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Weyl semimetals are characterized by unconventional electromagnetic response. We present analytical
expressions for all components of the frequency- and wave-vector-dependent charge-spin linear-response tensor
of Weyl fermions. The spin-momentum locking of the Weyl Hamiltonian leads to a coupling between charge
and longitudinal spin fluctuations, while transverse spin fluctuations remain decoupled from the charge. A real
Weyl semimetal with multiple Weyl nodes can show this charge-spin coupling in equilibrium if its crystal
symmetry is sufficiently low. All Weyl semimetals are expected to show this coupling if they are driven into
a nonequilibrium stationary state with different occupations of Weyl nodes, for example, by exploiting the chiral
anomaly. Based on the response tensor, we investigate the low-energy collective excitations of interacting Weyl
fermions. For a local Hubbard interaction, the charge-spin coupling leads to a dramatic change of the zero-sound
dispersion: its velocity becomes independent of the interaction strength and the chemical potential and is given
solely by the Fermi velocity. In the presence of long-range Coulomb interactions, the coupling transforms the
plasmon modes into spin plasmons. For real Weyl semimetals with multiple Weyl nodes, the collective modes
are strongly affected by the presence of parallel static electric and magnetic fields, due to the chiral anomaly. In
particular, the zero-sound frequency at fixed momentum and the spin content of the spin plasmons go through
cusp singularities as the chemical potential of one of the Weyl cones is tuned through the Weyl node. We discuss

possible experiments that could provide smoking-gun evidence for Weyl physics.
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I. INTRODUCTION

Within the large field of topological condensed matter
physics, the study of Weyl semimetals (WSMs) [1-6] has
received a strong boost by the discovery of several candi-
date materials [7-24]. In WSMs, nondegenerate bands touch
at points in momentum space, called “Weyl nodes.” This
requires time-reversal or spatial inversion symmetry to be
broken since otherwise all bands would be spin degenerate.
In magnetic WSMs such as the candidates Mn3(Ge, Sn)
[13,18,20,21,25,26] and Co3Sn,S, [22,23,27] as well as
Na3Bi in a magnetic field [14] and (Gd, Nd)PtBi in a mag-
netic field [17,19,24], time-reversal symmetry (TRS) is bro-
ken. On the other hand, time-reversal-symmetric WSMs with
broken inversion symmetry have been realized in the family
(Ta, Nb)(As, P) [7-12,15,16].

In WSMs, Weyl nodes act as sources and sinks of Berry
curvature (of, say, the lower band), which is analogous to
a magnetic field in momentum space. The corresponding
magnetic monopole charge, or “chirality,” is given by the flux
of the Berry curvature over a Fermi surface enclosing the node
and is quantized to an integer value. Since the net monopole
charge summed over all Weyl nodes in the Brillouin zone must
be zero, Weyl nodes always appear in pairs of opposite chi-
rality [28-30]. Near each node, the band dispersion is linear
and the effective Hamiltonian has the form of the well-known
Weyl Hamiltonian [31,32]. The corresponding massless low-
energy quasiparticles, the Weyl fermions, exhibit a chiral
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or Adler-Bell-Jackiw anomaly [33-35], which means that,
in the presence of parallel electric and magnetic fields, the
number of fermions close to Weyl nodes of opposite chirality
is not conserved separately. WSMs show a plethora of exotic
optical and transport properties, some, but not all, of which
are caused by the chiral anomaly. Examples are an anomalous
Hall effect in WSMs with broken time-reversal symmetry
[36], a chiral magnetic effect, i.e., a dynamical current par-
allel to the magnetic field in WSMs with broken inversion
symmetry [5,37,38], and a negative magnetoresistance for the
magnetic field parallel to the electric field [39]. Moreover, the
chiral anomaly leads to the appearance of a term proportional
to E- B in the electromagnetic action, with a nonuniform
prefactor [40]. This term implies a magnetoelectric effect: an
applied electric field generates a magnetization, while an ap-
plied magnetic field generates an electric polarization [2,5,6].
The magnetoelectric effect is encoded in the coupled charge-
spin linear-response tensor, the frequency and wave-vector
dependence of which has not been calculated completely so
far.

In this paper, we investigate the response of Weyl fermions
to time- and space-dependent electric and magnetic perturba-
tions by calculating all components of the composite charge-
spin linear-response tensor for a single Weyl node in Sec. II.
Based on this, we investigate observable manifestations for
real Weyl semimetals with pairs of Weyl nodes with opposite
chirality in Sec. III. After briefly discussing the electromag-
netic response, we present a detailed study of the collective
excitations within the random phase approximation, exploring
in particular the impact of the coupling between density and
spin excitations. The chiral anomaly significantly affects the
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excitation modes, which can be probed by optical pump-probe
experiments. Finally, we summarize our results in Sec. IV.

II. LINEAR RESPONSE

We start from an effective Hamiltonian describing the low-
energy physics of Weyl fermions in the vicinity of a Weyl node
residing at Q in the Brillouin zone,

H = xvrk -0 — uy, (1)

where k is the momentum relative to the Weyl node, o is the
vector of Pauli matrices representing the electron spin, y =
41 denotes the chirality describing the relative orientation
of spin and momentum, and u, is the chirality-dependent
chemical potential. We set /i = 1 and assume isotropic Fermi
velocity vy. However, our results are qualitatively insensitive
to the anisotropy.

The first-order response to electromagnetic perturbations is
described by a 4 x 4 linear-response tensor, the components
of which are determined by correlation functions

| ,
Moo (q. i0n) = / dr " (Tra(q, 1)a’(=q, 0)),  (2)
0

where o, o’ € {p, o;} refer to the Fourier-transformed density
and spin operators defined as p(q) =), c:( +q.0Cko and
o1(q) = Zk“, ch,;a{l,{,ck,;/, respectively, in terms of the
fermionic annihilation (creation) operators cx (cfm). B =
1/kpT is the inverse temperature, iw, are Matsubara frequen-
cies, and 7; is the time-ordering directive in imaginary time.
All response functions can be written as sums of interband
(denoted by superscript —) and intraband (superscript +)
contributions: Iy =TI, + HL,. The retarded response
functions are obtained by analytic continuation iw,— w-+i8.

A. Separate charge and spin responses

The retarded charge response functions ITF (q, @) were
obtained by Lv and Zhang [41] (see also Ref. [42]). At zero
temperature they are given by

1 kK -k
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where K" = k + q, k = |k|, etc. For completeness, the explicit
form of the charge response tensor IT,,(q, w) is presented in
Appendix A. It only depends on the magnitude of the wave
vector q, as expected for the isotropic Hamiltonian (1). The
charge response is even in chirality.

The spin response tensors contain diagonal and off-
diagonal components in spin space. The diagonal terms

1 k ky + k k, — kik;
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where [, m, n refer to three orthogonal coordinate axes with
e1mn = +1, have recently been evaluated by Thakur et al. [43]

and Zhou and Chang [44]. These authors are mainly interested
in the current response, which is, however, closely related
to the spin response due to spin-momentum locking. On the
other hand, the off-diagonal components read as
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Evidently, the spin response depends on both the magnitude
and the direction of q. We consider q along the positive z
axis, without loss of generality. The response tensor for q
in other directions can then be obtained by simultaneously
rotating q as a vector and I17  as a second-rank tensor with
indices [, m. The diagonal terms have longitudinal ( Hiaz) and
transverse (T17 , = I1F ) components, which differ in the
orientation between the wave vector and the spin. The imag-
inary parts of the longitudinal and transverse diagonal spin
responses are related to the charge response by multiplicative
factors [43]. For the real parts, the situation is more com-
plicated since they contain the unphysical cutoff-dependent
term A2/6m?vp, where A is the ultraviolet cutoff for the
momentum sum [43—47]. This term arises from the presence
of the infinite sea of negative-energy states for the effective
Weyl Hamiltonian. The spin response function should be
regularized by taking the u = 0 ground state as the reference
system [43-45,48], which corresponds to subtracting the A
term from the spin response tensor. Details of the calculation
are given in Appendix B, where we also reproduce the explicit
results for the diagonal components [43].

Among the off-diagonal terms, only the transverse com-
ponents I1F . = —TIIF , differ from zero for q = gZ. Hence,
the transverse and longitudinal components of the spin re-
sponse decouple, which can be attributed to the rotational
invariance of the model about the wave vector q. By rewriting
the momentum sum in Eq. (5) as an integral and performing
the angular part, we obtain

Y
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The integrals can be evaluated explicitly. The results are given
in Appendix B. In the undoped case, the response function
becomes simple and purely imaginary:

qw
247202

e, (g2, w) =i @)
The usually considered off-diagonal response function I, ;-
with oy = o, & ioy is related to the calculated components by

Hmra, (fﬁ, 6()) =2 HUX(T) (Cli, CU) —2i lexav(qiv 6()), (8)

where symmetries have been used. Hence, the real part of
[1,,, isrelated to the imaginary part of I, 4 .

Note that the Hall conductivity is proportional to the off-
diagonal current-current correlation function, which can be
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FIG. 1. Charge and spin responses of an undoped (1 = 0) Weyl
cone: wave-vector and frequency dependence of (a) ReIl,,, (b)
ReIl,,,,, (c) Rell,,,, and (d) Im I, ,, for q = gZ. As discussed
in the text, Im I, ,, is related to the off-diagonal response function
ReIl,,,_, whereas Re I, vanishes in the undoped case. Here, the
ultraviolet cutoff is taken to be ve A = 50.

expressed in terms of the spin response by [43,49]

.0 0
Vp

ny((l, ) = Ho’xay (q, ®). )
In the static and uniform limit, the Hall conductivity is
known to be proportional to the separation of Weyl nodes
[40,46,50,51]. This relies on the observation that the Hall con-
ductivity contributed by two-dimensional slices of momentum
space jumps by a quantized amount when the slice passes a
Weyl node. There is a corresponding jump in the off-diagonal
transverse spin response, which is included in our results.
However, the absolute value of the Hall conductivity and
hence of the off-diagonal transverse spin response function
cannot be determined from a continuum field theory [51]
(see also Appendix B). Since the off-diagonal transverse spin
response is not central for this paper, we do not pursue this
issue here.

For illustration, the wave-vector and frequency depen-
dence of the charge and spin response functions is presented
in Fig. 1 for a single, undoped Weyl cone. The ultravio-
let cutoff is taken as vg A = 50 throughout the paper. For
a typical bandwidth of 1 eV, the corresponding frequency

scale is 20 meV and the wave-vector scale is 10° cm™! for
vr A~ 10° ms~L.

Figures 1(a)-1(c) depict the real parts of the charge and
diagonal spin response functions. The charge and longitudinal
spin response exhibits a logarithmic singularity at w = vrq
from the joint density of states. The singularity would be
broadened by deviations from linear dispersion. In the di-
agonal transverse spin response [Fig. 1(c)], the logarithmic
singularity is pushed to the first derivative by a vanishing
prefactor w® — v2q*. The origin of this suppression is that the
“on-shell” transverse response is prohibited by spin-
momentum locking. The imaginary parts are not plotted here
since they are simple rational functions of ¢ and @ multiplied
by the step function 6(w — vrq) [see Egs. (A2), (B7), and
(B8)].

Figure 1(d) shows the imaginary part of the off-diagonal
transverse spin response function s,0,, which, as noted
above, is related to the real part of the usual off-diagonal spin
response function I;,,_. Unlike the components plotted in
Figs. 1(a)-1(c), it is a real analytic function of ¢ and w and
does not show any singularity at the Weyl-fermion dispersion
@ = vrq. However, I, ;, being nonzero relies on the chirality
of the Weyl Hamiltonian.

B. Coupled charge-spin response

For free electrons in a periodic potential, the linear charge
and spin responses are decoupled. In real materials, their
coupling, i.e., a magnetoelectric effect [52], can be caused by
spin-orbit interaction or coupling to strain but is usually weak.
In WSMs, spin is locked to momentum, which leads to strong
correlations of spin and current and hence to a large magneto-
electric effect [2,5,6]. Consequently, the coupled charge-spin
response function I1,,, is large, as we show in the following.
Details of the calculation are relegated to Appendix C. We
find that only the longitudinal contribution, for which the spin
direction is parallel to the wave vector, is nonzero. Further-
more, it satisfies Il ,5 = Il,,,. The longitudinal contribution
can be decomposed into two parts, an intrinsic one which is
nonzero already in the undoped case and an extrinsic one that
only emerges upon doping.

For the intrinsic case, the Fermi level lies at the Weyl
node, and only interband transitions from the completely filled
valance band to the empty conduction band contribute. The
imaginary and real parts of the intrinsic charge-spin response
are given by

w

Im " (g2, w) = 0(w — vrq), 10
o (42, @) 24 vl (@ = vrq) (10)
. qw 4vz A?

Re Il Z, = , 11
po. (42 @) 24720} |vEg? — @? (b

where 6(x) is the Heaviside step function. In the presence
of doping, the charge-spin response depends only on the
magnitude of the chemical potential ©, due to the particle-
hole symmetry of the Weyl Hamiltonian. For electron doping
W = vpkp > 0, the imaginary and real parts of the extrinsic
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contribution read as

Im 17, (92, w) = ﬁ |:9(UFCI —w)(la(g, ®) — a(qg, —)]02u — vpg — ) + (g, ®)O2p — vpq + w)0(vrqg + w — 211))
F
2
+0(w — UFQ)(_O‘(_% —w)0 (2 + vrg — 0)0(vrg + © — 2u) — q? OQ2u — vrg — w))], (12)
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where we have defined

a(q, w) = 3 [(Z,u + a))3 — 3v12pq2(2u +w) + 2v13pq3]
12vpq
(14)
and
2 _
8(q.0) =1In ‘M , (15)
Vpq — @

The full response function in the doped case is of course
[, = I, + 7, . This response function satisfies

A a) A
po. (g2, ) = — I1,,(qZ, ®), (16)
Vrq

which relates it to the charge response.

The wave-vector and frequency dependence of the longi-
tudinal charge-spin response function I1,,, of a single Weyl
cone with x = +1 is presented in Fig. 2 for the undoped and
doped cases. In Fig. 3, we plot the same data for cuts at fixed
wave numbers. For the undoped case, when the valance band
is completely occupied and the conduction band is empty,
the imaginary part shows a step at w = vrg, indicating the
onset of interband particle-hole excitations (the finite slope
of the step arises from the small imaginary part 6 = 0.005
used for the calculations). The real part depends linearly on
q and o for small wave number or frequency. By dint of
the Kramers-Kronig relations, the step in the imaginary part
implies a logarithmic divergence (rounded by § > 0) at w =
vrq in the real part. Upon doping, a nonzero imaginary part
appears for vpg — 24 < @ < vpg, resulting from intraband
particle-hole excitations, while interband transitions are Pauli
blocked for vpg < w < 2u — vpq. Consequently, the step in
the imaginary part and the peak in the real part become
inverted and the real part can even change sign. Note that this
does not imply a thermodynamic instability since the response
of the system to external perturbations is governed by the full
response tensor Iy, ; an instability would be signaled by a
negative real part of an eigenvalue.

It is worth noting that due to spin-momentum locking the
charge-spin response is related to the density-current response
calculated in Ref. [44]. The result for the density-current
response for a single Weyl node is similar to the one obtained
for the charge-spin response here. However, since the sign of
spin-momentum locking is dictated by chirality, the density-
current response is even in chirality, whereas the charge-
spin response is odd, which has significant consequences as
discussed in the next section.

13)

The 4 x 4 response tensor I1,, is related to the 6 x 6
electromagnetic susceptibility by [53]

oP; &2
Xii = B_EZJ = _Qi_qj I1,,, a7
oM; 8B \2
m = = (22— ) My, 18
Xij 98, ( > ) o) (18)
0P, egup 1
em _ O _ -, 19
le aB} l 2 qi pOj ( )
oM; 1
e = =S (20)

FIG. 2. Coupled charge-spin responses of a Weyl cone: wave-
vector and frequency dependence of (a) Im I, and (b) Re I, for
the undoped case (. = 0). (¢) ImIT,,, and (d) Re I1,,, for a doped
(u = 2.0) Weyl cone.
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FIG. 3. Frequency dependence of (a) the imaginary and (b) the
real part of the charge-spin response function I1,,_ (g2, @) for various
values of the wave number ¢. Solid and dashed lines correspond to
the undoped (i = 0) and the doped (i = 1.5) case, respectively.

where we have taken the electron charge to be —e and its mag-
netic moment to be —gupg/2. The charge-spin response tensor
thus implies a magnetization response to an electric field
and a polarization response to an electric field, as expected
from the topological E - B term in the electromagnetic action
[40]. Moreover, the fact that only the longitudinal charge-spin
response is nonzero is consistent with the longitudinal nature
of this term.

III. OBSERVABLE CONSEQUENCES

In this section, we analyze how the charge-spin response is
manifested in WSMs, which necessarily contain at least two
Weyl nodes with vanishing total chirality. We will discuss the
electromagnetic response and collective excitations.

A. Electromagnetic response

The charge-spin response originates from the coupling of
spin and momentum. Consequently, it changes sign for a Weyl
cone with opposite chirality, x = —1, in Eq. (1). The response
at low energies is obtained from our results in Sec. II by
adding the responses for each node. The measurable quan-
tities are the electromagnetic susceptibilities x;;"(q, @) and
Xi; (g, ). In WSMs with inversion symmetry (and broken
TRS), any Weyl node at a momentum k is accompanied by
another node at —k and the same energy with the opposite chi-
rality. In this case, the total charge-spin response and also the
off-diagonal spin-spin response must vanish in equilibrium.

On the other hand, in the presence of TRS (and broken
inversion symmetry) any Weyl node at k is accompanied
by another node at —k and the same energy with the same
chirality. The vanishing total chirality guarantees the existence
of further nodes with opposite chirality but in general these
are not required to have the same Fermi velocities or to
lie at the same energy. Thus, the total charge-spin response
need not cancel in equilibrium. Additional lattice symmetries
can enforce the Weyl nodes to occur in pairs with the same

Fermi velocities and energies but opposite chirality, in which
case the response vanishes. The situation is similar if neither
TRS nor inversion symmetry is present. In conclusion, in
WSMs that break inversion symmetry, one has to analyze the
remaining symmetries to ascertain whether the total charge-
spin response vanishes in equilibrium. For example, we have
found that for (Gd, Nd)PtBi in a magnetic field applied in a
low-symmetry direction, no two Weyl nodes are at the same
energy and a nonzero response is expected. We also note that
for a range of field directions, there are exactly two Weyl
points between the topmost two of the four low-energy bands.
Moreover, due to the chiral anomaly, the electron concen-
tration in Weyl cones of opposite chirality is not conserved
separately in parallel static E and B fields. The pumping of
charge between Weyl nodes due to the anomaly is counter-
balanced by internode scattering, leading to a nonequilibrium
stationary state with different chemical potentials w, for
Weyl nodes of different chirality x. (In WSMs with more
than two Weyl nodes, the chemical potential will generally
be distinct for all Weyl nodes and w, should be labeled
by an index n counting the nodes.) In such a case, the
total charge-spin response will generally be nonzero. As
an example, let us consider the “hydrogen atom” scenario
for an inversion-symmetric WSM: two identical Weyl cones
of opposite chirality at momenta +k,. The closest material
example is the Dirac semimetal Na3Bi, which becomes a
WSM with two Weyl nodes in an applied static magnetic
field [14]. In the presence of a parallel static electric field,
the two nodes develop different effective chemical potentials
due to the chiral anomaly. In this case, there will be a nonzero
charge-spin response, which can be probed by measuring the
electromagnetic susceptibilities for radio-frequency electric
and magnetic fields.! The dynamical charge-spin response can
thus serve as a probe of the Weyl character of quasiparticles.

B. Collective excitations

Having investigated the linear charge-spin response of free
Weyl fermions, we now turn to the collective excitations of
a “Weyl liquid” in the presence of interactions. As noted in
the previous section, the WSM must have low symmetry or
be driven out of equilibrium to achieve nonzero charge-spin
response. The interacting response functions are calculated
within the random phase approximation (RPA). Since the
transverse charge-spin response vanishes, the 4 x 4 RPA re-
sponse tensor decomposes into two 2 x 2 blocks describing
(i) the coupled charge and longitudinal spin response and (ii)
the transverse spin response. Our interest is in the former part.
We use a charge-spin basis, in which the coupled response

takes the form

A IT IT

I1 = op ”"’). 201
<H”zp HGZ”Z

We first consider the consequences of an onsite interaction
and then of long-range Coulomb repulsion. These two cases
are understood as the extreme limits of the screened Coulomb
interaction. We investigate the collective excitations for a

IThe typical internode scattering time is 107! s,

075104-5



SAYANDIP GHOSH AND CARSTEN TIMM

PHYSICAL REVIEW B 99, 075104 (2019)

single doped Weyl cone and then present results for a minimal
model with two Weyl nodes of opposite chirality and different
chemical potentials w,. Details of the calculations are rele-
gated to Appendix D.

1. Onsite Hubbard interaction

For an ordinary Fermi liquid with onsite Hubbard repul-
sion, the collective excitations in the low-temperature, colli-
sionless regime consist of gapless zero-sound modes. We here
consider a WSM with Hubbard repulsion of strength U > 0
in the collisionless regime, taking 7 = 0. Note that transport
properties in the hydrodynamic regime have been studied by
several authors [54-56].

Using the matrix form of Eq. (21), the RPA response is
given by

Mrea(q, ®) = T(q, ©) [1 + Uz, T1(q, )], (22)

where 1 is the unit matrix and t, is a Pauli matrix in the
charge-spin basis. The latter implements the opposite sign of
the Hubbard interaction in the charge and spin channels [57].

The poles of the eigenvalues of fIRpA(q, ) determine the
dispersion of collective modes. It is useful to contrast the
results to the case without charge-spin coupling IT,,, = 0. In
this case, the dispersion of the charge modes (zero sound) at
small ¢ and w is given by

2uq[1 — O(g")]
V14 2A¢2 In(vp AJp)’

with A = U/24n%vr (see Appendix D). The leading term for
small ¢ is linear with velocity 2u+/A. With increasing ¢, the
velocity decreases and beyond a certain wave number g ~
kr, the zero-sound mode enters the interband particle-hole
continuum and becomes damped. Similarly to the ordinary
Fermi liquid in the strong-interaction limit [58], the veloc-
ity of the zero sound is proportional to the square root of
the interaction strength U o< A, and below a critical value
U, = 6m?v;./u?, the zero sound gets damped by coupling
to intraband particle-hole excitations (light blue region in
Fig. 4). On the other hand, the uncoupled longitudinal spin
fluctuations would not support propagating collective modes
since the Hubbard repulsion is effectively attractive in the spin
channel.

In the presence of charge-spin coupling, the zero sound
mixes with the longitudinal spin waves and the dispersion
changes dramatically: it becomes lightlike, propagating with
the Fermi velocity, as shown by the blue line in Fig. 4. The
dispersion of this coupled zero-sound mode is critical in the
sense of having the minimum possible velocity for undamped
excitations. Its velocity does not depend on the interaction
strength or on the chemical potential, although the linewidth
does. The collective modes can be clearly seen in the imag-
inary part of the RPA response function Im Tr [Tgrpa(q, @),
which is plotted in Fig. 5. Aside from the zero-sound branch,
which is strongly modified by charge-spin coupling, we ob-
serve a gapped branch in Fig. 5(a), which stems from pure
spin fluctuations. The charge-spin coupling leads to its mixing
with charge modes in Fig. 5(b) but the dispersion remains
qualitatively unchanged. The linearly dispersing branch at low
frequencies in Fig. 5(a) also consists of spin fluctuations. They

wis(q) = VA (23)

2
Interband
1.5+
SIR et
7 Intraband

05F

00 0.5 1 1.5 2

9/kp

FIG. 4. Dispersion of collective modes for a single doped Weyl
cone in the long-wavelength regime. The short-dashed red line shows
the zero-sound mode without charge-spin coupling. In the presence
of charge-spin coupling, the zero-sound mode linearly disperses
with the Fermi velocity (solid blue line). Intraband particle-hole
excitations are present in the light blue region for w < vrq and
interband particle-hole excitations in the gray region with @ > vpgq
and w + vrq > 2. Here, U = vp A = 10pu. For a typical bandwidth
of 1 eV, this corresponds to U &~ 1 eV and u =~ 0.1 eV.

are resonant with the intraband continuum and thus damped.
In Fig. 5(b), this branch is completely removed by the mixing
with the charge modes.

What happens in a WSM with a pair of Weyl cones with
opposite chirality that are otherwise identical? In equilibrium,
the zero-sound mode is described only by the charge response
and its dispersion will be qualitatively similar to the ordinary
Fermi liquid as shown by the dotted line in Fig. 4. However,
when charge is pumped from one Weyl node to the other
by means of the chiral anomaly, the charge-spin response is
turned on. As a result, the zero sound is described by the

0.09 en
N
0.06 E
’ &
=
=
0.03 K
g
(S
0

0 0.5 ! 15 2
9/kp

FIG. 5. Imaginary part of the trace of the RPA response function
Im Tr gpa (q, w) (a) without and (b) with charge-spin coupling. For
parameter values, see Fig. 4.
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FIG. 6. Frequency of zero sound for a WSM with two Weyl
nodes as a function of the ratio v between pumped and equilibrium
carrier densities (solid red line). The minimum occurs at the Lifshitz
transition point v = 1, where the modes disperse with the Fermi
velocity so that w,; = vrq (dashed horizontal line). Parameters same
as in Fig. 4.

collective excitations of density and spin, as we will discuss
now. Note that for materials of low symmetry, the charge-spin
response will survive even in the absence of charge pumping.

Several proposals for the experimental identification of the
chiral anomaly have been put forward, involving plasmons
[41,42], the optical conductivity [59,60], nonlocal transport
measurements [61], as well as others. Here, we show that
zero sound can serve as a fingerprint of the chiral anomaly.
In WSMs, the chiral anomaly leads to the transfer of charges
from the x = —1 nodes to x = +1, or vice versa, in parallel
electric and magnetic fields. This process is balanced by
internode scattering, characterized by a scattering time t, and
a steady state with different charge densities in the two nodes
is reached. The corresponding chirality-dependent chemical
potential is given by [42,43]

py = p 1+ x0H'"7 (24)
with
36203 1/3
= ( ;M’;F E. Br) (25)

being the ratio between pumped and equilibrium carrier den-
sities.

The dependence of the zero-sound frequency on chiral
charge pumping is shown in Fig. 6. In the absence of pumping,
the positive and negative chiral nodes have the equilibrium
chemical potential £y = u_ = p (without loss of generality,
we consider electron-doped Weyl cones, u > 0), and the
zero sound is determined only by charge density fluctuations.
As v becomes nonzero by application of parallel static E
and B fields, w4 shifts upward while p_ shifts downward.
Consequently, the zero sound obtains contributions from spin
fluctuations and is red-shifted (see Fig. 6). At v=1, u_
crosses a Weyl node, which can be understood as a Lifshitz
transition. At this transition, spin fluctuations have maximal
contribution to the zero-sound wave and it becomes lightlike
with velocity vg. Beyond v = 1, when p_ lies in the valence
band, the frequency increases again. Therefore, the zero sound

can be taken as a signature of the chiral anomaly, with a dip
to lightlike dispersion indicating the Lifshitz transition point.

2. Long-range Coulomb interaction

Now, we consider Weyl fermions with a long-range
Coulomb interaction. The RPA response is described by

~1
T+ no)

(26)
in the charge-spin basis. Here, V(q) = 4me?/kq* is the
Fourier-transformed Coulomb interaction, with « being the
dielectric constant. The difference in the interaction vertex
compared to Eq. (22) arises from the fact that the Coulomb in-
teraction only acts in the charge channel in the RPA, whereas
the Hubbard interaction can be decomposed into charge and
spin channels. Using that I1,,11, , — 1,51, , = 0, the re-
sponse function can be rewritten as

1
1+V(g),,(q, w)

Thus, similarly to the ordinary Fermi liquid [58] and to the
two-dimensional Dirac liquid [62], the zero sound morphs
into plasmonic modes in the presence of long-range Coulomb
interaction. Interestingly, unlike for a local interaction, all
components of the charge-spin response tensor are uniformly
enhanced at the RPA level and only the charge response
governs this enhancement. The plasmon dispersion is thus
given by the zeros of the RPA dielectric function [42]

erea(q, @) = 1 +V(q) I,,(q, »), (28)

which also only depends on the charge response. The dis-
persion is thus the same as when charge-spin coupling is
ignored, as in Ref. [42]. The dispersion can be obtained in
the long-wavelength limit, keeping only the leading order in g
and is given by [42]

_ vl%q2 vg —-3/5
wpi(q) = wo(l - 8.2 |:l + - (1 - v2)2:|>’ (29)

0 0

Mrea(q, ©) = T1(q, ) |:ﬂ +

Trea(q, ©) = M(q, w). 27

where vy = wo/2u and

204 30)
wy = —_—
0= M 3me (o)
is the plasmon frequency at ¢ — 0. It is determined by «, =
e’ /kvr and the frequency-dependent effective background
dielectric function

e
K*(w)=1+ —In
6

The plasmons are manifested as sharp peaks in the electron
energy-loss function

. (€28)

41112;A2
4u? — w?

1
erpa(q, @)’

which can be probed for example by electron energy-loss
spectroscopy. Figure 7 shows & in the (¢, @) plane for a
single Weyl cone. The plasmon dispersion calculated from
Eq. (28) is shown as the red line, which agrees well with the

Eloss(q, @) = —Im (32)
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FIG. 7. Electron energy-loss function in the (¢, ) plane for a
single Weyl cone. The red line denotes the spin-plasmon dispersion
calculated from Eq. (28). The inset shows the amplitudes Ap (solid
blue line) and Ao, (dashed red line) of the spin plasmon in the charge
and spin channels, respectively. Here, we take vy A = 10 and the
background dielectric constant k = 20.

position of the peak in &£,s. The nonzero loss below the line
o = vpq stems from intraband particle-hole excitations. We
see that the plasmon dispersion is gapped in the Weyl liquid,
similarly to the ordinary Fermi liquid.

The fundamental difference between the collective modes
in the Weyl liquid and in a normal Fermi liquid is that
plasmons in the former carry spin, and hence can be called
spin plasmons. This is a signature of spin-orbital locking.
A schematic representation of the spin plasmon is shown in
Fig. 8. A density fluctuation is accompanied by a 90° out-of-
phase longitudinal spin fluctuation. This phase shift and the
amplitudes Ap and Ao, of the charge and spin fluctuations,
respectively, can be calculated from the eigenvectors of the
response tensor. They are plotted in the inset in Fig. 7. We find
that the charge amplitude is linear in ¢ in the long-wavelength
limit. Therefore, the spin fluctuation associated with spin
plasmon becomes dominant for long wavelengths, and for
q — 0 the spin plasmon becomes a pure spin excitation.

Spin plasmons have also been proposed for the two-
dimensional helical liquid formed by the surface states of a
topological insulator [49]. The main differences to our case
are that (i) the spin plasmon of the topological insulator is a
surface plasmon, whereas we are considering bulk excitations
and (ii) the spin plasmon of the helical surface liquid carries

Ap

Ao,

z

FIG. 8. Schematic representation of a spin plasmon: a charge
density wave (blue line) is mixed with a longitudinal spin po-
larization (red arrows). At the peaks and troughs of the density
wave, the spin polarization vanishes, whereas at zeros of the density
modulation, the spin polarization is maximum.

0.5 : : : : : 0.05
04 0.04
03 0.03

=1 N

~— ©

(=)

S <
02 . 1 0.02
0.1F 10.01

0 0425- = 0‘ 5 0.‘75 ‘1 1 ‘25 1.50

FIG. 9. Plasmon frequency (solid purple line) and the amplitude
of the spin-wave part of the spin plasmon (dashed red line) for a
pair of Weyl nodes of opposite chirality as functions of the ratio
v between pumped and equilibrium carrier densities [see Eq. (25)].
Here, ¢ = 0.01 k¢ and the other parameters are the same as in Fig. 7.

transverse spin fluctuations, whereas the WSM spin plasmon
is associated with longitudinal spin fluctuations.

We now turn to a WSM with a pair of Weyl cones with
opposite chirality that are otherwise identical. In equilibrium
(for E - B = 0), the propagating plasmons do not carry any
spin polarization. For E - B # 0, the Weyl cones of opposite
chirality have different chemical potentials, which results in
the generation of a spin polarization by density fluctuations.
The effect is shown in Fig. 9 as a function of charge pumping,
denoted by v [see Eq. (25)]. The spin amplitude associated
with the spin plasmon initially increases with v. At v =
1, the chemical potential p_ crosses a Weyl node and the
charge-spin coupling reaches its maximum, resulting in the
maximum amplitude of the spin-wave component. Beyond
v = 1, the spin-wave amplitude decreases again. Therefore,
the spin wave associated with the collective mode can be
used as a fingerprint of the position of the Weyl node. On the
other hand, the spin-plasmon frequency decreases slightly as
a function of v, reaches a minimum at the Lifsitz transition
point v = 1, and then increases again [42].

It should be possible to detect the coupled charge-spin
collective modes using optical pump-probe spectroscopy. In
the following, we call the excitations “spin plasmons” but
the discussion remains valid in the limit of short-range inter-
actions as well. The basic idea is to generate a propagating
longitudinal spin wave and to detect the charge density wave
coupled to it. An intense circularly polarized light pulse
propagating along the x direction is incident on a yz surface
of the sample. The pulse generates a spin polarization, which
is localized at the surface, with a typical length scale given by
the optical penetration depth. This spin-polarization pattern
can be decomposed into plane waves ¢/?*. In the presence of
charge-spin mixing, the spin waves dress with charge fluctua-
tions to form spin plasmons, which then propagate through
the bulk of the sample with group velocity dwy/dg. The
charge fluctuation associated with the spin plasmons could
be detected at the opposite surface for example by means of
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the energy-gain (anti-Stokes) lines in inelastic light scattering.
The dispersion wpi(q) leads to a characteristic temporal distri-
bution of the charge fluctuations at the probe surface, which
could be accessed by varying the delay between pump and
probe pulses. The amplitude of charge fluctuation depends
on the value of E - B, and is maximum when the chemical
potential for one chirality reaches a Weyl node.

Our scheme is quite different from the one proposed by
Raghu et al. [49] for the helical surface states of a topological
insulator. There, a transverse spin wave with given wave vec-
tor is coherently excited by the incident light. This approach
does not work in our case since the spin wave needs to be
longitudinal to couple to the plasmon.

IV. SUMMARY AND CONCLUSIONS

To summarize, we have investigated the electric and mag-
netic response of Weyl fermions by calculating all terms of
the 4 x 4 charge-spin linear-response tensor for Weyl nodes
with arbitrary doping. We have found that the charge and the
longitudinal (i.e., parallel to the vector vector) spin responses
are strongly coupled because of the spin-momentum locking
in the Weyl Hamiltonian. The transverse spin response does
not couple to the charge and longitudinal spin response to
linear order. Our description of the Weyl nodes as separate
ideal Weyl Hamiltonians limits the validity of our results
to small momenta and low energies, where the appropriate
momentum and energy scales are set by the deviation of the
band structure from the ideal linear form.

With the full response tensor for a single Weyl node in
hand, we have examined the electromagnetic response and
the collective excitations of Weyl fermions in the presence
of electron-electron interaction. The observation of charge-
spin response requires either low crystal symmetry so as
to avoid cancellation of contributions from Weyl nodes of
opposite chirality or driving the system out of equilibrium.
The latter can be achieved by applying parallel static electric
and magnetic fields, by virtue of the chiral anomaly. For a
local, Hubbard-type interaction, we obtain zero sound with a
constant velocity given by the Fermi velocity vg of the Weyl
fermions, independently of the interaction strength U or the

J

chemical potential p. This is a dramatic change compared to
the result when charge-spin coupling is ignored; in that case,
the dispersion is linear only in the long-wavelength limit and
the velocity strongly depends on U and w. The charge-spin
coupling also causes the zero-sound modes to have mixed
charge and longitudinal spin character, and so gives rise to
the possibility to “hear” the spin fluctuations, as proposed
earlier for surface states of topological insulators [49]. On the
other hand, for a long-range Coulomb interaction, we have
found a propagating spin plasmon, which also consists of
charge and longitudinal spin fluctuations. While the character
of the collective plasma modes is thus strongly affected by
charge-spin coupling, their dispersion is still determined by
the zeros of the dielectric function, which only depends on
the charge response.

For real WSMs of high symmetry, the charge-spin coupling
vanishes in equilibrium and the collective excitations are
conventional. Therefore, the collective modes are sensitive
probes of the chiral anomaly, which drives the system out
of equilibrium in static parallel E and B fields. For a local
interaction, the zero sound goes through a sharp dip to the
critical frequency vpg when the chemical potential for one
chirality is tuned to the Weyl point. On the other hand,
for the Coulomb interaction, the spin content of the spin
plasmons shows a sharp peak in this case. We have proposed
a pump-probe experiment involving the spin plasmons that
gives a null result in the absence of the chiral anomaly and
yields the largest signal when the chemical potential for one
chirality is tuned to the Weyl point. These signatures thus
have the potential to lead to smoking-gun experiments for the
chiral anomaly and the presence of Weyl nodes. As another
possible direction for future research, the tunability of the
spin plasmons by means of the chiral anomaly suggests the
combination of plasmonics and spintronics in Weyl systems.
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APPENDIX A: CHARGE RESPONSE

In this Appendix, we reproduce the explicit form of the charge response tensor [41,42] for completeness. It is independent
of chirality. The charge response can be written as the sum of a contribution from the undoped system (“intrinsic”) and a

contribution due to doping (“‘extrinsic”):

M,,(q. @) = T (q, ) + 11 (q, ). (A1)
The imaginary and real parts of the intrinsic contribution are given by
I T15,(9, @) = 37— 0 — vrq), (A2)
2 272
in q dvi A
ReIl , = , A3
@) = | (A3)
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respectively, where 6(x) is the Heaviside step function. For electron doping, u = vrkp > 0, the imaginary and real parts of the

extrinsic contribution read as

1
Im M7 (q, ) = F— [G(qu — o)([a(g, ®) — a(g, —0)0Q2u — vrq — ®) + (g, )02 — vpq + ®)0(VFq + © — 21))

2
+0(w — qu)(—a(—q, —@)02u + vrqg — w)0(vrqg + @ —2u) — q? 0Q2u — vpg — w))}

(A4)

1 812
Re M1%(q, ) = —5— [L — a(q, @)B(g, @) — a(—q, @)B(—g, ®) — a(q, —)B(g, —») — a(—q, —)B(—q, —w)},

8 2vp | 302

(A5)

where we have defined
a(q, ®) = ———[2u + o)’ = 3v:¢’ Cp + ) + 2034’ ] (A6)

12vpq
and
2 —
B(gq, w) =1n M . (A7)
VFq — @
APPENDIX B: SPIN RESPONSE
Here, we discuss the calculation of the 3 x 3 spin response tensor. The components can be written as
1 nf' (k) — nf,(k + q)
0 (q, iwy) = —— (K + q)|o7|¢s (K K)|ow|ow(k + q)) —= 2 , Bl

0 (@ f0n) = = 3 Y (e (K + @lorls () (1. (0)lowl s (k + @) ot = ekt D (B1)

k AN

where A, A’ = + refer to the two bands with energies €1 =
Fovr|k| and eigenvectors (periodic parts of Bloch states)

given by
cos %“ e~iek/2
oy (K)) = , (B2)

sin 07“ eiw/2

(B3)

sin %“ e~iv/2
lp-(k)) = ;

— cos % ¥/

where 6 and ¢y are the polar and azimuthal angle of Kk,
respectively. nf is the Fermi-Dirac distribution function for
the band A, which becomes a step function for the zero-
temperature limit considered here.

The response tensor has diagonal (i = j) and off-diagonal
(i # j) terms. The interband and intraband contributions to
diagonal terms can be simplified to [43]

1 k ki + ko ky — ik
o+ - ) m n™n 1
e

1 1
X - + o |
|:UF kKt k)—w—i8 " vpk £ k’)+a)+l8:|
(B4)

where again k' = k + q and [, m, n refer to three orthogonal
coordinate axes with g, = +1.

Taking q = ¢z, the diagonal components can be catego-
rized into longitudinal and transverse responses. After rewrit-
ing the momentum sum as an integral and performing the

(

angular part, the longitudinal part becomes

¥ A 1 / N2 2 N2
N7, (g2, 0) = +———— [ dk | dK' (k + K')[¢*—(k F K)?]
20z 167-[2q3

1
) |:UF(k +k)—w—i8 + (0> — 0))}, (B5)

while the transverse response is described by

H;FXGX (g2, w) = H;Fyay (qZ, w)

- / dk / K [+ K F P11
327243

/N2 |: 1 i|
+ (k—k')7] — + (0—>—w)|.

vpk £ kK)—w—ié
(B6)

Here, the limits of the integrals over k and k' depend on
the chemical potential in such a way that only transitions
from occupied to empty states are included. The integrals also
depend on an ultraviolet cutoff, which is necessary since the
Hamiltonian in Eq. (1) describes an infinite sea of negative-
energy states [48,63].

The diagonal spin responses for a single Weyl cone were
calculated by Thakur et al. [43] and Zhou and Chang [44]. It
is even in chirality x. The real parts contain a term A2 /67 2vp,
which depends on the ultraviolet cutoff A [43—47]. The spin
response function is regularized by taking the © = 0 ground
state as the reference [43,45,48], which amounts to subtracting
the A? term.
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The result for the intrinsic (undoped) contributions can be However, for the extrinsic (doping) part, the relationship

expressed in terms of the charge response as between the spin and charge response is only valid for the
2 longitudinal response function
Higz(qiv CL)) = 2 2 H;p(qiv CL)), (B7) 6()2
F MY, (g2, @) = ~5— 1%, (g2, »), (B9)
in A w? — U%qz in F
Iy, (g2, ) = oy 1), (g2, w). (B8)
F

|
whereas the transverse spin response does not satisfy a simple relation to the charge response [43]. The imaginary part of the
extrinsic transverse response function reads as [43]

Im S, (g2, ) = 32—‘”‘1 [e(qu o)(Iy (g, @)=y (g, 0N — vrg—w) + ¥(q, ®)02u—vrg + @) (Vpg+o — 2u))

4 2
+60(w — qu)(y(—q, —0)02u + vpq — w)0(vFq + @ — 2u) + % 0Q2u —vpg — w))] (B10)

where the function y (g, w) is defined as
v (g, 0) =2qa(q, )+ ¢* 2u — vpq + w), (B11)
with «(q, w) is defined in Eq. (A6). The real part is given by [43]

2 _ 2 2 _ .2 kr k+q
Re T, (g2, w) = — w e (g2, ) — w 7)/ dk P dk’' [U—F + (0 — _w)}
O 2vz.q° l6n2v;q k=gl vk’ + nupk + @

kr
dk dk' (k' — nl)[(K' + nk)* + ¢°1. B12
16nqu32f /kq (K = nk)[(K' + nk)* + ¢°] (B12)

We have reevaluated the integrals since Eq. (D4) in Ref. [43] contains an ambiguous factor 0/0 for ¢ = 0 and is incorrect if one
naively cancels ¢ before setting ¢ = 0. Our result reads as

2 9 2
X w? — v}g? I
Rell®, (g2, 0) = — ——5—— 7, (g2, w) —
OxOx 202.¢> 47r2v13r
B ? —vig?

p {Q(UFCI — WlE(g, 0)B(=q, ) +§(q, —w)B(—q, —®) = §(—q. w)B(q. ®)

32720}
E(—q —)B(q. —)] + O qu)[(Zu + )i M‘ + Q- w)n | 242
—2wln M‘ ForqlL(q. ®) + L (—q, ®) + (g, —») + £ (—q. —w)]} } (B13)
VFqg — W

where £(q, w) =2u + vpqg + w and

;(Q? w) =

2
n —“+UFq+w’. (B14)

VFrq + w

This also simplifies the expressions since the last term in Eq. (B12) is found to reduce to the momentum- and frequency-
independent term —u? /4%y

Note that the full longltudmal response function I1,.,. = (w?/v3q*)I1,, has the same sign as the charge response function
[43,44]. This is different from the linear response of the helical surface states of a topological insulator, where the transverse
spin response is related to the charge response and the relative factor is —? /vzq* [49].

The interband and intraband contributions to the off-diagonal spin responses can be obtained from

1 kik! +k1,km kl ky, 1
7 m i Znop I
N7, (@ ©) = ZNZ{[jF XK J”(kf k):| vrk £k —w — i8

[kt k(K 1 ®15)
L+ — .
T k) ortk 2 k) o+ 0

Still assuming q = ¢Z, we have I, = I, = 0 and after performing the angular integrals, Eq. (B15) simplifies to

1
vk £ k) — w — i8

M7, (g2 0) = - " /dk/dk/(k:pk)[q —(kik)2]|: — (> —w)i|. (B16)
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The integration limits again depend on the chemical potential
in such a way that only transitions from occupied to empty
states are included. The response can be decomposed into in-
trinsic and extrinsic parts. Due to spin-momentum locking, it
is proportional to the off-diagonal current-current correlation
function, which in turn is related to the Hall conductivity [49],
giving

ie’v:

ny(q, w) = Ho_my(Q7 ). (B17)

As pointed out by Burkov and Balents [51], an overall
constant in the Hall conductivity cannot be determined
within a continuum model. This problem carries over to the
off-diagonal transverse spin response. In the evaluation of
Eq. (B15) or (B16), it appears as an ambiguity of how to
regularize the cutoff-dependent term. Specifically, for a lattice
model, the sum over k in Eq. (B15) depends on the location

J

of the Weyl node in momentum space. In the static and
uniform limit, Burkov and Balents [51] determine this offset
from the known limit of vanishing anomalous Hall effect in
a trivial insulator. This leads to the Hall conductance being
proportional to the separation of nodes [40,46,50,51]. The
generalization of this approach to the frequency- and wave-
vector-dependent response is difficult since it would involve
the regularization of a cutoff-dependent function of q and w.
Since the transverse spin (or Hall) response is not central
for this paper, we do not attempt this here. Accordingly,
disregarding the cutoff-dependent term, the intrinsic part is
found to be purely imaginary:

@

—. B18
247202 (B18)

Higoﬁ,w)zi

For the extrinsic contribution, a lengthy derivation yields

tm M, (42, ) = 16n21u;q2 [wz _ﬁqz (5 (=4, @) (g. )In —5;(_;’60 ‘;) ‘ +&(q, —0)E (=g, —»)In —:( (_qc’]"_w;)
+[£(g, 0)E(—q, ©) + £(g, —0)E(—q, —)]In Zi;’%‘) 4 dvpqo (4% v%qz)j|, B19)
; vig — o’
Re I3, (g2, 0) = 64712—1)qu2 [£(q. 0)E(—q, 0)0(vrg — 0)O 21 — vpg + o)
—£(q, —®)E(—q, —0)0(® — V)OI 1 + Vrqg — ®)0(Vpq + ® — 2], (B20)

where £(q, w) = 2u 4+ vpq + w. The transverse off-diagonal spin response is odd in chirality [44]. We note that the results of
Zhou and Chang [44] are equivalent to those of Thakur et al. [43] and those obtained here, except for a slightly different form of

the cutoff-dependent term.

APPENDIX C: COUPLED CHARGE-SPIN RESPONSE

In this Appendix, we discuss the main steps of the calculation of the charge-spin response for a single Weyl cone with y = +1.
By virtue of spin-momentum locking, it is proportional to the density-current response, which was calculated in Ref. [44]
using the Passarino-Veltman reduction scheme [64]. The charge-spin response function can be calculated from the density-spin

correlations as

1
Moo (@ ieon) = = 33 3 (oK + @l (k)

k AN

) (. (K)lo|pr (kK + q)) -

nf (k) — nf,(k 4+ q)
iw, + €,(k) —ev(k+q)

(CDH

(see Appendix B for definitions of symbols). At zero temperature, the interband (superscript —) and intraband (superscript +)

I K ko ek — Kk 1
o+ ’ _ ~ Mo miy min
o (4 @) 2N%ij¢k T )Wwim—w—m

contributions simplify to

ki K knkl — K, ke 1
(L FL+i . (C2)

kK

vrk k) + o + i8

Further calculation shows that the transverse components of the charge-spin response IT7, (q, ®) for1 L q vanish. We can thus

write the vector of the response functions Hfm as

M7,(q. 0) = 7, (q.0)§ = 117, (g2, 0)4. (€3)

where q = q/q is the unit vector in the direction of q and 0, = 0 - q.
Taking q = gZ, without loss of generality, the nonvanishing response functions can be written in terms of the polar angles of

wave vectors as

1
I}, (g2, 0) = N Xk:(cos O F cos Gk)|:

1
vpk k') —w—1i8

— (v — —a)):|. (4
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Due to particle-hole symmetry, the charge-spin response is identical for 4 — —u, and we now consider an electron-doped
Weyl node, i.e., u > 0. The response can be decomposed into a sum of intrinsic (undoped) and extrinsic (doping) parts I, =
Hi,;laz + 7% . The intrinsic part only contains interband contributions, whereas the extrinsic part can be divided into interband
and intraband contributions. We first evaluate the intrinsic part, which is given by

) k+q 1
" dk dk (k + k) [q* — (k — K')?
po. (42 ©) = T Tonlg? / /k ) (k+k)g” —( )]|:vp(k+k’)—a)—i8

where we have made the limits of integration explicit. A is the ultraviolet cutoff for the momentum integral. Using the Sokhotski-
Plemelj formula

—(w — —a))i|, (C5)

1 1
— =P —-Findlx) (Co6)
x tie X
and taking w > 0, we write
k+q
Im 1Y, (2, w) = f dkf dk' (k +K)[g* — (k — k)18 — k — k'), (C7)
167Tq Ja k—q|
Re M}, (42, ) = 7’/ dk/ G (k+K)1g* — (k= K')*] : : (C8)
€ Z, - - - )
po. (4% @) = T 2qu e q k+k—& k+k+a
with @ = o/vr. The imaginary part is easy to calculate:
Im l‘[‘;‘gz (g2, w) = Y. — VRq). (C9)

The real and imaginary parts are related by causality. However, since the imaginary part diverges for w — oo, the standard
Kramers-Kronig relation is not applicable. A generalized Kramers-Kronig relation can be used, though. The nth-order
generalized Kramers-Kronig relation for a response function x () that diverges as "' for w — oo is given by [43,65]

Re x(w) 1 ! Re x(¢) / Im ) ()
— = — lim —P
C”(C—w)

DL w >0 Cn—l
Here, the imaginary part of the charge-spin response diverges linearly with w, thus, we employ the second-order Kramers-Kronig
relation, which yields

(C10)

Rel'[ln (gz,¢) Iml'[ln ( Z,¢)
Re IT", (3, a))_a)hm—q w—P/ A ) (C11)
7 (¢ —w)
The first term on the right-hand side evaluates to
4N — > 1T QAP | 2A 2A 16
1 _ ¢ 1A ZATA oAy —6gamn +q+— . (C12)
2472y q* 21 ¢ 2A —q 2A — 3
Using the identities
3 2 2
lim (x mitY 2x2> =X (C13)
xsoo\y  x—y 3
lim x1n Y = 2y (C14)
xX—00 xX—=Yy
in the limit of large cutoff A, the terms in the angular brackets in Eq. (C12) vanish, and the expression simplifies to
4A?
0 wmI= (C15)
2420 42
The second term on the right-hand side of Eq. (C11) can be rewritten as
20? [ o) qw v2q®
— dl ————-ImIl,, (q2,¢) = L Cl6
_— A §§2(§2—w2) m I, (g2, ¢) 2wl Mg (C16)
Therefore, the real part of the intrinsic charge-spin response is given by
in qw 4v12pA2
Re IT) . C17
e My (g2 @) = 2472vy  |vig? — w? (€17

Direct evaluation of the integral in Eq. (C8) gives the same result.
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The extrinsic contribution for electron doping can be calculated in a similar fashion. The imaginary and real parts are
given by

Im I17, (g2, ) = [O(vm —)2p — vpq — w)[a(g, ») — alg, —w)]

8 qui

+0(vpqg — )02 — vrq + w)0(vrq + © — 2)a (g, ®)

2
+0(w —vrq)02p + vrg — 0)0(vpg + 0 — 2p)[—a(—q, —w)] + 0(w — Vrq)O 21k — vrg — w)(—q—>],

3
(C18)
x o oA w 8’
Re Il (g2, w) = Sivle [—2 —a(q, w)B(g, ) — a(—q, w)B(—q, ) — alg, —w)B(q, —w) — a(—q, —w)B(—q, —w)],
m2vpq [ 3vg
(C19)

where the functions « and § are defined in Eqs. (A6) and (A7), respectively. The step functions represent boundaries in the
(g, w) plane for interband and intraband particle-hole excitations. The charge-spin response functions are odd in chirality.

APPENDIX D: DISPERSION OF COLLECTIVE MODES

Here, we calculate the dispersion relation of the coupled collective modes. The real part of the charge response function IT,,
[41,42] has intrinsic and extrinsic parts given in Egs. (A3) and (AS5), respectively. In the long-wavelength limit with vpg K © K
2/, the real part of I1,, to order g* is

2 272 2 2.2

- q 4vz A 7) Vrgq
IT ,w) = 1 —(1- 1 2 , D1
RCRD) %TZUF[ o e R 4z [ K(@/200) (D1)

with
u> —3/5

Ku)= —. D2
W)=y (D2)

For a local Hubbard interaction U, the dispersion of zero sound is determined by 1 + U Re I1,,,(q, w,s(g)) = O so that

U 2 2.2
os(@) = [ ) (1 S [1+IC(w/2M)]>- (D3)
24 2vp \/1+ U_ 21n 441)2%A27 8u
1 —w?

24m2vp

In the long-wavelength limit, the dispersion becomes

N U
wzs(q) = | Yantor 2uq. (D4)

Strictly speaking, Eq. (D3) should be solved self-consistently to obtain the dispersion. However, since the frequency satisfies
w < 2/, we can ignore w® in the denominator of the logarithmic term and also take the long-wavelength form w for
calculating K.

For the Coulomb interaction V(q)=4me?/kq?, the dispersion of the spin plasmon is determined by 1+
V(g)ReIl,,(q, w) = 0, which in the long-wavelength limit gives [42]

4play
67 w?

2.2
() — (1 Sl +K(w/2u)]> =0, (DS)

with the effective background dielectric function

41)12,A2

, D6
4/1,2 _ a)z ( )

[07%
K (w)y=1+ — ln‘
6

2 3 2.2
on@) = [ 5 (1 - ”;jz [1+ iC(w/2u)])- (D7)
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Hence, the dispersion reads as
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Again, Eq. (D7) should in principle be solved self-consistently but we can use the ¢ =0 plasma frequency wy =
W A/20, /3w k*(0) for calculating X and «*(w) with reasonable accuracy.
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