ARPES
measurements42,43 and band structure calculations,39,44,45 one can
introduce an e–h asymmetry for both the mass m and the intrinsic
Zeeman effect b. That is, m1 and b1 for orbital τz ¼ þ1 (CB) while
m2 and b2 for orbital τz ¼ �1 (VB). Consequently, the four-band
edges at kz ¼ 0 are b1 þm1 (upper CB), b2 �m2 (lower CB),
�(b1 �m1) (upper VB), and �(b2 þm2) (lower VB), respectively.

We can then make the following substitution in the Hamiltonian,

mτz þ bσz �! mτz þ δmþ bσz þ δbτzσz

where m ¼ (m1 þm2)=2, δm ¼ (m1 �m2)=2, b ¼ (b1 þ b2)=2,

and δb ¼ (b1 � b2)=2. Since the δm term only shifts the Weyl cones
in energy rather than reconstruction, we omit it in the following dis-
cussion. After switching the WP separation back to the x direction,
we arrive at the e–h asymmetric model (6) in the main text.

To fit the ab initio results of Ref. 39, we focus on the low-energy
bands near WPs. Specifically, we perform the fitting along different
k directions in the range of kx(ky) [ [�0:6, 0:6] nm�1 and
kz [ [�0:3, 0:3] nm�1 with the energy E [ [�400, 400] meV for
TaAs and TaP and E [ [�200, 200] meV for NbAs and NbP. We
find that for relatively large k, it is helpful to include a parabolic band
component, which is a common practice in modeling topological
materials.36,50–52 The parabolic band component (B) is introduced as
a second-order correction to the mass,

M(k) ¼ mþBxk
2
x þByk

2
y þBzk

2
z ,

leading to an effective Hamiltonian

H ¼ T(k)þ τx�h(σ � vk)þM(k)τz þ bσx þ δbτzσz , (A1)

for carrying out the fitting.

FIG. 4. Fitting results along different k directions for both WP1 and WP2 in (a) NbP and (b) TaAs. The open circles (blue) are extracted from the ab initio calculations in
Ref. 39, while the solid lines (red) are the best fits using the four-band model (A1). The fit along the kx direction is shown in the top row with ky ¼ 0 and kz ¼ 0, while
that along the ky direction is in the middle row with kx ¼ kWP and kz ¼ 0 and that along the kz direction in the bottom row with kx ¼ kWP and ky ¼ 0. Here, +kWP repre-
sent the positions of the WPs in the kx direction.
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Figure 4 shows the fitting results between the ab initio calcula-
tions of Ref. 39 and the four-band model of (A1). We use NbP and
TaAs as examples since the other two materials in the nonmagnetic
transition-metal monopnictides family have very similar band
structures. As is clearly seen, our four-band model not only catches
the characteristic feature of Weyl cones (lower CB and upper VB)
but also describes the hybridization induced bands (upper CB and
lower VB), exhibiting an excellent agreement with the ab initio
results for both WP1 and WP2. It demonstrates that our four-band
model can provide a realistic description of the WSMs. The
extracted band parameters are listed in Table I.

APPENDIX B: FINITE DOPING EFFECTS ON
MAGNETO-ABSORPTION

In this appendix, we discuss the finite doping effects on
magneto-absorption. Figure 5(a) shows the calculated magneto-
absorption spectra α(E) (using the tilt model) with B ¼ 10 T and
EF ¼ 20 meV (n-doped) at different tilting angles. As one can see,
the spectra are similar to that in Fig. 3(a) at high energies, but the
lowest transition seems significantly blueshifted and a new transi-
tion appears at slightly higher energy and jβj . 0:1. These can be
better seen in Fig. 5(b), where we compare the spectra at jβj ¼ 0:4
and B ¼ 10 T with EF ¼ 20 meV (n-doped), 5 meV (charge
neutral, same as Fig. 3), and �10 meV (p-doped). The doping
levels are chosen in such a way to represent the quantum limit in
realistic experiments. Specifically, we find that (i) due to the Pauli
blocking effect, the L0� ! L0þ (black) transition in the charge

neutral case disappears upon doping, replaced by a cyclotron
transition (red) L0þ ! L1 (L�1 ! L0� ) for the n-doped (p-doped)
case. The cyclotron transition occurs at higher energy than the
L0� ! L0þ transition, as shown in Figs. 5(c) and 5(d). (ii) As the
tilt increase, a new intraband transition appears and can be identi-
fied as (green) L0þ ! L2 (L�2 ! L0� ) for the n-doped (p-doped)
case. These chiral transitions break the usual selection rule at
zero tilt and exhibit a similar intensity as the L0�(�1) ! L1(0þ)
(orange) transitions. As discussed above, the presence of the
L0�(�1) ! L1(0þ) (orange) transitions can be viewed as an indicator
for the tilted Weyl bands, the L0þ(�2) ! L2(0�) (green) transitions
can thus serve for the same purpose as well as an indicator for
finite doping. Due to the e–h asymmetry, the electron-like transi-
tions exhibit a stronger intensity than the corresponding hole-like
transitions. In the p-doped case [Fig. 5(b)], the electron-like inter-
band transitions are Pauli blocked, resulting in weaker magneto-
absorption at high energies. Nevertheless, qualitatively speaking,
the magneto-absorption in the n-doped and p-doped cases are
similar if neglecting intensity differences and a small shift in peak
energy due to e–h asymmetry.

DATA AVAILABILITY

The data that support the findings of this study are available
from the corresponding author upon reasonable request.

REFERENCES
1S.-M. Huang, S.-Y. Xu, I. Belopolski, C.-C. Lee, G. Chang, B. Wang,
N. Alidoust, G. Bian, M. Neupane, C.-L. Zhang, S. Jia, A. Bansil, H. Lin, and
M. Z. Hasan, “A Weyl fermion semimetal with surface Fermi arcs in the transi-
tion metal monopnictide TaAs class,” Nat. Commun. 6, 7373 (2015).
2H. Weng, C. Fang, Z. Fang, B. A. Bernevig, and X. Dai, “Weyl semimetal phase
in noncentrosymmetric transition-metal monophosphides,” Phys. Rev. X 5,
011029 (2015).
3S.-Y. Xu, I. Belopolski, N. Alidoust, M. Neupane, G. Bian, C.-L. Zhang,
R. Sankar, G. Chang, Z. Yuan, C.-C. Lee, S.-M. Huang, H. Zheng, J. Ma,
D. S. Sanchez, B. Wang, A. Bansil, F. Chou, P. P. Shibayev, H. Lin, S. Jia, and
M. Z. Hasan, “Discovery of a Weyl fermion semimetal and topological Fermi
arcs,” Science 349, 613 (2015).
4B. Q. Lv, H. M. Weng, B. B. Fu, X. P. Wang, H. Miao, J. Ma, P. Richard,
X. C. Huang, L. X. Zhao, G. F. Chen, Z. Fang, X. Dai, T. Qian, and H. Ding,
“Experimental discovery of Weyl semimetal TaAs,” Phys. Rev. X 5, 031013
(2015).
5O. Vafek and A. Vishwanath, “Dirac fermions in solids: From high-Tc cuprates
and graphene to topological insulators and Weyl semimetals,” Annu. Rev.
Condens. Matter Phys. 5, 83 (2014).
6S. Jia, S.-Y. Xu, and M. Z. Hasan, “Weyl semimetals, Fermi arcs and chiral
anomalies,” Nat. Mater. 15, 1140 (2016).
7B. Yan and C. Felser, “Topological materials: Weyl semimetals,” Annu. Rev.
Condens. Matter Phys. 8, 337 (2017).
8N. P. Armitage, E. J. Mele, and A. Vishwanath, “Weyl and Dirac semimetals in
three-dimensional solids,” Rev. Mod. Phys. 90, 015001 (2018).
9B. Q. Lv, N. Xu, H. M. Weng, J. Z. Ma, P. Richard, X. C. Huang, L. X. Zhao,
G. F. Chen, C. E. Matt, F. Bisti, V. N. Strocov, J. Mesot, Z. Fang, X. Dai, T. Qian,
M. Shi, and H. Ding, “Observation of Weyl nodes in TaAs,” Nat. Phys. 11, 724
(2015).
10L. X. Yang, Z. K. Liu, Y. Sun, H. Peng, H. F. Yang, T. Zhang, B. Zhou,
Y. Zhang, Y. F. Guo, M. Rahn, D. Prabhakaran, Z. Hussain, S.-K. Mo, C. Felser,
B. Yan, and Y. L. Chen, “Weyl semimetal phase in the non-centrosymmetric
compound TaAs,” Nat. Phys. 11, 728 (2015).

FIG. 5. (a) Calculated magneto-absorption spectra α(E) (using the tilt model)
as a function of tilting angle with EF ¼ 20 meV (n-doped) and B ¼ 10 T. (b)
Comparison of the calculated magneto-absorption spectra with jβj ¼ 0:4,
B ¼ 10 T, and EF ¼ 20 meV (n-doped), 5 meV (charge neutral), and �10 meV
(p-doped), respectively. (c) and (d) Low-lying transitions at ky ¼ 0 for the
n-doped and p-doped cases in (b). The color-code corresponds to the major
absorption peaks in (b). The solid (dashed) arrows in (c) and (d) as well as the
solid (open) circles in (b) label the selection rule conserved (violated) transitions.
The purple dashed line in (c) and (d) indicates the Fermi level position.

Journal of
Applied Physics ARTICLE scitation.org/journal/jap

J. Appl. Phys. 129, 105107 (2021); doi: 10.1063/5.0042307 129, 105107-7

Published under license by AIP Publishing.

https://doi.org/10.1038/ncomms8373
https://doi.org/10.1103/PhysRevX.5.011029
https://doi.org/10.1126/science.aaa9297
https://doi.org/10.1103/PhysRevX.5.031013
https://doi.org/10.1146/annurev-conmatphys-031113-133841
https://doi.org/10.1146/annurev-conmatphys-031113-133841
https://doi.org/10.1038/nmat4787
https://doi.org/10.1146/annurev-conmatphys-031016-025458
https://doi.org/10.1146/annurev-conmatphys-031016-025458
https://doi.org/10.1103/RevModPhys.90.015001
https://doi.org/10.1038/nphys3426
https://doi.org/10.1038/nphys3425
https://aip.scitation.org/journal/jap


11Z. K. Liu, L. X. Yang, Y. Sun, T. Zhang, H. Peng, H. F. Yang,
C. Chen, Y. Zhang, Y. F. Guo, D. Prabhakaran, M. Schmidt, Z. Hussain,
S.-K. Mo, C. Felser, B. Yan, and Y. L. Chen, “Evolution of the Fermi surface of
Weyl semimetals in the transition metal pnictide family,” Nat. Mater. 15, 27
(2016).
12I. Belopolski, S.-Y. Xu, D. S. Sanchez, G. Chang, C. Guo, M. Neupane,
H. Zheng, C.-C. Lee, S.-M. Huang, G. Bian, N. Alidoust, T.-R. Chang, B. Wang,
X. Zhang, A. Bansil, H.-T. Jeng, H. Lin, S. Jia, and M. Z. Hasan, “Criteria for
directly detecting topological Fermi arcs in Weyl semimetals,” Phys. Rev. Lett.
116, 066802 (2016).
13C. Shekhar, A. K. Nayak, Y. Sun, M. Schmidt, M. Nicklas, I. Leermakers,
U. Zeitler, Y. Skourski, J. Wosnitza, Z. K. Liu, Y. L. Chen, W. Schnelle,
H. Borrmann, Y. Grin, C. Felser, and B. Yan, “Extremely large magnetoresistance
and ultrahigh mobility in the topological Weyl semimetal candidate NbP,” Nat.
Phys. 11, 645 (2015).
14S. A. Parameswaran, T. Grover, D. A. Abanin, D. A. Pesin, and A. Vishwanath,
“Probing the chiral anomaly with nonlocal transport in three-dimensional topo-
logical semimetals,” Phys. Rev. X 4, 031035 (2014).
15J. Xiong, S. K. Kushwaha, T. Liang, J. W. Krizan, M. Hirschberger, W. Wang,
R. J. Cava, and N. P. Ong, “Evidence for the chiral anomaly in the Dirac semime-
tal Na3Bi,” Science 350, 413 (2015).
16J. Behrends, A. G. Grushin, T. Ojanen, and J. H. Bardarson, “Visualizing the
chiral anomaly in Dirac and Weyl semimetals with photoemission spectroscopy,”
Phys. Rev. B 93, 075114 (2016).
17A. C. Niemann, J. Gooth, S.-C. Wu, S. Bäßler, P. Sergelius, R. Hühne,
B. Rellinghaus, C. Shekhar, V. Süß, M. Schmidt, C. Felser, B. Yan, and
K. Nielsch, “Chiral magnetoresistance in the Weyl semimetal NbP,” Sci. Rep. 7,
43394 (2017).
18L. Chen and K. Chang, “Chiral-anomaly-driven Casimir-Lifshitz torque
between Weyl semimetals,” Phys. Rev. Lett. 125, 047402 (2020).
19J. Gooth, A. C. Niemann, T. Meng, A. G. Grushin, K. Landsteiner,
B. Gotsmann, F. Menges, M. Schmidt, C. Shekhar, V. Süß, R. Hühne,
B. Rellinghaus, C. Felser, B. Yan, and K. Nielsch, “Experimental signatures of the
mixed axial–gravitational anomaly in the Weyl semimetal NbP,” Nature 547, 324
(2017).
20Q. Ma, S.-Y. Xu, C.-K. Chan, C.-L. Zhang, G. Chang, Y. Lin, W. Xie,
T. Palacios, H. Lin, S. Jia, P. A. Lee, P. Jarillo-Herrero, and N. Gedik, “Direct
optical detection of Weyl fermion chirality in a topological semimetal,” Nat.
Phys. 13, 842 (2017).
21X. Yang, K. S. Burch, and Y. Ran, “Divergent bulk photovoltaic effect in Weyl
semimetals,” arXiv:1712.09363 (2018).
22Y. Zhang, H. Ishizuka, J. van den Brink, C. Felser, B. Yan, and N. Nagaosa,
“Photogalvanic effect in Weyl semimetals from first principles,” Phys. Rev. B 97,
241118(R) (2018).
23G. B. Osterhoudt, L. K. Diebel, M. J. Gray, X. Yang, J. Stanco, X. Huang,
B. Shen, N. Ni, P. J. W. Moll, Y. Ran, and K. S. Burch, “Colossal mid-infrared
bulk photovoltaic effect in a type-I Weyl semimetal,” Nat. Mater. 18, 471 (2019).
24M. Koshino and I. F. Hizbullah, “Magnetic susceptibility in three-dimensional
nodal semimetals,” Phys. Rev. B 93, 045201 (2016).
25C.-L. Zhang, S.-Y. Xu, C. M. Wang, Z. Lin, Z. Z. Du, C. Guo, C.-C. Lee, H. Lu,
Y. Feng, S.-M. Huang, G. Chang, C.-H. Hsu, H. Liu, H. Lin, L. Li, C. Zhang,
J. Zhang, X.-C. Xie, T. Neupert, M. Z. Hasan, H.-Z. Lu, J. Wang, and S. Jia,
“Magnetic-tunnelling-induced Weyl node annihilation in TaP,” Nat. Phys. 13,
979 (2017).
26Y. Jiang, Z. L. Dun, S. Moon, H. D. Zhou, M. Koshino, D. Smirnov, and
Z. Jiang, “Landau quantization in coupled Weyl points: A case study of semime-
tal NbP,” Nano Lett. 18, 7726 (2018).
27A. A. Soluyanov, D. Gresch, Z. Wang, Q. Wu, M. Troyer, X. Dai, and
B. A. Bernevig, “Type-II Weyl semimetals,” Nature 527, 495 (2015).
28T. M. McCormick, I. Kimchi, and N. Trivedi, “Minimal models for topological
Weyl semimetals,” Phys. Rev. B 95, 075133 (2017).
29Z.-M. Yu, Y. Yao, and S. A. Yang, “Predicted unusual magnetoresponse in
type-II Weyl semimetals,” Phys. Rev. Lett. 117, 077202 (2016).

30M. Udagawa and E. J. Bergholtz, “Field-selective anomaly and chiral mode
reversal in type-II Weyl materials,” Phys. Rev. Lett. 117, 086401 (2016).
31S. Tchoumakov, M. Civelli, and M. O. Goerbig, “Magnetic-field-induced rela-
tivistic properties in type-I and type-II Weyl semimetals,” Phys. Rev. Lett. 117,
086402 (2016).
32M. Koshino, “Cyclotron resonance of figure-of-eight orbits in a type-II Weyl
semimetal,” Phys. Rev. B 94, 035202 (2016).
33M. Yan, H. Huang, K. Zhang, E. Wang, W. Yao, K. Deng, G. Wan, H. Zhang,
M. Arita, H. Yang, Z. Sun, H. Yao, Y. Wu, S. Fan, W. Duan, and S. Zhou,
“Lorentz-violating type-II Dirac fermions in transition metal dichalcogenide
PtTe2,” Nat. Commun. 8, 257 (2017).
34S.-Y. Xu, N. Alidoust, G. Chang, H. Lu, B. Singh, I. Belopolski, D. S. Sanchez,
X. Zhang, G. Bian, H. Zheng, M.-A. Husanu, Y. Bian, S.-M. Huang, C.-H. Hsu,
T.-R. Chang, H.-T. Jeng, A. Bansil, T. Neupert, V. N. Strocov, H. Lin, S. Jia, and
M. Z. Hasan, “Discovery of Lorentz-violating type II Weyl fermions in LaAlGe,”
Sci. Adv. 3, e1603266 (2017).
35X. Yuan, C. Zhang, Y. Zhang, Z. Yan, T. Lyu, M. Zhang, Z. Li, C. Song,
M. Zhao, P. Leng, M. Ozerov, X. Chen, N. L. Wang, Y. Shi, H. Yan, and F. Xiu,
“The discovery of dynamic chiral anomaly in a Weyl semimetal NbAs,” Nat.
Commun. 11, 1259 (2020).
36S. Polatkan, M. O. Goerbig, J. Wyzula, R. Kemmler, L. Z. Maulana, B. A. Piot,
I. Crassee, A. Akrap, C. Shekhar, C. Felser, M. Dressel, A. V. Pronin, and
M. Orlita, “Magneto-optics of a Weyl semimetal beyond the conical band
approximation: Case study of TaP,” Phys. Rev. Lett. 124, 176402 (2020).
37A. L. Levy, A. B. Sushkov, F. Liu, B. Shen, N. Ni, H. D. Drew, and
G. S. Jenkins, “Optical evidence of the chiral magnetic anomaly in the Weyl
semimetal TaAs,” Phys. Rev. B 101, 125102 (2020).
38S. Bertrand, J.-M. Parent, R. Côté, and I. Garate, “Complete optical valley
polarization in Weyl semimetals in strong magnetic fields,” Phys. Rev. B 100,
075107 (2019).
39D. Grassano, O. Pulci, E. Cannuccia, and F. Bechstedt, “Influence of anisot-
ropy, tilt and pairing of Weyl nodes: The Weyl semimetals TaAs, TaP, NbAs and
NbP,” Eur. Phys. J. B 93, 157 (2020).
40We can eliminate the ty component by rotating in the y-z plane to align the
tilt with an axis.
41A. G. Grushin, in Common and Not-so-common High-energy Theory Methods
for Condensed Matter Physics, Topological Matter. Springer Series in Solid-State
Sciences Vol. 190, edited by D. Bercioux, J. Cayssol, M. Vergniory, and M. Reyes
Calvo (Springer, Cham, 2018).
42S. Souma, Z. Wang, H. Kotaka, T. Sato, K. Nakayama, Y. Tanaka,
H. Kimizuka, T. Takahashi, K. Yamauchi, T. Oguchi, K. Segawa, and
Y. Ando, “Direct observation of nonequivalent Fermi-arc states of opposite surfa-
ces in the noncentrosymmetric Weyl semimetal NbP,” Phys. Rev. B 93, 161112
(R) (2016).
43N. Xu, G. Autès, C. E. Matt, B. Q. Lv, M. Y. Yao, F. Bisti, V. N. Strocov,
D. Gawryluk, E. Pomjakushina, K. Conder, N. C. Plumb, M. Radovic, T. Qian,
O. V. Yazyev, J. Mesot, H. Ding, and M. Shi, “Distinct evolutions of Weyl
fermion quasiparticles and Fermi arcs with bulk band topology in Weyl semime-
tals,” Phys. Rev. Lett. 118, 106406 (2017).
44C.-C. Lee, S.-Y. Xu, S.-M. Huang, D. S. Sanchez, I. Belopolski,
G. Chang, G. Bian, N. Alidoust, H. Zheng, M. Neupane, B. Wang, A. Bansil,
M. Z. Hasan, and H. Lin, “Fermi surface interconnectivity and topology in Weyl
fermion semimetals TaAs, TaP, NbAs, and NbP,” Phys. Rev. B 92, 235104
(2015).
45D. Grassano, O. Pulci, A. M. Conte, and F. Bechstedt, “Validity of Weyl
fermion picture for transition metals monopnictides TaAs, TaP, NbAs, and NbP
from ab initio studies,” Sci. Rep. 8, 3534 (2018).
46P. E. C. Ashby and J. P. Carbotte, “Magneto-optical conductivity of Weyl semi-
metals,” Phys. Rev. B 87, 245131 (2013).
47Y. Jiang, S. Thapa, G. D. Sanders, C. J. Stanton, Q. Zhang, J. Kono, W. K. Lou,
K. Chang, S. D. Hawkins, J. F. Klem, W. Pan, D. Smirnov, and Z. Jiang, “Probing
the semiconductor to semimetal transition in InAs/GaSb double quantum wells
by magneto-infrared spectroscopy,” Phys. Rev. B 95, 045116 (2017).

Journal of
Applied Physics ARTICLE scitation.org/journal/jap

J. Appl. Phys. 129, 105107 (2021); doi: 10.1063/5.0042307 129, 105107-8

Published under license by AIP Publishing.

https://doi.org/10.1038/nmat4457
https://doi.org/10.1103/PhysRevLett.116.066802
https://doi.org/10.1038/nphys3372
https://doi.org/10.1038/nphys3372
https://doi.org/10.1103/PhysRevX.4.031035
https://doi.org/10.1126/science.aac6089
https://doi.org/10.1103/PhysRevB.93.075114
https://doi.org/10.1038/srep43394
https://doi.org/10.1103/PhysRevLett.125.047402
https://doi.org/10.1038/nature23005
https://doi.org/10.1038/nphys4146
https://doi.org/10.1038/nphys4146
http://arxiv.org/abs/arXiv:1712.09363
https://doi.org/10.1103/PhysRevB.97.241118
https://doi.org/10.1038/s41563-019-0297-4
https://doi.org/10.1103/PhysRevB.93.045201
https://doi.org/10.1038/nphys4183
https://doi.org/10.1021/acs.nanolett.8b03418
https://doi.org/10.1038/nature15768
https://doi.org/10.1103/PhysRevB.95.075133
https://doi.org/10.1103/PhysRevLett.117.077202
https://doi.org/10.1103/PhysRevLett.117.086401
https://doi.org/10.1103/PhysRevLett.117.086402
https://doi.org/10.1103/PhysRevB.94.035202
https://doi.org/10.1038/s41467-017-00280-6
https://doi.org/10.1126/sciadv.1603266
https://doi.org/10.1038/s41467-020-14749-4
https://doi.org/10.1038/s41467-020-14749-4
https://doi.org/10.1103/PhysRevLett.124.176402
https://doi.org/10.1103/PhysRevB.101.125102
https://doi.org/10.1103/PhysRevB.100.075107
https://doi.org/10.1140/epjb/e2020-10110-x
https://doi.org/10.1007/978-3-319-76388-0-6
https://doi.org/10.1007/978-3-319-76388-0-6
https://doi.org/10.1007/978-3-319-76388-0-6
https://doi.org/10.1007/978-3-319-76388-0-6
https://doi.org/10.1007/978-3-319-76388-0-6
https://doi.org/10.1103/PhysRevB.93.161112
https://doi.org/10.1103/PhysRevLett.118.106406
https://doi.org/10.1103/PhysRevB.92.235104
https://doi.org/10.1038/s41598-018-21465-z
https://doi.org/10.1103/PhysRevB.87.245131
https://doi.org/10.1103/PhysRevB.95.045116
https://aip.scitation.org/journal/jap


48In non-magnetic transition-metal monopnictides WSMs, the e–h asymmetry
results in a much stronger electron-like transition than the corresponding hole-
like transition.
49J. P. Carbotte, “Dirac cone tilt on interband optical background
of type-I and type-II Weyl semimetals,” Phys. Rev. B 94, 165111
(2016).
50Y. Jiang, J. Wang, T. Zhao, Z. L. Dun, Q. Huang, X. S. Wu, M. Mourigal,
H. D. Zhou, W. Pan, M. Ozerov, D. Smirnov, and Z. Jiang, “Unraveling the

topological phase of ZrTe5 via magnetoinfrared spectroscopy,” Phys. Rev. Lett.
125, 046403 (2020).
51Y. Jiang, M. M. Asmar, X. Han, M. Ozerov, D. Smirnov, M. Salehi, S. Oh,
Z. Jiang, W.-K. Tse, and L. Wu, “Electron-hole asymmetry of surface states in
topological insulator Sb2Te3 thin films revealed by magneto-infrared spectro-
scopy,” Nano Lett. 20, 4588 (2020).
52C.-X. Liu, X.-L. Qi, H. Zhang, X. Dai, Z. Fang, and S.-C. Zhang, “Model
Hamiltonian for topological insulators,” Phys. Rev. B 82, 045122 (2010).

Journal of
Applied Physics ARTICLE scitation.org/journal/jap

J. Appl. Phys. 129, 105107 (2021); doi: 10.1063/5.0042307 129, 105107-9

Published under license by AIP Publishing.

https://doi.org/10.1103/PhysRevB.94.165111
https://doi.org/10.1103/PhysRevLett.125.046403
https://doi.org/10.1021/acs.nanolett.0c01447
https://doi.org/10.1103/PhysRevB.82.045122
https://aip.scitation.org/journal/jap

	Landau quantization in tilted Weyl semimetals with broken symmetry
	I. INTRODUCTION
	II. THEORETICAL MODEL
	A. Lorentz boost and Landau bands
	B. Landau bands mismatch due to symmetry breaking
	1. Electron–hole asymmetry
	2. Broken symmetry due to the intrinsic Zeeman effect

	C. Magneto-absorption

	III. DISCUSSION
	IV. CONCLUSION
	DATA AVAILABILITY
	References


