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Helicons are transverse electromagnetic waves propagating in three-dimensional (3D) electron systems subject
to a static magnetic field. We present a theory of helicons propagating through a 3D Weyl semimetal. Our approach
relies on the evaluation of the optical conductivity tensor from semiclassical Boltzmann transport theory, with
the inclusion of certain Berry curvature corrections that have been neglected in the earlier literature (such as the
one due to the orbital magnetic moment). We demonstrate that the axion term characterizing the electromagnetic
response of Weyl semimetals dramatically alters the helicon dispersion with respect to that in nontopological
metals. We also discuss axion-related anomalies that appear in the plasmon dispersion relation.
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Introduction. After lightning strikes, very low-frequency
transverse electromagnetic waves called “whistlers” [1] prop-
agate in the ionosphere, from one hemisphere to the other,
along the Earth’s magnetic field lines. Interestingly, whistlers
have a solid-state analog, which is usually called “helicons”
[2-6]. These transverse electromagnetic waves propagate in
three-dimensional (3D) uncompensated metals subject to a
uniform static magnetic field B = BZ. Helicons ultimately
stem from the existence of the cyclotron resonance [6], a
single-particle excitation of the 3D electron system occurring
at the cyclotron frequency w. = e B/(mc), where m (—e) is the
electron mass (charge) and c is the speed of light in vacuum.
In ordinary metals, helicons propagating along the magnetic
field direction with a wave vector ¢ = ¢gZ have the following
free-particle-like dispersion relation [6],

hq?
Qu(g) = pTo < e, (D

where mp, = hw} /(2w.c*) o< 1/B is the helicon effective mass

and @} = 47nee’/m the usual 3D plasmon frequency [7,8].
Helicons are relatively useless as a probe of many-body effects
in the metallic medium but are interesting since they can
hybridize with sound waves or display interesting damping
behaviors when the magnetic field direction is tilted from their
propagation direction [6].

In this Rapid Communication we demonstrate that the
helicon dispersion in Weyl semimetals (WSMs) [9-13] is
greatly altered with respect to the textbook result (1). In
particular, we show that helicon propagation in WSMs carries
precious information on the spacelike (b) and timelike (bg)
components of the axion angle. We also highlight axion
anomalies in the plasmon sector.

Maxwell equations in WSMs. WSMs are recently discov-
ered [14-19] 3D topological metals displaying an intriguing
electromagnetic response and Fermi-arc surface states. For the
sake of simplicity, we here consider the Hamiltonian of a WSM
with rwo nodes only [10]:

H = hvpt o - (—iV + 1°b) + ht’by. 2)
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Here, vp is the Dirac-Weyl velocity, t° describes the node
degree of freedom with chirality 1, and the 3D vector of
Pauli matrices o = (6*,07,0%)T describes conduction- and
valence-band degrees of freedom. The two Weyl nodes are
located at b and shifted by 2/bg in energy. Our results below
can be easily generalized to the case of more than two Weyl
nodes. Furthermore, in the present work we study helicons
(and plasmons) in bulk Weyl semimetals, while the interplay
between finite-thickness effects in a slab geometry (such as
Fermi arcs) and electromagnetic wave propagation will be the
scope of future works.

It has been demonstrated [20] that the terms proportional
to by and b = (b,,b,,b,)" in Eq. (2) can be gauged away.
After this transformation, the Hamiltonian reduces to ‘H =
—ihvptto - V. Because of the chiral anomaly [21], however,
the aforementioned gauge transformation generates an addi-
tional term in the Lagrangian L., that describes the coupling
between light and 3D WSMs [20],

1
Lem = g(Ez—Bz)—p¢+J~A+£e, A3)
where

Lo=——0(r1)E B )
0= T 4n2 i ‘

Here, o = ¢?/(hc) ~ 1/137 is the usual QED fine-structure
constant and 6(r,t) = 2(b - r — bot) is the so-called axion
angle. The additional axion term £y changes two of the four
Maxwell equations, i.e. [22],

V. E=dn(p+-2b.-B )
2m2
and
VOF o= (7_ “bxE+ * 1B
- —— =—\J-—c — .
c ot c 272 2720

(6)

Faraday’slaw, V x E = —c~'3B/dt, and the equation stating
the absence of free magnetic poles, V - B = (, are unchanged.
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Eliminating B, we obtain the following modified wave
equation in a WSM:

1 °E —Vx(VXE)
e
47 9 2 0E
:_”_J__abx_——bonE @)
¢ 9t mc ot e

As usual, we now need an expression that relates the current J
to the electric field E, which we proceed to derive by utilizing
a semiclassical approach.

Semiclassical Boltzmann transport theory in WSMs. In the
linear response regime [6—8], the Fourier components J(q,w)
of the induced current density are linearly dependent on the
total electric field (i.e., the sum of the external field and the
Hartree contribution), i.e., J,,(q,w) = Zn Gmn(q,0)E,(q,0),
where 6,,,(q,w) is the optical conductivity tensor and the
indices m,n run over the Cartesian coordinates x, y, and z. We
will work in the local approximation [6], which is justified in
the limitg < RS ! where R, = vp/w, is the cyclotron radius,
with w, = eB/(m.c) the cyclotron frequency, m. = eF/v%
the WSM cyclotron mass, and er the Fermi energy. We
therefore have &mn (q’w) ~ 6mn(oa a)) = 6111n0b(a)) + Omn ((,()),
where op(w) = —i(€p — 1)w/(47) is the bound-charge contri-
bution, while o,,,(w) represents the free-charge contribution
[23]. The latter quantity can be calculated by utilizing a
semiclassical Boltzmann transport approach, which is justified
when w,w. < er/h. Also, we focus on the collisionless
wt > 1 regime, where T = min(Tinga, Tinter) 1S the shortest be-
tween intranode Tiy, (€.2., due to momentum-non-conserving
collisions) and internode Tjy, scattering times.

Our interest in this work in on doped Weyl semimetals
(kgT < ep, where T is temperature). The situation for kg T >
er (neutral Weyl semimetals) is much more complicated as one
needs to include finite temperature effects (thermally excited
carriers) and disorder.

For a given chirality g = £ of a single Weyl node, the
semiclassical Boltzmann equation (SBE) reads as follows
[24,25]:

Afy
Jt

Here, f; is the electron distribution function. In the presence
of a static magnetic field B and a time varying electric field
E, the semiclassical equations of motion are [26]

P x R(p) ©))

+pg pfg +’;g'vrfg:0~ (8)

F= vg(p) -
and

p= hE hcr X B. (10)
The first term on the right-hand side of Eq. (9) is v,(p) =
l='V ,e,(p), defined in terms of an effective band dispersion
g4(p). In topological metals such as WSMs, this quantity
acquires a term due to the intrinsic orbital moment [26],
i.e., g,(p) = eo(p) —my(p) - B, where go(p) = hvpp with
p = |p| is the ordinary conduction-band energy while m,(p)
is the orbital moment [26], i.e., mg(p) = yeeo(p)R,(p)/(hc).
Here, y is a dimensionless control parameter and ,(p) =
—gp/(2p?) is the WSM Berry curvature [26]. The parameter
y takes two values: y = 1is what one should use, while y =0
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is what one should use to artificially discard the impact of the
orbital magnetic moment.

Using Eqgs. (9) and (10) and carrying out straightforward
algebraic manipulations, we find

F=7ig+7g, (11)
where
Fp= Dg‘<p>[vg<p> +—2(p)- vg<p>B} (12)
and
i = D' (p)2 E X 2(p). (13)
Here, Dy(p) =[1 + e, - B/(hc)] and the group velocity

v.(p) is given by

2
vg(p)=vnif[1+yh—i9g(p)-3} V e 20 «(P)B, (14)

with p = p/p and Q.(p) = |R,(p)|. Similarly, we find
P =Ppp+ppwith pg = _Dg_l(P)evg(P) x B/cand pp =
—D; (p)IeE + e(E - B)R,(p)/(fic)].

Let us start by setting E = 0 while keeping B = BZ finite.
In this case, the SBE (8) is solved by

1

_ 15
exp[ 2(1’) sF]+1 (15)

£0p) =

when in the collision integral Z, we take feq = f(p).
We now want to solve the SBE up to first order in the
amplitude of a homogeneous time-dependent electric field,
E = E(w)e . To this end, it is useful [27] to exploit the
symmetry of system by using cylindrical coordinates: p =

[/ p* — p?cos(p).\/p* — p?sin(e), p:]

of the SBE of the form
fo(p.t) = fOp) + 8f,(p.1), (16)

T .
. We seek a solution

where 6f,(p,t) is linear in E and is parametrized as follow,

9r O

£ (X_e + X, e+ Xp)e @, (17)
Oeg

‘ng(P’t) = -

with X4 0= X1 o(p,p;). The linearization of the SBE (8)
is greatly simplified by the observation that p, and p are
constants of the motion in the limit £ — 0.

Inserting (16) and (17) in Eq. (8), we find

11— )/g%—B p?

1 — gZ;‘fw;:}B 2p

—prE, +iE,

X4+ = evpd
=0 i(w+w?)

18)

and

e B
Xo =-evpy(y — 1)8%?

+6 =

l_gzhCZBB p

’

[1 - veisB+Qy = D(5) %] p. | £
iw

19)
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with
I —yen

»
1—g2L"—3B'

w; = wy(p,p:) = wc (20)

In writing Egs. (18) and (19) we have introduced another
dimensionless control parameter, §. This takes two values:
6 = 1 is what one should use, while § = 0 is what one should
use to artificially discard the anisotropy in the distribution
function.

The distribution function determines the total current
carried by electrons at each Weyl node:

d*p .
= —e[ ng(p)rfg. 21)

The factor Dy(p) ensures that the number of states in the
volume element remains constant in time [26]. For the
sake of convenience, we decompose the current density per
node in the sum of three terms: J, = J(O + J(0 +4J,,
where Jg)i\ = —eQ2m)? fd3ng(p)r,\f;0) with A = E,B
and 8J, = —e(2m) 73 [d®pDy(p)F pdf,.

We first examine in detail the dependence of J ;,01\ on the
static magnetic field B. In the weak magnetic field limit, we

expand the distribution function f{* in powers of B, up to
second order:

9r©
FOleg@] =~ fP0leo(p)] — =% ymy(p) - B
8 8 oe
8 leo(p)
1 32f(0)
-—£ [ym,(p)- B’.  (22)
2 888 eo(p)
Taking the limit T « ep/ kg, we find
J(O) e3 UD B e E( ) —iwt (23)
=y— w)e
247r2h CEF
and
SO, = gk 24)
g4n2h2c

We see that J i,% is (a) independent of the chirality g of
the Weyl node, and therefore leads to a finite correction to
the ordinary Hall conductivity—see Eq. (29) below—and (b)
proportional to the dimensionless parameter y . Because of (b),
Eq. (23) originates from the orbital magnetic moment m,(p).
The term J ?B in Eq. (24) is proportional to the chirality g of
the Weyl node, and therefore has no effect on the total current
J =3, J; butyields a finite axial current Jox = 3, gJ,
in agreement with Refs. [28,29].

We then evaluate the quantity §.J, and obtain the optical
conductivity tensor oy,,(w). We first consider 8J, .. By
retaining all terms of second order in the ratio hw./u, we
find [30]

. D
Gzz(w) = l_czz’ (25)

Tw
where D =me’n./m. is the Drude  weight,
ne = 8; / B’ v% is the electron density,
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and

sz:8+

3R w? : 38 N y[2y(8 +5) + 118 — 25]
4el '

5 15
(26)

Equations (25) and (26) are the most important results of this
section. Setting § = y = 1, we obtain the desired result for the
longitudinal conductivity in the presence of a weak magnetic

field:
D hZ 2
o(w) = i—(l + = ) 27
T 5 gk

Because of the nontrivial dependence of w} on p in Eq. (20),
the calculation of § J¢ ,,8J,, at an arbitrary frequency w is not
straightforward. This calculation, however, notably simplifies
in the low-frequency w < w, limit, which is relevant for

helicons. In this limit and after setting y = 8§ = 1, we find

. Dw 1 hw?
Oxx = Oyy & _lJT_CL)g<1 20 81% ) (28)
and
D 3 hza)g
Oyy = =0y, X o <1 + 2 8% ) 29)

The remaining off-diagonal elements of the optical conduc-
tivity tensor, such as o,;, o,;, etc., vanish identically for
symmetry reasons, independently of the frequency w.

Helicons and plasmons in WSMs. Using the wave equation
(7) and the semiclassical result for the optical conductivity
tensor o,,,(w), we look for collective modes of doped WSMs
subject to a weak static magnetic field. To this aim, it is useful
to introduce the dielectric tensor

4rmi ac by
Etm = Bémeb + 7 Otm — Eémnﬁ bn - qn; (30)

and MKW: = cz(qzaém - qZQm) - a)2gim' In Eq (30), €pmn is
the 3D completely antisymmetric tensor and the latin indices
£, m, and n run over the Cartesian coordinates x, y, and z.
Finally, a sum over » is intended.

The zeros of the determinant of M correspond to the self-
sustained modes of a doped WSM. Following standard practice
[6], we focus on two special cases: (i) g parallel to the static
magnetic field B, i.e., ¢ = gZ, and (ii) ¢ orthogonal to B.
When g = ¢gZ, four collective modes appear: three gapped
modes, which are characterized by an energy of the order of
Fermi energy, and a gapless mode, the helicon. If the wave
vector ¢ is orthogonal to B, we find only the three gapped
modes, while the helicon solution is absent.

After straightforward algebraic manipulations, we find the
helicon dispersion relation in the long-wavelength limit,

2abgcq /T + c*q*

Q 0)= ,
h(g = 0) wy/®c + 20ch, /7

(€19}

where @} = 4mn.e’/me is the 3D plasma frequency in a
WSM. Equation (31) is the most important result of this
Rapid Communication. Note that Eq. (31) is independent of
the background dielectric constant €, [6]. Due to the timelike
component by of the axion angle, the helicon dispersion

201407-3
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relation in a WSM is linear in g rather than quadratic, the latter
functional dependence on g being the one occurring in ordinary
metals—see Eq. (1). Even for by = 0, the helicon frequency
differs from the textbook result (1), in that the effective
helicon mass my in a WSM depends on the component
of b along the direction of the static magnetic field B:
my = ﬁa)g/(2a)ccz) + ahb,/(wc).

Before concluding, we comment on the gapped collective
modes. For the sake of simplicity, we set B =0 in the
following analysis. In the long-wavelength limit, we find that
the three gapped modes €2, ,(g) with A = 1,2,3 are given by

Qp,l(q = 0) = w-,

Qpa(g =0) = wp/\/e_ba 32)
Qp3lg =0) = oy,

where w4 = \/(acb)z/(neb)z + a)g/eb +ach/(we,), with

b = |b|. Very interestingly, we find that, unlike in an ordinary
nontopological metal [6], the degeneracy of the three gapped
collective modes at g = 0 is lifted by the presence of the axion
term Ly in the electromagnetic response. This is due to the fact
that WSMs are optically gyrotropic media [33] with gyrotropy
parameter proportional to b = |b|. Since the energy of the
gapped collective modes is comparable to the Fermi energy,
an accurate description of these modes requires the inclusion
of the interband contribution U}’Z“e‘(a)) [34-36] to the optical
response, which has been neglected so far in our semiclassical

approach:

(33)

472
4et — M2w?

oacw
127‘[1)])

i) = [@(hw — 2ep) — le—log

Here, £ = x,y,z and A is an ultraviolet cutoff. Figure 1
shows the dispersion relations €2, ;(q) of the A= 1,2,3
gapped collective modes, as calculated by adding 0, (w) to
the intraband semiclassical contribution oy (@) = oyy(w) =
0,.(w), i.e., Eq. (27) evaluated at B =0 and for y =46 =
1. In Fig. 1(a) [Fig. 1(b)] the wave vector g is parallel
(orthogonal) to the spacelike component b of the axion angle.
The main effect of the interband contribution on the collective
modes is to redshift their gaps at ¢ = 0. This can be easily
explained by recognizing that, in the long-wavelength limit,
the interband contribution o7 (w) to the optical response
can be described, to a very good approximation, as a renor-
malization of the background dielectric constant, i.e., €, —
ep + aclog[|4A%/(4ek — hz(l);/éb)|]/(3ﬂ'v]}). In Fig. 1(a) we
find two transverse modes with a quadratic dispersion relation
and a dispersionless longitudinal mode. We note that in this
case there is no mixing of the two transverse modes with
the longitudinal mode, exactly as in an ordinary metal. What
is peculiar to WSMs is that when ¢ is tilted away from
b, the lowest-energy transverse mode hybridizes with the
longitudinal mode. This effect is maximal for ¢ orthogonal
to b, as in Fig. 1(b).

In summary, we have evaluated the optical conductivity
tensor of a 3D Weyl semimetal from semiclassical Boltz-
mann transport theory, with the inclusion of the orbital mo-
ment my(p) and anisotropic contributions to the distribution
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FIG. 1. Dispersion relations 7£2,,(¢) (in meV) of collective
gapped (“plasmon”) modes in doped Weyl semimetals as functions
of wave vector ¢, in units of kg = ¢g/(hvp). Such dispersions have
been obtained by (i) generalizing Eq. (32) to finite ¢ < kg and (ii)
including interband effects, as from Eq. (33). Dashed line: A = 1.
Solid line: A = 2. Dashed-dotted line: A = 3. (a) Results for g parallel
to b. (b) Results for g orthogonal to b. Results in this figure have
been obtained by setting &, = 5, e = 40 meV, vp = ¢/1000, by = 0,
b =(0.01,0.01,0.01)7/a, and A = hvpm/a with a = 3.5 A. This
choice of microscopic parameters is justified by recent experimental
results in NbAs and TaAs [15-17].

function. A general expression for the longitudinal conductiv-
ity is reported in Eq. (25). We have used the calculated optical
conductivity tensor together with the axion contribution (4) to
the standard electromagnetic Lagrangian to find the collective
modes of a 3D Weyl semimetal. We have demonstrated that the
axion term dramatically alters the helicon dispersion, Eq. (31),
with respect to that in nontopological metals, Eq. (1). Finally,
we have highlighted axion anomalies in the gapped sector of
collective excitations, Fig. 1, by taking into account interband
corrections to the semiclassical (intraband) optical response.
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