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One striking property of the Landau level spectrum of a Weyl semimetal (WSM) is the existence of a chiral
Landau level, in which the electrons propagate unidirectionally along the magnetic field. This linearly dispersive
level influences the optical properties of WSMs. For example, it was recently shown that a complete optical valley
polarization is achievable in a time-reversal symmetric Weyl semimetal placed in a magnetic field [S. Bertrand
et al., Phys. Rev. B 100, 075107 (2019)]. This effect originates from inter-Landau level transitions involving
the chiral Landau level and requires a tilt of the Weyl cones. In this paper we show how the magneto-optical
Kerr effect (MOKE) is modified in a WSM with tilted Weyl cones in comparison with its behavior in a normal
metal and how a valley polarization can be detected using MOKE. We study both the Faraday (longitudinal) and
Voigt (transverse) configurations for light incident on a semi-infinite WSM surface with no Fermi arcs. We use
a minimal model of a WSM with four tilted Weyl nodes related by mirror and time-reversal symmetry. In the
Voigt configuration, a large peak of the Kerr angle occurs at the plasmon frequency. We show that the blueshift
in frequency of this peak with increasing magnetic field is a signature of the chiral anomaly in the MOKE.
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I. INTRODUCTION

A Weyl semimetal [1] is a three-dimensional topological
phase of matter, where pairs of nondegenerate bands cross at
isolated points in the Brillouin zone. Near these points, called
“Weyl nodes,” the electronic dispersion is gapless and linear
in momentum and the excitations satisfy the Weyl equation,
a two-component analog of the Dirac equation. Each Weyl
node is a source or sink of Berry curvature, which acts as a
magnetic field in momentum space, and has a chirality index
x = =£1 reflecting the topological nature of the band structure.
The Nielsen-Ninomiya theorem [2] requires that the number
of Weyl points in the Brillouin zone be even so that Weyl
nodes must occur in pairs of opposite chirality. For the Weyl
nodes to be stable, either inversion symmetry or time-reversal
symmetry must be broken.

Weyl semimetals show a number of interesting transport
properties, such as an anomalous Hall effect [3], a chiral-
magnetic effect [4], Fermi arcs [5], and a chiral anomaly
leading to a negative longitudinal magnetoresistance [6]. The
topological aspects of WSMs also show up in their optical
properties, especially so when a magnetic field is present. In
this case, the linear dispersion is split into positive (n > 0)
and negative (n < 0) energy dispersive Landau levels. The
n = 0 Landau level is chiral because its dispersion is unidi-
rectional, e.g., E(k;) = — x vrk,, for a magnetic field along the
z direction. The absorption spectrum is different from that of
Schrédinger or Dirac fermions [7] and can be used to show the
phenomenon of charge pumping due to the chiral anomaly [8]
or other photoinduced responses, as well as to distinguish
between type I and type 11 WSMs [9].

In this paper we investigate another optical property that is
affected by the topological nature of WSMs, i.e., the magneto-
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optical Kerr effect (MOKE), which consists of the rotation of
the plane of polarization of a beam of light reflected from the
surface of a WSM in a magnetic field. In graphene, also a ma-
terial with Dirac-like dispersion, a substantial rotation of the
polarization plane (>0.1 rad) upon transmission (the related
Faraday effect) has been reported recently [10]. In WSMs,
Faraday and Kerr rotations have been studied in some detail
in Ref. [11] for a minimal model of a WSM with intrinsically
broken time-reversal symmetry (TRS) and no magnetic field.
In such a model, the axion term of the electromagnetic action
makes a gyrotropic contribution to the dielectric function,
thereby leading to Faraday and Kerr rotations in the absence
of an external magnetic field.

In the present work our model of a WSM preserves TRS
and the Kerr rotation is due to the presence of an external
magnetic field, which we set either along the direction of
propagation of the incoming electromagnetic wave (i.e., the
longitudinal or Faraday configuration) or perpendicular to it
(the transverse or Voigt configuration). One motivation for this
work is our previous study of the optical absorption [12,13] in
WSMs, which predicted the possibility of a complete optical
valley polarization for a sizable interval of frequency in a
time-reversal symmetric type I WSM with tilted Dirac cones,
by a suitable choice of the relative orientation of the incom-
ing light wave, magnetic field, and tilt vector. By complete
valley polarization, we mean that two different nodes start
absorbing light at a different frequency. This is a property of
the electronic structure of the WSM in a magnetic field. The
valley polarization shows up as a splitting of the absorption
line of two nodes related by TRS at zero magnetic field, for
transitions involving the chiral Landau level.

There have been some previous works on the MOKE
in WSMs. A giant polarization rotation has been predicted
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in type I and type II WSM with tilted cones and broken
TRS in zero magnetic field [14]. Kerr and Faraday rotations
for zero tilt but finite magnetic field and broken TRS have
also been studied [15]. Moreover, experimental evidences for
chiral pumping of the Weyl nodes in the WSM TaAs have
appeared recently [16,17]. The work we present here is differ-
ent. We study the MOKE in a simplified model of a WSM
with four nodes related by TRS and mirror symmetry in a
quantizing magnetic field and in both the Faraday and Voigt
geometries. We show that, in contrast with a “normal” metal,
in a WSM a sizable Kerr rotation can be expected in both
geometries for moderate values of the background dielectric
constant £,,. In the resonant regime, where the frequency
of the incoming light matches an electronic interband (i.e.,
inter-Landau level) transition, Kerr rotation can be used as
a spectroscopic tool to detect the inter-Landau level tran-
sitions. The presence of tilted cones modifies the Landau
level quantization and changes the selection rules, giving a
much richer interband spectrum in MOKE: when a magnetic
field is applied in a direction other than the tilt, interband
transitions other than the usual dipolar ones (|n| — |n| £ 1)
become possible [9]. Moreover, the valley polarization effect
we reported earlier for optical absorption also appears in the
Kerr rotation, thus providing another way to detect this effect
experimentally.

We find that the Voigt configuration is particularly interest-
ing because it enables having a component of the incoming
electric field in the direction of the quantizing magnetic field.
A consequence of the chiral anomaly in WSMs is that the
plasmon frequency w,, which is given by the condition that
Re [¢(wp)] = 0, increases with magnetic field. Here ¢ is the
element of the dielectric tensor in the direction of the external
magnetic field, e.g., &, for B along X. In contrast with the
Faraday configuration, ¢ enters in the definition of the Kerr
angle so that we expect that the behavior of the Kerr angle
will be modified by the chiral anomaly. Indeed, we show that
a strong maximum in the Kerr angle occurs at the plasmon
frequency, which is in the THz range for moderate values of
£s0, 1.€., close to the threshold of the electronic interband tran-
sitions. The frequency of this peak increases with magnetic
field, providing a clear signature of the chiral anomaly in the
Kerr rotation.

The remainder of this paper is organized as follows:
Section II introduces our minimal four-node model of a WSM
with TRS and tilted cones, and gives the energy spectrum
of each node. Section III explains how we compute the dy-
namical conductivity tensor for both inter- and intra-Landau
level transitions. In Sec. IV we give the formalism to compute
the Kerr angle in both the Faraday and Voigt configurations.
Section V contains our numerical results, which are further
summarized in Sec. VI. In order to lighten the main text, we
have put details of all calculations in Appendix A for the
energy spectrum and Appendix B for the derivation of the
current operator for tilted cones. In Appendix C we discuss
the MOKE for a normal metal in order to provide a basis
for comparison with our findings for a WSM. In Appendix D
we derive the magnetic-field dependence of the low-energy
peak in the Kerr rotation angle that appears in the Faraday
configuration.

A kZ

FIG. 1. Toy model of a WSM with time-reversal symmetry and
a mirror plane perpendicular to the Z direction. The y axis passes
through the cross. Blue and red circles indicate Weyl nodes with
opposite chiralities.

II. MODEL HAMILTONIAN

We consider a simple model of a WSM, which possesses
TRS in the absence of a magnetic field. This toy model has
been described and justified in Refs. [12,13], where we used
it to calculate the optical valley polarization in a WSM. The
model consists of four tilted Weyl nodes (denoted by the
index 7 = 1, 2, 3, 4), two for each chirality, and a mirror plane
placed perpendicularly to the z axis as shown in Fig. 1. Pairs of
nodes of opposite chirality (t = 1,2 and 7 = 3, 4) are related
to one another by the mirror plane, while nodes t = 1, 3 and
T = 2, 4 are related by time-reversal symmetry in the absence
of the magnetic field. Thus, the four nodes are symmetry
equivalent in the absence of a magnetic field.

The low-energy noninteracting single-particle Hamiltonian
for an electron in node T = 1 is given by

h:(p) = vrt - pog + vrp - 0, (1

where p is the momentum of the electron measured with
respect to the Weyl node, o is a vector of Pauli matrices in
the 1/2-pseudospin state of the two bands at their crossing
points, oy is the 2 x 2 unit matrix, vy is the Fermi velocity,
and t is a dimensionless vector describing the magnitude and
direction of the tilt of the Weyl cone. We restrict our analysis
to a type I WSM, i.e., to |t| < 1. The Hamiltonians of the
other three Weyl nodes are obtained by applying mirror and
time-reversal operations to /; (p). These amount to making the
transformations

T=1-—2: (UF’ Iy, tyvtz) - (_UF’ —Iy, _ty’ tz)’
t=1-3: (UF7 Iy, tyvtz) g (UFv —Iy, _t)H _tZ)7
T=1—4: (UF’ Iy, tyvtz) - (_UF’ Iy, t)‘v _tz)v (2)

where we have assumed that o transforms as a spin under
time-reversal and mirror operations (see Ref. [13] for a dis-
cussion of this point).

A transverse static magnetic field By is added via the
Peierls substitution p — P = p + eA. While it is possible to
obtain the energy levels of the Hamiltonian analytically [9],
we find it more convenient to use a numerical approach
in order to get a fully orthonormal basis for the eigen-
spinors. Moreover, a numerical approach allows a study of
the system for arbitrary orientations of the magnetic field
and tilt vector. It also allows the consideration of more
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FIG. 2. Dispersion of the first Landau levels of the four nodes
for t = /z and B = B(X. The chiral Landau level is represented by
the dashed line. The length of each arrow indicates the lowest-energy
interband transition under right circularly polarized light. When the
tilt vectors of the nodes are perpendicular to the static magnetic field,
all nodes have the same interband absorption threshold. For clarity,
the position of the different nodes has been shifted in k€.

complex Hamiltonians with, for example, nonlinear terms in
the energy spectrum [13]. The numerical diagonalization of
h;(P) is carried out in Appendix A. The many-body Hamilto-
nian in the basis of the Landau levels of /;(P) can be written
as

H= Y Ep)d (X, ppdi(e, X, pp. 3

T X,py.1

In Eq. (3) the eigenstates are defined by the set of quantum
numbers (/, X, py, t), where X is the guiding-center index
and I = (n,s) is the Landau level index. Our convention
is to take n =0,1,2,3,... as a positive number and use
s = +1 (—1) for the positive (negative)-energy levels. The
variable p; = hk; is the momentum in the direction of the
magnetic field, which we set along the z (or x) axis, i.e.,
perpendicular (or parallel) to the mirror plane. Each Landau
level (1, py, T) has the macroscopic degeneracy N, = S/ 2702,
where £ = /li/eBy is the magnetic length and S is the area
of the WSM perpendicular to the magnetic field. The op-
erator d, (t, X, py) creates an electron in the quantum state
([, Pl X, 'L').

The dispersion of the Landau levels is given in Figs. 2
and 3 for t 1L B and t||B, respectively. The arrows in these
figures indicate the energy gap for interband transitions when
the Fermi level Ef is in the chiral Landau level (i.e., n = 0).
The optical gaps are identical for all nodes when the tilt
and magnetic field are perpendicular to each other. When the
magnetic field is perpendicular to the mirror plane and has
a nonzero projection along the tilt vector, the optical gaps
for interband transitions involving the chiral Landau level are
different for nodes that are related by time-reversal symmetry
when By = 0, but equal for nodes that are mirror partners
(see Ref. [12] for a discussion on general orientations of B).
When light propagates along the direction of the magnetic

En (hVF/g)

FIG. 3. Dispersion of the Landau levels for the four nodes for
t =7Z and B = Bz. The chiral Landau level is represented by the
dashed line. The length of each arrow indicates the lowest-energy
interband transition under right circularly polarized light. When the
tilt vectors of the nodes have nonzero components along the static
magnetic field, different pairs of nodes have different interband ab-
sorption thresholds in the quantum limit, thereby leading to a valley
polarization. For clarity, the position of the different nodes has been
shifted in k€.

field, this difference in the absorption gap leads to a full valley
polarization [12].

III. OPTICAL CONDUCTIVITY

The magneto-optical conductivity of Weyl semimetals has
been calculated before [18]. The effect of a tilt on the AC
optical response has also been considered in a model of a
WSM with broken TRS and no quantizing magnetic field [19].
Here we consider the effect of a tilt on the four-node model
introduced above (which has TRS) and in the presence of a
quantizing magnetic field. We restrict ourselves to T = 0 K.
Since we are mainly interested in the behavior of the Kerr
angle in the resonant regime, i.e., in the THz range of fre-
quencies, finite temperature effects should be negligible for
experiments carried out at low temperature, i.e., at a few
Kelvin.

The single-particle current operator for node t is defined
by

__9h(p)

o= A = —evr(0 + toy), 4)

Aexi—0

where Ay is the vector potential of an external electromag-
netic field. The many-body current is

J:

/ d*rir ] (0)jo Y- (r)

=—evr Y Y Y, pd](t, X, ppd;(z, X, p)),

op.X 1,J
(%)

where the matrix elements Y7 ;(t, p;) are given in Eq. (B4)
of Appendix B.
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It is convenient to define the operator

p1(T, py) = LZd*(r X, pds (T, X, py),  (6)
JUE P walva » s Pl

so that the many-body Hamiltonian and current can be written

as

M=) Ef(r, por(r. p)) @)

T.py.1

and

Je=—eve D Y1(x, pprs(T, py). ®)

p LJ

The optical conductivity tensor is related to the retarded
current response function x5 ;(w) = x5 (q = 0, ®) by

= [ p@) = 2 5085 ©)

where o, f € {x,y, z} and w is the frequency of the incom-
ing light beam. The diamagnetic contribution to the current
operator is lacking in the continuum approximation of the
linear spectrum of the low-energy model. This absence leads
to unphysical terms [11] in 04 g(w). The second term on the
right-hand side of Eq. (9) is required in order to remove these
spurious contributions.

The retarded current response function can be obtained
from the two-particle Matsubara Green’s function

0'017/3((1)) =

1
Xap(T) = —ﬁmJa(r)Jﬂ(O))
= - Y Y T )
I.J KL p, pH
x(Tzprs(t, pek.L(0, p))), (10)

where T; is the time ordering operator and T an imaginary
time, not to be confused with the node index. We omit the
node index in the remaining of this section in order to avoid
any confusion. In linear response, xq g(7) is approximated by

1 o
Xe.p(T) = ezviﬁ Z Z T](,_])(pH)T}ﬁ)(p”)
LJ X,p
xGrx(p), —1)Grx(py, T), (11)

where the single-particle Matsubara Green’s function is de-
fined by

—(Tydi(py, T)d] (py, 0)). (12)

Fourier-transforming x. g(7), we get the familiar result, for
each node,

Gix(pp, 1) =

Bh )
Yo (i2,) = / T o 4(7)
0

= ;,;F Z Z Z Yy ()

on 1] X,py
XG[,X(pIIa iwn)GJ,X(pHa lQp + iwn)’ (13)

where Q,, w, are, respectively, bosonic and fermionic Mat-
subara frequencies. The current-current response has contri-
butions from both intra- and inter-Landau level transitions. We

compute them separately in the following sections. Moreover,
the total current response and the related dielectric tensor are
obtained by summing the individual current response of the
four nodes.

The fact that the total optical conductivity is given by the
sum of node-resolved optical conductivities is a consequence
of the vanishing of the interband matrix elements of the cur-
rent operator between states that are located in different Weyl
nodes. At first glance, the vanishing of the matrix element is
not obvious in the presence of a magnetic field. For example,
when the magnetic field is pointing along the z direction, the
energy spectra of nodes 1 and 2 as a function of k, will be
superposed with the energy spectra of nodes 4 and 3, respec-
tively. Yet, it turns out that the interband transitions induced
by light do not mix the states originating from different nodes.

The underlying reason for this may be easily understood
in the Landau gauge, where two components of the crystal
momentum remain good quantum numbers. One of the com-
ponents is the momentum along the magnetic field, while the
other component is perpendicular to it (and is often disguised
in the form of the guiding center). The translational symmetry
along this second direction is key to ensure that interband
transitions induced by light do not mix different nodes.

For example, suppose that we take the magnetic field along
the z direction. Nodes 1 and 4 in Fig. 1 have the same k,
coordinate, but a vastly different k, coordinate. Choosing the
Landau gauge such that k, is a good quantum number, it
follows from translational symmetry that light (whose wave
vector is essentially zero compared to the separation of the
nodes in k,) cannot connect bands from node 1 with bands
from node 4. A similar argument can be employed for other
orientations of the magnetic field.

On a related note, if the magnetic length becomes compara-
ble to or shorter than the inverse of the distance in momentum
space that separates two Weyl nodes at zero field, then a
hybridization takes place between those two nodes and gaps
open in the chiral Landau levels. In that regime, if the Fermi
level falls inside the gap, chirality is not a good quantum
number even at low energy, and our theory no longer applies.
Yet, significant hybridization effects have been reported only
at ultrahigh magnetic fields [20].

A. Inter-Landau-level contributions to the current response
function x, g(w)

With the Hamiltonian given by Eq. (3), the single-particle
Matsubara Green’s function is simply

1
G , Loy 14
o) = e oy — e Y

where u is the chemical potentlal. It is independent of the
guiding-center index X .

Performing the frequency sum in Eq. (13) and taking the
analytic continuation i2, —  + i§, we get for each node t
the interband response function

’E p(@) = — ezzghz Z / dp X5 (Y (o)
(1¢J)
SLE;(p] — fLEI(p))]

, 15
Xw+i5 — [Es(py) — Er(pP]/h (1
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where f(E) = 1/(ef®=" £+ 1) is the Fermi function, 8 =
1/kgT, and kg is the Boltzmann constant. At T =0 K, u —
Er and f[E;(p))] — O[Er — E;(p))], where O(x) is the step
function and Ef is the Fermi level. Only transitions between
an occupied and an unoccupied level can contribute to the
response function.

In Eq. (15) the effects of disorder and finite resolution of
the measurement apparatus have been included phenomeno-
logically via a small broadening parameter § ~ 0.05 meV.
This broadening does not have a significant effect in our main
results, provided that the inter-Landau level spacing near the
Fermi level is large compared to §. Such is the case for us.

B. Intra-Landau-level contribution
to the response function x, g(w)

We consider the situation where the Fermi level lies in
the chiral level n = 0, above E = 0 but below the energy of
the level n = 1. The only allowed intra-Landau level transi-
tions are then those that take place in the chiral level. To
calculate their contribution to the current response function,
disorder needs to be considered. The spectral representation of
the disorder-averaged single-particle Green’s function in level
n = 0 is given by

+o0
Goxproion) = [~ a0 2P,

o0 lwy, —

(16)

with the spectral weight approximated by the Lorentzian
shape

I'/n
{w —[Eo(py) — wl/AY* + T2

where I' = 1/21), with 7y the momentum relaxation time. The
current response function becomes

Ao(p), ®) = (17)

. e*vZN, o
Ko pliS2) = — = wzrgg@m (P

P

1 +00 A , /
N
Bh —~ ) i, +iw, — o

X/*""d M (18)

00 iw, — o

Performing the Matsubara frequency sum and taking the ana-
lytical continuation i€2, — w + i8, we get

e UF AP ~n(@) )
P / To.0 (P Yoo (Py)

+0oo +00
x/ da)'/ do"ag(p), @)
—00 —00

n_f(@") — f(@)

Xa @) =

Lo , 19
xap(p), ® )w—i—iﬁ—l—a)”—w/ (19)
where we have defined
aop(p), w) = Ao(py, @ + u/h). (20)
Defining also
o — Eo(p))/h
go(py. ) = ” 1)

[@ — Eo(p))/R)* + T2

we get, at zero temperature and after some simple algebra,
€ VF Pl (@) T(ﬁ)
27T£27l2/ 00(P||) o (1)

+Eg [l
X |:/ do'ag(py, @)

o0

Xog(w) =

x[go(py, @ + ®) + go(p), @ — w)]

Ep/h
—in/ da'ag(py, @ao(py, ' + w)].
Er/h—w

(22)
Thus, the intraband conductivity in the chiral level is given by

e*v2 ap| (a
L / "TO(O)(PH)T(’S)(PM)

lnTId w
p (@)= 2702 W

TEp /h
X |:f dw'ao(py, @K (p), 0, »)

o0
Er/h
—im / do'ag(py, ©ao(py, o' + w)}
EF/ﬁf(U
(23)

with the function
K(pj, w, @) = go(py, @ + o)+ go(p, o — )
—284.880(py, @). (24)

In the absence of a tilt, only the matrix element T(()fxo) (py)
for « in the direction of the magnetic field is nonzero. Thus,
only the conductivity o} (@) [which is o, (@) for B = ByX and
o, (w) for B = Byz] is nonzero. From Eq. (23) we get (for
each node)

3 B
Re [0 ()] = -0 - e 25)
Im [o(@w)] = wto Re [o)(w)]. (26)

Our results for the conductivity contain the momentum in-
stead of the transport relaxation time since vertex corrections
are not included in our calculation of the current response
function. Yet, in the quantum limit, only internode scattering
leads to the relaxation of the charge current. Hence, below we
will associate tp with the internode scattering time.

A finite tilt modifies the matrix elements T(“)(p”) and
makes the other elements of the conductivity tensor nonzero,
in particular o, (@) [i.e., 0.(w) for B = ByX and o, (w) for
B = ByZz], which enters in the definition of the Kerr angle for
the Voigt configuration, as we show below.

With 7y and vr independent of the magnetic field, Eq. (25)
shows that the conductivity Re [0} (w)] increases linearly with
the magnetic field. This negative magnetoresistance is a sig-
nature of the chiral anomaly in Weyl semimetals [6], where
collinear electric and magnetic fields (E - B # 0) result in a
transport of electrons between two Weyl nodes of opposite
chirality. It is known, however, that 7y varies with magnetic
field in a way that depends on the type of disorder considered.
For instance, in the case of short-ranged neutral impurities,
Re [o(w)] becomes independent of B. The B dependence of
vp can further alter the sign of the magnetoresistance [21,22].
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As a result, the B dependence of Re [0} (w)] is not robustly
linked to the chiral anomaly.

In contrast, the situation appears to be more promising
when it comes to the plasmon frequency w,. At ¢ =0, w,
is given by the condition

Re [g)|(w,)] =0, 27
i.e.,
1 - Imloy@)l (28)
0wp
which gives
1 wvpe? 2

- — =0. 29
g0 4m2H% 1 + (cu,,to)2 0 29)

The plasmon frequency occurs at high frequency (in the THz
range in WSMs), which can exceed the momentum scattering
rate. When w, 7y > 1, one has, adding the contributions of the
four nodes,

2

3
2 evp e’vr By

— _ , 30
T T antheze, amlile, 0)

where ¢ is the permittivity of free space (in general to be
multiplied by e, due to screening from high-energy elec-
tronic bands). The linear increase with magnetic field of wlz,
is also a signature of the chiral anomaly [6] and should not
be modified by disorder insofar as w,7o > 1. This trend re-
mains likewise robust to the B dependence of vy (neglected
herein). In a normal metal, the plasmon frequency wfhmeml =
nee*/mey, with n, the electronic density and m the effective
mass of the electron, is independent of the magnetic field (see
Appendix C). The dispersion relation of the plasmon mode
in WSMs and normal metals are discussed in more detail in
Ref. [23]. The plasmon frequency, or equivalently the zero of
the longitudinal dielectric function, increases as +/Bg. When
interband transitions are considered, w,, is shifted to a lower
frequency as shown in Fig. 4, although it remains in the THz
range.

In the derivation of Eq. (30), we have neglected the tilt of
the Weyl cones. Simple analytical considerations show that, in
our model, the component of the tilt parallel to the magnetic
field does not change Eq. (30). The component of the tilt per-
pendicular to the magnetic field is more complicated to treat
analytically; we have established numerically that it shifts
the plasmon frequency to lower frequencies [relative to that
expected from Eq. (30)], without altering the field dependence
of the plasmon frequency qualitatively.

In the derivation of Eq. (30), we have likewise neglected
the band curvature of the chiral Landau levels. This curvature
becomes significant as we approach the energy scale where
two different chiral Landau levels connect with one another. In
order to investigate the influence of band curvature in the plas-
mon frequency, we consider a spin-degenerate tight-binding
dispersion g = —2y cos (ka), for which the long-wavelength
density response function in the quantum limit reads

R ~ Nw L 2 .
Xnn(q, @) X awzy(qa) sin (kpa), (€29)

Th*S

B
S

— Total

Interband only

w
jen)
L

—— Intraband only |

[N
o
L

—_
o
L

Dielectric function &,

o
L

0 5 10 15 20
Frequency (10'?rad/s)

FIG. 4. Real part of the relative dielectric function & = &, as
a function of w for an external static magnetic field B = ByX with
By = 0.3 T. The zero of g(w), which gives the plasmon frequency,
is pushed to a lower frequency when inter-Landau level contribu-
tions are considered. Parameters: Total electronic density n, = 1 x
10 m~3, momentum relaxation time 7, = 10 ps, Fermi velocity
vp =3 x 10° m/s, and tilt ¢ = 0.

where a is the lattice constant, kr = n,72¢2 is the Fermi mo-

mentum, 7, is the electron density, and vp = 2y asin (krpa)/h
is the Fermi velocity. It follows that

2 2

2 e 2ya e Vg
= ———ssin (kpa) = ———.
(kra) w202 he

¢ 32
v T T20hey h (32)

In the low-density limit (n.£?a <« 1), when the Fermi level is
close to the bottom of the dispersion, the plasmon frequency
is independent of the magnetic field and given by
el

W) = gﬁZyazng. (33)
This is the result expected for a parabolic band dispersion with
an effective mass /%/(2ya®). At higher densities, when the
Fermi level lies close to the region where the dispersion is
linear, such that sin(kra) =~ 1, we recover Eq. (30). Thus, we
learn that Eq. (30) holds in the quantum limit provided that
the Fermi level lies in the regime where the energy dispersion
is linear; such is the case in the Weyl semimetals of interest.

IV. FORMALISM FOR THE MAGNETO-OPTICAL
KERR EFFECT

We consider an electromagnetic wave arriving at normal
incidence on a surface of a semi-infinite WSM that has no
Fermi arcs. The Maxwell equations in regions 1 (the vacuum)
and 2 (the WSM) are

B

V-D=p; VxE=-—" (34)
. D
V-B=0: VxH=j;+", (35)

where p; and j are the free charge and current densities. We
assume that the WSM is nonmagnetic so that B = uoH with
o the permeability of free space. We use the constitutive
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relation D = eo? -E, where & is the relative dielectric
tensor which is related to the conductivity tensor o by

<> (E)
T =1 +i—, (36)
Eqgw

with I the unit tensor and gy the permittivity of free space.
To account for the high-energy transitions not included in

. : N
our calculation, the unit tensor I should be replaced by the
relative dielectric tensor & o, whose precise form depends
on the particular WSM considered. In our calculation we take
PN

?Oc =& I with e = 1. Because ¢4, can be quite big in
WSMs, we discuss the effects of increasing £, on the Kerr
angle in Sec. VI.

From the Maxwell equations, the dispersion relation of

<~

an electromagnetic wave in both regions (with &~ = T in
region 1) is given by

w?

¢E—(q-E)g=—73" E. 37

At the interface between vacuum and WSM, the electro-
magnetic field must obey the boundary conditions

(D;—Dy) - f = oy,

I I _
El-E! —o,

(Bi—By) -0 =0,
H/-H] =0, (38)

where fi is a vector normal to the WSM surface, pointing from
region 2 to 1. El”, Hl‘.‘ (with i = 1, 2) are the field components
parallel to the surface of the WSM, which we take to be the
x-y plane at z = 0.

The incident wave is assumed to be linearly polarized in
the x-y plane: E;(z,1) = (EJ& + Ej§)e’ @) Its dispersion
relation is ¢> = w?/c?, where c is the speed of light in vac-
uum. The reflected wave is given by

Eg(z,t) = [(rxng + rxyEg)f(
+ (r wEg + r.\'yEg)y]eii(qut)v (39

where r;; are complex reflection coefficients that depend on
the orientation of the magnetic field, tilt vector, and mirror
plane. We consider two different cases in the following sec-
tions: the longitudinal and transverse configurations.

A. Longitudinal propagation (q || By || 2)

In the longitudinal configuration, the electromagnetic wave
propagates in the direction of the external magnetic field. If
the external magnetic field By and the tilt vector t are in the
Z direction, perpendicular to the mirror plane, then the total
dielectric tensor (sum of the four nodes) has the form

Exx  Exy O
T =|-ey ex 0] (40)

0 0 e

Z

In this situation, Maxwell equations support in the WSM
two elliptically polarized electromagnetic waves, the ana-
log of the right (RCP) and left (LCP) circularly polarized
waves, with electric fields Ey = E, + iE,and E_ = E, — iE,.
The transmitted electric fields for these two solutions are

given by

XX

EF z.1) = [((PE; +1E))%
+ ((PES + 1P §le =m0 (41)

where #;;(w) are complex transmission coefficients. The com-
ponent E7 , = 0 so that the wave is transverse in both media
and there is no induced charge (i.e., V - D = 0) in the WSM.
The dispersion relations are

2 o’ : w’ 2
4x(@) = 5 (Ex Hioy) = —7ex(0) = ¢ ex(@),  (42)

with g = w/c.
The total electric fields in regions 1 and 2 are given by
E](Z,t) = EI(Zyt)+ER(Zst)7 (43)
Ex(z,1) = Ef (z,1) + Ef (2, 1), (44)

with the magnetic fields obtained from Faraday’s law.
Applying the boundary conditions to the total electric and
magnetic field and isolating the reflection coefficients, we get

1-— VE+E-

rxx(w)Zryy(w)z a +«/§)(1 +«/8_7)’ (452)
F(@) = —r (@) = ey — Ve (45b)

I+ Ve + o)

In this configuration the incident wave is taken to be lin-
early polarized at an angle 6; = 7w /4 from the x axis with
amplitude Ej along both directions of the x-y plane, so that
the reflected electric field is

Er(z, 1) = [Ep(w)X + Ep(w)yle @, (46)

with
E}é(w) = [ry(w) + rxy(w)]E())c’ 47
E[{»(w) = [ru(w) — rxy(w)]E())C~ (48)

The coefficients r;;(w) are obtained from the dielectric tensor
&”, which contains the combined current response function
of the four nodes.

B. Transverse propagation (q L By || X)

In the transverse configuration, the electromagnetic wave
still propagates along the z axis, but the external magnetic field
is taken to point in the direction X, i.e., parallel to the mirror
plane. For a tilt along the z axis, the dielectric tensor for this
configuration has the form

Exx 0 0
T =10 & e (49)
0 _8yz &2z

when the contributions of the four nodes are taken into
account.

Maxwell’s equations give again two dispersion relations:
one where the electric field E; of the incident light is polarized
along x, i.e., parallel to the static magnetic field, giving the
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dispersion relation

0)2

qj = —&xes (50)
C

and one where the electromagnetic wave is polarized along

y, i.e., perpendicular to the static magnetic field with the

dispersion relation

2 2 2
w &y w
CIi = ?(E.vy + i) = C—ZSU, (51

&z

where ¢, is called the Voigt dielectric function [24]. In this
later case there is an induced field in the direction of propaga-
tion, given by

&2y

E =-2F, (52)

SZZ
so that the electric field for this polarization, in medium 2, is
given by

E =E <§- Sii> (53)

The induced charge is still zero, however. The transmitted
wave in the WSM is given by

Ef(z.1) = yEje ") 4 B e ) (54)

where 7,1, are the transmission coefficients for the parallel
and transverse polarizations. In the Voigt configuration, the
polarization vector of an incident electromagnetic wave po-
larized at an angle with respect to the x axis in the x-y plane
will rotate in the WSM because of the different refractive
indices for the parallel and transverse polarizations. There is
no rotation if the polarization vector is only along the x or y
axis. This form of dichroism can also lead to a sizable Kerr
rotation as we show in Sec. V. Solving Egs. (37) and (38)
gives the reflected field components

1- A/ Exx
I+ /e

1-— vy
E)w) = W*/EIES (). (55)

C. Definition of the Kerr angle
We define the phases 63 and 6 by

Ex(w) = Ej(w),

Ey = |EI"™. By = |Ejle™. (56)
where |EL|, 05 (with i = x, y) are, respectively, the moduli and
associated phases of the complex components of the reflected
wave. The reflected electric field at z = 0 is then

E(t) = |Ef|cos (65 — o)X + |Ey| cos (63 — wt)y.  (57)

The polarization of the reflected field is strongly modified as
the frequency is varied. It could be linear, elliptical, or circular.
The sense of rotation of the polarization can also change with
w. A complete description of the reflected field would give
E(t) over one period of oscillation. Experimentally, however,
what is reported is the Kerr angle 6 and ellipticity ¢ defined
by

y

ER
tan (9[{ + 91) = |—

58
x| (58)

where 6; is the polarization angle of the incident linearly
polarized wave, and the ellipticity

bk = 6} — 63, (59)

In the Faraday configuration, with an incident wave lin-
early polarized at an angle 6; = 7 /4 with respect to the x axis,
the Kerr angle is given by

1+ i(«/€+ - A/g_) — JE+E-
1 —i(/er — Je_) — Jere_
while in the Voigt configuration for the identically polarized
incident wave, the Kerr angle is

(1 = V&)U + /ex)
(1 + /&) — /ex)

As mentioned above, Eqgs. (60) and (61) do not define
precisely (i.e., in the range [—r, 7 ]) the polarization angle of
the reflected electric field. Instead, the Kerr angle 6 + 6; is
defined in the range [0, 7 /2]. Since we take 6; = 7 /4 in our
calculations, we get a 6 that can be positive or negative which
indicates that the polarization angle increases or decreases
from /4, giving a peak or a dip (inverted peak) in the curve
of O (w).

tan (Ox + 6;) = ‘ ,  (60)

tan (O + 6;) = . (61)

V. NUMERICAL RESULTS FOR THE KERR ANGLE

We compute the Kerr angle in the four-node model for
two specific configurations: (1) the longitudinal Faraday con-
figuration where q || B, || Z and the linear polarization vector
is €LBy; and (2) the transverse Voigt configuration where
q || 2, By = Box_Lq and the linear polarization vector € is in
the x-y plane. For the Faraday configuration we choose the
magnetic field to be perpendicular to the mirror plane while
we take it in the mirror plane in the Voigt configuration.
Other choices are, of course, possible. We assume a total
electronic density of n, = 1 x 10*° m™3 for the four nodes.
For the interband transitions we introduce the scattering rate
phenomenologically by taking a finite but small value of § in
the conductivity tensor. For the intraband transitions, disorder
is taken into account explicitly by introducing a Lorentzian
broadening " = 1/27y with 7y = 10~!'! s. In both configu-
rations, the tilt vector is taken to be t = #9z with #, = 0.5,
so that t||By in the Faraday configuration and t_LB in the
Voigt configuration. This is done in order to isolate the main
features of the Kerr angle in both configurations, i.e., valley
polarization in the former, and chiral anomaly in the latter.
In the presentation of our results, we change the notation for
the Landau level index, i.e., we choose n to be positive for
s = +1 and negative for s = —1. The chiral Landau level is
still n = 0.

A. Faraday configuration

When the external magnetic field has a nonzero projec-
tion along the tilt vector, an optical valley polarization effect
appears in the absorption spectrum. This effect results in
a splitting of the interband transition peaks 0 — |n| and
—|n| — O that involve the chiral Landau level. One pair of
nodes starts absorbing light at a lower frequency than the other
pair, leading to a valley polarization. This phenomenon was
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FIG. 5. Frequency dependence of the Kerr angle 6 and real part
of the dielectric functions ¢, and ¢_ in the Faraday configuration,
where q, By, t |[z. The interband transitions contributing to the main
peaks are indicated. The 0 — 1 and —1 — O transitions are each
split into two as a consequence of valley polarization; the Weyl nodes
T contributing to each of the subpeaks are indicated. Parameters:
By=02T,n,=1x 10 m™3, vy =3 x 10° m/s, t = 0.5Z.

studied extensively in our previous work on the absorption
spectrum of a WSM [12]. Here we show that it is also possible
to probe it using the MOKE.

A plot of the Kerr angle versus frequency is shown in
Fig. 5 for the case where the vectors q, By, t are all parallel
to the z axis and so perpendicular to the mirror plane. The
incident wave is assumed linearly polarized in the x-y plane
with 6; = /4 and the Fermi level is in the chiral Landau
level. In this configuration only the dipolar transitions are
permitted. The allowed interband transitions are visible as a
succession of dips in the curve of the Kerr angle vs frequency
for @ > 4 x 10'? rad/s or peaks in the dielectric functions
Re [e+(w)]. The curve of Ox(w) shows a large peak around
o ~ 1 x 10'? rad/s, which coincides with the frequency w,
where Re[e4(w)] = 0. Figure 6 shows that this large peak
in Ok (w) is redshifted in frequency when the magnetic field
increases, which is also the behavior of the frequency w. (B).
A similar shift happens in a normal metal (see Appendix C).
In Appendix D we show that this large peak in g (w) comes
mostly from the pair of transitionsn = —1 - n=0and n =
0 — n = —1 and show that the frequency shift is inversely
proportional to the magnetic field By. We remark that 7y does
not enter in the calculation of the Kerr angle, i.e., in Eq. (60),
in this configuration.

Figure 5 shows that nodes related by time-reversal symme-
try (TRS), i.e., nodes 1 and 3 or 2 and 4, have different optical
gaps in the Faraday configuration. This causes a splitting of
the dips in Ok (w) or the peaks in Re[e4(w)] corresponding
to the transitions 0 — 1 and —1 — 0. (Note that we could
have chosen a different Faraday configuration leading to no
splitting.) The other interband peaks in Re[ei(w)], corre-
sponding to transitions between nonchiral Landau levels, are
not split. By contrast, when t - By = 0 for all nodes, transi-
tions 0 — 1 (or —1 — 0) are equivalent for all four nodes
and therefore, only a single dip or peak is present for each

0.7r b,
0.61 ?If —.— By=0.3T |
050 1
0.4F M 1
0.3f B ]
offl |
0.1 |

Ok (rad)

0.0f = Al [
S LN
—0.1} LS )

—0.2k A A A A A A
00 20 40 60 80 100 120 140

Frequency w (10%rad/s)

FIG. 6. Kerr angle as a function of frequency for different values
of the magnetic field B = Byz in the Faraday configuration. Parame-
ters: n, = 1 x 102 m=3, vy =3 x 10° m/s, t = 0.5Z.

transition 0 — 1 or —1 — 0. With a linearly polarized inci-
dent wave, both 0 — 1 and —1 — O transitions are excited.
For a circularly polarized light, either the 0 — 1 or —1 — 0
transition is excited. (More specifically, the transitions |n| —
[n| + 1 show up in ¢_ and the transitions |n| — |n| — 1 in
€4, as in graphene.) The valley polarization effect due to a
finite tilt, for transitions involving the chiral level, are thus
detectable in the Kerr rotation spectra.

Using Eq. (A23), the energy gap between two Landau lev-
els n, m # 0 of a tilted Weyl cone is independent of the node
index and increases with magnetic field. As we just showed,
the gap involving the chiral level behaves differently. If the
Fermi level is not at the neutrality point, it depends on the
node index and the splitting of the 0 — 1 (or —1 — 0) peak
decreases with increasing magnetic field as can be seen in
Fig. 6. This behavior is also present in the absorption spectrum
(see Fig. 9 of Ref. [12]). It follows that, in the quantum limit,
the valley polarization is present in the Kerr rotation angle in a
larger range of frequencies as the magnetic field is decreased.
The splitting can also be increased by increasing the tilt. It
would be interesting to measure these effects experimentally.

B. Voigt configuration

In the Voigt configuration, the magnetic field B = BoX
is perpendicular to the propagation vector q || Z and the tilt
vector t || Z and the polarization vector € lies in the x-y plane.
As Eq. (55) shows, in order to see a Kerr rotation in the Voigt
configuration, the polarization of the incident wave propa-
gating along the z direction must make an angle with the x
and y axis. We choose 6; = 7 /4 and Ej = E = E, for the
incoming electric field. Then, the reflected electric field is
given by

Ej(w) = L= Vo b o),

1 - XX
Ep(w) = Ven Ey(w), T NG

1+ /e
(62)

: _ 2
with &, = gy, + €], /€.
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FIG. 7. Kerr angle as a function of frequency for different mag-
netic fields in the Voigt configuration. The blueshift of the large
peak in 6k is related to the chiral anomaly. Parameters: n, = 1 x
10 m=3, 7y = 10 ps, vp =3 x 10° m/s, t = 0.5Z.

We first remark that if interband transitions are not in-
cluded in the calculation of the dielectric functions, then &, =
I and &y, = 0 so that &, = 1. It then follows from Eq. (62)
that E}é(w) = 0, and so tan (fx + 6;) = 0, giving Oy = —r /4.
There is no structure in the Kerr angle in this case. When both
intraband and interband transitions are included, the behavior
of the Kerr angle with frequency and magnetic field is shown
in Fig. 7. We notice that the Kerr angle in this configura-
tion is as big as in the Faraday configuration, in contrast
to a normal metal (where it is at least ten times smaller).
Moreover, its behavior is clearly different from that in the
Faraday configuration. The strong peak in the Kerr angle at
high frequency occurs when Re [¢,(w)] = 0, i.e., at the WSM
plasmon frequency w = w, given by Eq. (30), as can be seen
in Fig. 8. The peak is also present at zero tilt, and its frequency
increases as +/By. In an ordinary metal, the frequency of
the peak in the Kerr angle increases proportionally to Bf.
Moreover, in a metal, the negative peak in the Kerr angle

0.8 : : : : : : 25

0.6t 20
>
0.4f 15 &
. &
= 02p 110 =
= -
< 0.0 5 &
> a
, =
—0.2f 102
m

—0.4f -5

—0.6 —10

02 4 6 8 10 12 1
Frequency w (10'rad/s)

FIG. 8. Frequency dependence of the dielectric functions ¢,, and
&, and of the Kerr angle 0k for a magnetic field B = 0.3 T. Param-
eters: n, = 1 x 102 m=3, 7y = 10 ps, vp =3 x 10° m/s, t = 0.5Z.
The first four peaks in Re[e,,] come from the transitions: 0 —
1,-1-0,0—2,-2—0.

occurs at the plasmon frequency wp mew = +/ne?/meo, which
is independent of By. In contrast, in a WSM, the negative peak
occurs when Re[e,(w)] = 0 (see Fig. 8) and is redshifted
with magnetic field. In this figure the plasmon frequency is
below the interband absorption threshold. This is a common
circumstance, especially if we take into account the effect of
€5 Which reduces the plasmon frequency without changing
the optical gap for interband transitions.

The blueshift of the strong peak in the Kerr angle in a
WSM is consistent with the measurement by Levy et al. (see
Fig. 2(d) of Ref. [16]) of the blueshift of the reflectance edge
in the Weyl semimetal TaAs. As we pointed out in Sec. III, this
magnetoresistance effect is a signature of the chiral anomaly
in a WSM and, as Fig. 7 clearly shows, it is reflected in
the displacement of the peak in the Kerr angle. This peak
is caused mainly by the intraband contribution of the chiral
Landau level to the longitudinal conductivity oy, (i.e., oy).
Since it occurs at the plasmon frequency given in Eq. (30),
which is independent of 7 in the limit w,7o > 1, it is not
affected by the magnetic-field dependence of 7. We have
checked numerically that taking 7o o< 1/Bg or 79 o 1 /B% does
not change the position of this peak.

The peak disappears if the intraband part of oy, is set
to zero, but is almost unchanged if o, (i.e., o) is zero.
As discussed in Sec. III, the interband transitions produce a
redshift of the plasmon frequency. The shift of the Kerr angle
occurs in the THz range and should be measurable in optical
experiments. The blueshift of the strong peak in the Kerr angle
with magnetic field in the Voigt geometry contrasts with its
behavior in the Faraday configuration, where it is redshifted
with the magnetic field. The Voigt geometry is special because
the longitudinal dielectric function (e.g., &, when By||X) en-
ters the definition of the Kerr angle, while it does not in the
Faraday configuration.

Aside from the large maximum caused by intraband tran-
sitions, the Kerr angle displays additional smaller peaks
originating from interband transitions. The first four of these
peaks, also visible in Re [, (w)] (see Fig. 8), occur at the
transitions0 — 1; —1 — 0;0 — 2and —2 — 0. Because we
choose tLB [i.e., #; = 0 in Eq. (A23)], there is no splitting of
the 0 — 1 and —1 — 0 peaks and so no valley polarization in
the Kerr angle.

Figures 7 and 8 show some intriguing structure in the low-
frequency region. However, as this low-frequency behavior
will likely be strongly affected by details of the disorder, for
example the impact of the B dependence of the scattering time,
we will not discuss it further in this paper.

VI. SUMMARY AND DISCUSSION

We have shown that a sizable Kerr rotation is possible in a
simplified model of a Weyl semimetal in both the Faraday and
Voigt configurations. Inter-Landau level transitions appear as
dips or peaks in a plot of the Kerr angle vs frequency and can
be detected in this way. Moreover, a tilt of the Weyl cones
allows the detection of transitions beyond the dipolar ones. In
the particular Faraday configuration that we have chosen to
study, with a nonzero tilt of the Weyl cones in the direction of
the external magnetic field, the peaks in the Kerr angle that
represent interband transitions involving the chiral Landau
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level are split into subpeaks. This splitting, which we found
before in the absorption spectrum, is a manifestation of a full
valley polarization in a WSM [12] . A valley polarization is
thus also detectable via the magneto-optical Kerr effect.

We have also demonstrated the interest of measuring the
MOKE in the Voigt geometry. In this configuration, the Kerr
angle involves the longitudinal dielectric function & (w), un-
like in the Faraday configuration, since the electric field of
the wave has a nonzero projection on the external magnetic
field. The zero of the longitudinal dielectric function gives the
plasmon frequency w,. The chiral anomaly in a WSM leads
to an increase of w, with the external static magnetic, i.e.,
w,  +/By. In the Voigt geometry, a large peak in the Kerr
angle g occurs at @, and is consequently blueshifted by a
magnetic field. We argued that the /By shift of this peak is
the signature of the chiral anomaly in the MOKE, just like the
shift of the absorption edge recently reported in reflectance
measurements [16].

The exact size of the Kerr angle depends, of course, on the
dielectric constant £,,, which can be quite large in WSMs. We
have verified that using a larger value of £, in our calculation
(instead of o, = 1) does indeed reduce the amplitude of the
Kerr angle signal and redshifts the frequencies of the peaks
and dips. For ¢, = 30, the amplitude of the peak in 6 at B =
0.3 T in Fig. 7 is decreased from 0.65 to 0.41 rad and w, is
reduced to w, &~ 2.5 x 10" rad/s. If £« is very large, the peak
0k (wp) may be blurred by disorder. For the chiral anomaly to
be detected in the Kerr angle, the plasmon frequency must
satisfy the condition w,7o > 1.

We have chosen a total electronic density of n, =1 x
10%° m=3 for our calculation, as we did not have a particular
WSM in mind. At such a small density, the quantum limit
is reached at a very small value of By, i.e., 0.053 T. To be
certain that this choice does not affect the main conclusions
of our paper, and to get a quantum limit closer to recently
reported electronic density values [16,25,26], we have recal-
culated Fig. 7 for a much bigger total density of n, = 1 x
102> m~3 and a magnetic field of By = 7.83 T (the value of
By needed to obtain the same Fermi level as in Fig. 7 for By =
0.3 T). The qualitative aspects of the curve remain unchanged,
with almost the same amplitude for the peaks and dips, but
with the peak at 6k (w,) now shifted to ~32 x 10'? rad/s,
i.e., 21 meV. Thus, an increase in the carrier density
could compensate for the redshift created by a larger value
of £uo-

Although our calculations have been carried out for a toy
model, the main predictions derived from them are qualita-
tively applicable to real WSMs. For example, let us consider
TaAs, which displays two symmetry-inequivalent multiplets
of Weyl nodes (8 W1 nodes and 16 W2 nodes).

Two simple observations can be made at strong enough
magnetic fields, when the quantum limit is attained for both
W1 and W2 nodes. On the one hand, if By and q are both
parallel to the ¢ axis of the crystal (Faraday configuration),
one should see a peak splitting due to valley polarization in
the contribution from the W2 nodes to the Kerr angle. No
such splitting would be present in the contribution from the
W1 nodes, because these are not tilted along the ¢ axis [27].
The experimental distinction of the contributions from W1
and W2 nodes to the valley polarization is made possible by

their clearly different optical gaps (=25 meV in the case of
W1 nodes, and ~4 meV in the case of W2 nodes). On the
other hand, if By is along the ¢ axis of the crystal but q is
along the a or b axis (Voigt configuration), a peak in the Kerr
angle will emulate the blueshift of the plasmon frequency as
a function of By. Both W1 and W2 nodes contribute to this
blueshift.

The analysis becomes more complicated at weaker mag-
netic fields, where quantum limit is attained for the W2 nodes
but not for the W1 nodes. In this regime, interband transitions
between nonchiral Landau levels of the W1 nodes will result
in additional low-frequency features in the absorption spec-
trum and in the Kerr angle, which could make it more difficult
to resolve the valley polarization signal coming from the W2
nodes. Also, the contribution from the nonchiral Landau levels
of the W1 nodes to the plasmon frequency will not in general
scale as +/B (depending on the distance in energy between the
Fermi level and the bottom of each nonchiral Landau level).
At the same time, the chiral Landau levels of both W1 and
W2 nodes will still make a contribution to w, that scales
as VB.

In our theory we have neglected nonlinear terms that are
present in the energy dispersion of real WSMs at zero mag-
netic field. The impact of those terms in our main results,
unimportant if the Fermi level is close to the Weyl nodes, is
twofold. First, nonlinear terms in the energy dispersion give
rise to a valley polarization, much like the tilt of the Weyl
cones does [12]. As such, nonlinear terms produce features in
the Kerr angle that are associated with the valley polarization,
even in the absence of a tilt. Second, nonlinear terms in the
energy dispersion can change the magnetic field dependence
of the plasmon frequency. For example, if the chemical po-
tential is near the bottom of the band that connects two chiral
Landau levels in a real WSM, then a calculation that assumes
a parabolic dispersion gives a plasmon frequency that is in-
dependent of the magnetic field. When the chemical potential
increases and reaches the linear regime of the electronic dis-
persion, the plasmon frequency becomes a function of the
magnetic field as in our model of the WSM. The latter is the
regime of interest for us.

In real WSMs, the Fermi velocity near a Weyl node
is anisotropic. Yet, this anisotropy can be incorporated in
our isotropic model by an appropriate scaling of variables:
ve(pr + eA)c)O—)ﬁc~ + v(py + eAy)U_X +v(p. + eAz)Gz~+ vpt -
P ? vF(ﬁx + eAx)Ux + UF(ﬁy + eAy)Uy + UF(ﬁz + eAZ)GZ +
vrt - P, where v; = vpa; (for i = x, y, z) are the anisotropic
Fermi velocities, p; = «;p; are the rescaled momenta,
f; = t;/a; is the rescaled tilt, and A; = a;A; is the rescaled
vector potential. Independently rescaling the Hamiltonians
for each node, all steps of our calculation can be essentially
repeated. Based on this, we expect that the valley polarization
and the blueshift of the plasmon frequency are robust
to Fermi velocity anisotropies, at least qualitatively. A
precise quantitative study is beyond the scope of the present
work.

Finally, real WSMs host Fermi arc surface states. The
contribution from those Fermi arcs to the magneto-optical re-
sponse, neglected in our theory, should not significantly affect
our main predictions, as the penetration depth of the elec-
tromagnetic waves in weakly doped bulk WSMs can largely
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exceed the localization length of the surface states at the Fermi
level.
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APPENDIX A: EIGENSTATES OF TILTED WEYL CONES

A transverse static magnetic field B = ByZ is added via the
Peierls substitution p — P = p 4 eA, with the vector poten-
tial A = (0, Bx, 0) (e > 0 for an electron) taken in the Landau
gauge. The Hamiltonian 4, (p) for node 1 becomes

() = 1" (P) + Wi (P), (AD)
with
HO®) = vy ( N i » P"__PEP"), (A2)
the Hamiltonian in the absence of a tilt, and with
Wl(P>=vF(t’P ’ ) (A3)
0O t-P

the perturbation due to the tilt.
The Hamiltonian h(lo)(p) is easily diagonalized by defining
the ladder operators

£
a=—=—(P:—iPy),

A4
N7 Ay

¢ .
aT = E(Px + le). (AS)

The energy spectrum of h(lo)(p) consists of both positive and
negative energy Landau levels. We classify them with the
indices n, s where n =0, 1,2,3,... is always positive and
s = +1 (—1) is a band index for the positive (negative) energy
levels. For node 1:

El,O(pz) = —VUfrpz (A6)
2
E\ n20,5(p;) = SuF 2(—271 + p?, (A7)

with the corresponding eigenstates

1 (Ml,n,s(pz)hn—l,X (x,y)
\/rz vl,n,s(pz)hn,X(xv y)

In these equations, £ = /ii/eB is the magnetic length and
the wave functions %, x(x,y) are the eigenstates of a two-
dimensional electron gas in a transverse magnetic field in the
Landau gauge:

W1,n,s,X (pza I') -

)apﬂ/”. (A8)

—iXy/0?

@n(x — X)e , (A9)

1
T x (6, y) = ——
x(x,y) L

with ¢,(x) the eigenstates of the one-dimensional harmonic
oscillator and n and X the Landau level and guiding-center
indices respectively.

The coefficients u s, p. , V1,n,5,p,» Which are independent of
X, are given for n # 0 by

_ _ _VEP:
(ul,n,s(pz)) _ 1 ls\/ 1 Ejs(p2)

Ul,n,s(pz) \/E 14+ EUF—I();) ’
1,n,s(Pz

(A10)

and obey the normalization condition |M1,n,s(pz)|2+
|v1,n,s(pz)|2 = 1. For the chiral Landau level n =0, the

eigenstate is simply
<u1,o(17z)) B <0>
v1,0(pz) 1

and there is no band index in this case. The eigenenergies are
independent of X so that each level (n, s, p,) has a degeneracy
given by N, = S/2m¢*> with S = L,L, the area of the electron
gas in the x-y plane (L, is its extension in the z direction).

We must now obtain the energies and eigenvectors for tilted
cones. Although an analytical solution exists [9], it is more
convenient to use a numerical approach to the eigenvalue
problem since we can then study the system for arbitrary ori-
entations of the magnetic field and tilt vector or consider more
complex Hamiltonians with, for example, nonlinear terms in
the energy spectrum [13].

We write the many-body Hamiltonian for the four-node
model as

(A11)

H= Z / driyr] ()he ()Y (r) (A12)

and expand the fermionic field operators . (r) onto the
{wr.s.x(p;, 1)} basis (we leave as implicit the fact that t
depends on the node index t)

I//r (I') = Z wr,n,.v,X(pm r)cr,n,x,X,pz,

nX,p;

(A13)

where ¢; . 5.x,p. is the annihilation operator for an electron in
the we , ¢ x . (r) state. The many-body Hamiltonian can be
written as

H= Z [Ezns(p:) + UFtzpz]c;ms,x’pzCr,n,s,X,pr
T,1,5,p;
hUF
4+

T,n,n',s,s',p;

¥
W‘L’,n,s,n’.s’(pz )C Con s X, p.+
7,n,8,X,p. Pz

(Al14)
The matrix elements W, ,, s ,» ¢ (p;) are defined by
We s (p2) = f d*rwl,  (p..1)
x(t—a" + te@)wew ox(p.,x),  (Al5)
with the definition
ty =t kify. (Al16)

Their calculation gives
Wt,n,s,n’,s’(pz) = _it+ut,n,s(pz)ur,n+l,s’(pz)\/ﬁ(sn’,nJrl
_it+U;n’s(pz)Ur,n+l,s’ (pz) vn+ lsn’,nJrl
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+it—“j,n,s(Pz)ur,n—l,s’ (Pz)v n— 18;1’,;1—1

+it_ v;k,n,s(ljz)vt,n— 1,s' (Pz)\/zan/,n—l .
(A17)

The linear dispersion being valid only in a small region around
each Weyl node, an appropriate high-energy cutoff must be
applied to the summation over p,. That cutoff is assumed to
be small compared to the internodal separation in momentum
space.

We define the superindices I = n, s and J = #/, s in order
to write the Hamiltonian  in the matrix form:

M= cj(t.X. p)F(r.p)es(t.X. p.).  (Al8)
©.X,p, 1.J
where cy(t, X, py) stands for the vector

(CT.I,X,pZ,CT.Z,X,p:,s C‘L’,3,X,pz,a B Cr,N,X,pZ,), where N is the
number of Landau levels n, s kept in the calculation and
Fp j(z, p;) is the N x N matrix given by

Fry(t, p) = [Ev1(p) + vrtp 181 + Wers(p2),  (A19)

which is independent of the guiding-center index X .
The matrix F is Hermitian and so can be diagonalized by a
unitary transformation

F = UDU", (A20)

where U is the matrix of the eigenvectors of F' and D the

diagonal matrix of its eigenvalues E;(t, p,), which are the

energy of the Landau levels in the presence of the tilt.
Defining new operators d,(t, X, p,) by

di(t. X, p) =Y _(UNses(t. X, po), (A21)
J
we get the final result
H= D Y Ewp)d (@ X p)di(r.X.po).  (A22)

©X,p: 1

We also consider the case where the magnetic field is in the X
direction. The analysis proceeds in a similar way.

The analytical results [9] for the energy levels of the tilted
cone v = | are

Vr
Ep—o0.p, = vrt|p| — 719”,

2
2R nvz
vl

1
Eu20.p, = VPt p) + s; vﬁpﬁ + (A23)
“~ ~ ~n 172
where py =p-B,fy=t-B,andy =(1 - [t xB[") .

APPENDIX B: CURRENT OPERATOR

The single-particle current operator for node 7 is defined
by

~ 9h(p)

B1)
3Aext A,

= —evr (0 + toy),
ext—0

Jr =

where Ay is the vector potential of an external electromag-
netic field. The total many-body current for this node is given

J, = / &y ()b (1)

— E E T
= —evfr AI,J(":’pz)CT,I,X,I,:CT,J,X’,IJZ

.p.. X 1,J

= —evp Y Y Yp(z, p)d (v, X, p)d; (v, X, p.),
o.p., X 1,J
(B2)

with the matrix elements defined by

Az, p) = \/.dSijJ!X,pZ(I‘)(G + to’O)wt,J,X,pz(r) (B3)

and the definition

Y =U'AU. (B4)
The matrix elements
An,s,n’,s’ = ut,n,s(pz)vr,nfl,s’(pz)an’,nfl6(\— 137)
+U:,n.s(pz)ut,n+1,s’ (D) nt1 x+ 6’\)
+ut,n,s(pz)ur,n,s’(pz)(sn’,n’z\
_U‘t,n.s (pz)v‘f,n,s/ (pz)gn’,n/z\_‘_ t811,n’8s,s’~ (BS)

APPENDIX C: MOKE IN A NORMAL METAL

For comparison with the Kerr rotation in a WSM, we give
a short review of the Kerr effect in a normal three-dimensional
metal in a transverse magnetic field. We consider a system in
which the half-space z < 0 (region 1) is occupied by a non-
conducting medium with relative dielectric constant &, = 1
and the half-space z > 0 (region 2) is occupied by the normal
metal. We use the results of Sec. IV, but with the relative
dielectric tensor €~ of a normal metal.

1. Longitudinal propagation (q || B, |l Z)

For a magnetic field B = Bz, the (relative) dielectric ten-
sor for a normal metal in the Drude model has the same
symmetry as ‘¢ in Eq. (40). The components are given by

2 i
gm_eyy_l_ﬁ( w) - @
w + < w;
fr = — < o (C2)
Xy — yx — w (a) L) wz?
wlz, 1
Szz—l_;w_l_L, (C3)

where t,, is the transport relaxation time, w, = eBy/m is the
cyclotron frequency, and w, = y/ne?/eom, with g, the free
space permittivity and m the effective mass of the electrons.
The dispersion relation of Eq. (42) for the two circularly
polarized electromagnetic waves in a normal metal becomes

gi(w) = %/a (C4)
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FIG. 9. Kerr angle in the Faraday configuration (left y axis) and
dielectric function Re[e (w)] (right y axis) as a function of frequency
for an external magnetic field By = 0.2, 0.3, 0.4 and an electronic
density n, = 0.25 x 10* m—3.

with

(@) =1 2 ! (C5)
er(w) =6y Figy=1— | ——|.
* Ty o \owtow. + -+

Tm

In the pure limit (t,, - 00), the zeros of ¢4 are given by
(keeping only positive frequencies)

Fo. + /of + 4o
= . (C6)

w4+ = B

We remark that Eq. (C5) remains valid in the quantum case,
when the kinetic energy is quantized into Landau levels.

For an incident wave linearly polarized at 6; = 7 /4 from
the x axis with amplitude Ej, the reflection coefficients are
given by Eqgs. (45a) and (45b), the Kerr angle is obtained from
Eq. (60) and the phases 63 and Qlye are defined in Eq. (56).

Figure 9 shows the Kerr angle 6 (left y axis) calculated
from Eq. (58) (black line) for the same magnetic fields By =
0.2,0.3,0.4 T used in Fig. 7 and the same electronic density
(equivalent to the density of one node) n, = 0.25 x 10 m—3.
The relaxation time is taken to be 7, = 10 ps. As in a WSM,
the big peak in the Kerr angle occurs near the zero of the
dielectric function Re [¢1(w)] (right y axis), i.e., at w,, and
is shifted to lower frequencies with increasing magnetic field.
There is no particular feature of the Kerr angle at the cyclotron
frequency w, = eBy/m, which is w. = 0.035 x 10'? rad/s for
B =0.2 T. The density that we use in these calculations is
much smaller than that in a normal metal. Our goal is to
compare the predictions of the Drude model with that of the
WSM, where our numerical calculation uses that particular
density.

Figure 10 shows what happens if we increase the density
to n, = 0.25 x 10%2 m=3. There is more structure in the Kerr
angle, but the maximum still occurs at Re[e; (w4 )] =0, i.e.,
at a frequency 10 times bigger, and is again redshifted in
frequency by an increasing magnetic field. The shoulder on

0.60 1.0

0.5
0.40
5 e
£ 0.0 o
X ()
@ o
0.20
-0.5
0'00\\\\|\\\\|\\\\|\\\l\\\\l\\\\l\\\ 1.0

0 05 1 15 2 25 3 35 4
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FIG. 10. Kerr angle in the Faraday configuration (left y axis) and
dielectric function Re[e (w)] (right y axis) as a function of frequency
for an external magnetic field By = 2, 3, 4 and an electronic density
n, = 0.25 x 102 m—3.

the left occurs at the smallest of the two zeros of Re[e_(w)].
At a density of n, = 1 x 10* m~3, typical of a real metal and
keeping 7,, = 10 ps with By = 10 T, the Kerr angle is almost
constant at O = 0.1 mrad. It peaks at Re[e (wy)] =0, i.e.,
at w, = 18.9 x 10" rad/s where it reaches 3.5 mrad. The
frequency w is then given by Eq. (C6), with w7, < w,Ty
and w; = w,. The Kerr angle decreases with decreasing value
of 7,,.

2. Transverse propagation (q L B[ %)

With B = ByX, the dielectric tensor for a normal metal has
the symmetry of &~ in Eq. (49), except that &yy = &,; and

wﬁ 1
by =1— ——r, (C7)
© (o+ )
2 i
W o+ —
_ T L
Eyy = €z =1 o (a)—i—L)z—a)z’ (CY)
Tm ¢
2 .
w 1,
p (s
Eyp = —Epy = —— —————. C9
¥z 2y w(a)+i)2—a)2 (C9)
T ¢

Maxwell equations for this Voigt configuration give two
solutions with the polarization parallel or perpendicular to the
magnetic field and dispersion

w
q| = ;\/ Exxs (C10)
1)
g1 = ?\/8_1) ) (C1D
where the Voigt dielectric constant is defined by
£
&y =&y + —. (C12)
&z
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FIG. 11. Kerr angle 6 in the Voigt configuration as a func-
tion of frequency for By = 0.2, 0.3, 0.4 T. Parameters: n, = 0.25 x
10 m~3 and 7,, = 10 ps.

In this configuration there is an induced field in the direction
of propagation, which is given by
Ezy

E, = ——E,.

SZZ

(C13)

To see any variations of the Kerr angle, the incident wave
has to be polarized at an angle with respect to the x and y axis.
The reflected electric field components are then obtained from
Eq. (55), while the Kerr angle is obtained from Eq. (61). In
our calculation, we assume that the incident wave is linearly
polarized at an angle 6; = 7 /4 with respect to the x axis, so
that Ej(w) = Eg (w). The dielectric function Re [e,,(w)] = 0
at w = w, = \/ne*/mey.

Figure 11 shows the Kerr angle 6 in the Voigt config-
uration for three different values of the magnetic field, i.e.,
By =0.2,0.3,0.4 T, the same values as in Fig. 7 for the
WSM. The carrier density is 7, = 0.25 x 10? m~ and the
relaxation time is t,, = 10 ps. The Kerr angle is an order of
magnitude smaller than in the Faraday configuration. Its min-
imum occurs near the plasmon frequency while, in a WSM
(see Fig. 7), it is the maximum of the Kerr angle that occurs at
that frequency. Because the plasmon frequency is independent
of By in a metal, the frequency at which the minimum in
0k occurs is also independent of By. The minimum in 6
increases negatively with By. We find numerically that the
frequency at which the Kerr angle is maximal 6 max B3
while Ok max ¢ +/Bo in @ WSM. In contrast with a WSM, this
maximum does not seem to be associated with any feature in
£y OF Exy.

APPENDIX D: MAGNETIC-FIELD DEPENDENCE
OF THE PEAK IN e, (w)

In this Appendix we derive the magnetic-field dependence
of the low-energy peak in the Kerr angle shown in Figs. 5
and 6. This peak occurs at a frequency wy given by the condi-

tion Re [e4 (wf)] =0, i.e., at

gows =0, — 0, (D1)

for a magnetic field pointing in the z direction. To simplify
the calculation we assume zero tilt. In this case, only o, is
nonzero for the intraband transitions and they then do not
contribute to wy. In terms of the current response function,
Eq. (D1) becomes

007 = xr(@p) — x5, (0) + x5 (@) (D2)

We assume that the main contributions to y;; come from
the transitionn = —1ton = 0 and n = 0 to n = 1. For theses
transitions and for node 1

hv hv
Ei(p) — Eo(p) = TFpe + TF\/z + P (D3)
and

hv hv
Eo(p) —E_i(p) = —TFpe + TF\/z + 2. (D4)

The matrix elements of the current operator in x;; are given
by

1
TP (p) = : (D5)
o 10 L+ Lpe — 2+ pPe2y
with the relation
T oY () = i (=p) YTy (=p).  (DO)

Since fiwy < Ei(p) — Eo(p), Eo(p) — E_1(p), we can ex-
pand the denominator in the current response to get

X (@5) = X1(0) = (0,1 + €_1 0)F. (D7)
Xey(@p) = (Bo.1 + B-1.0)wy- (D8)
The frequency
w; = ﬂO,l + :371,0 ) (D9)
g0 — (oto,1 +@—1,0)
The coefficients in Eq. (D9) are given by
2e2 1 [T N = ) — foy)
Bio = —2—/ dy Y )T —fl > zo > 2
4m2h € J_o T E1() — Eo(y)]
er 1 [prt 1
= —= d (D10)
477h ¢ f_w Y 242

and

_ 281 e ) ) JoO)—f-1(y)
Bo,—1 _MZ/,OO dyT_l,o(y)To’_l(y)m

e 1 /—Pﬂ 1
=——- dy . (D11)
47T2h£ —00 yz_y/y2+2+2
They combine to give
pr
1= D12
Bi.o + Po.—1 ypre (D12)

where pr is the Fermi momentum and E,(y) are the single-
particle energies expressed in units of 7ivg /€.
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For the coefficients «, the definitions are
2¢? +oo . x S10) = fo(y)
g = —o— / dyT§ O ) ==
dmhvr J_oo [E1(y) — EoY)]
_ 2¢?

prt 1
= dy
A2 g /;OO 1+ %(y +242)?

1
X——— (D13)
(=y+v2+y?)
and
282 too X X — ( )_ ( )
0= gz [ 000 o)LL
4m*hvp J_oo ' T EL(O)—Eo()]
262 /‘_”Fe 1
Avr Jooo T4 30+ /2457
1
— (D14)
O =v2+y?)
They combine to give
2
e
a0 +ao,—1 = —W(PFE +v2+(prt)?). (D15)
F

Within the small-frequency approximation, the expression
for the frequency w; is now, summing the contribution of the
four nodes:

4e’pr
47T2ﬁ80

[1+ g~ (prt + V2 + (pr0)?)]

The density of states for the chiral level of one node is
gn=0(E) = m, so that the Fermi momentum is given by
n, = gu—o(E)hvp pr, where n, is the density in node 1. Thus
pré = 4720%n,. Withn, = 0.25 x 10 m—3 and B, = 0.2 T,
i.e., prf = 0.19 « 2 and we can further approximate

(D16)

Wy =

1 4en,

@ (1 + 4ﬁag) goBo’
where o, = &2 /Amhegur is the effective fine-structure con-
stant for the WSM. The frequency shift of the large peak in
the Faraday configuration is thus inversely proportional to the
magnetic field. We have checked that Eq. (D16) is in good
agreement with the numerical value of Re [ (wf)] = 0. As
an example, for By = 0.2 T, we find w; ~ 1.06 x 1012 rad/s
from Eq. (D16) which is indeed close to the numerical value
0.98 x 10'? rad/s.

(D17)
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