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Spin-momentum locking in Weyl semimetals correlates the orbital motion of electrons with background
magnetic textures. We show here that the dynamics of a magnetic texture in a magnetic Weyl semimetal
induces a pumped electric current that is free from Joule heating. This pumped current can be regarded
as a Hall current induced by axial electromagnetic fields equivalent to the magnetic texture. Taking a
magnetic domain wall as a test case, we demonstrate that a moving domain wall generates a pumping

current corresponding to the localized charge.
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I. INTRODUCTION

Magnetic textures, such as domain walls (DWs),
skyrmions, spin spirals, etc., are currently attracting a great
deal of interest in condensed matter physics. In the con-
text of spintronics, these magnetic textures are expected
to assume an integral role as information carriers in next-
generation devices and in switching devices driven by
electric and spin currents [1-3]. In particular, the dynami-
cal properties of such magnetic textures, which are coupled
to the spins of conduction electrons, are the focus of
intense efforts to control and detect them efficiently, and
promise a wide range of future applications [4]. Depending
on the particular context, different dynamical perspectives
can be used to describe the coupling between magnetic
textures and conduction electrons. One may view the spin-
transfer torque arising from the spins of conduction elec-
trons as primarily responsible for driving the dynamics of
magnetic textures [5], or conversely, see the dynamics of a
magnetic texture as inducing an external force on conduc-
tion electrons through changes in the electron Berry phase,
which is known as the spin motive force [6].

In this work, we propose that the dynamics of mag-
netic textures in Weyl semimetals (WSMs) can invoke
electric charge pumping free from backscattering in a
manner that is distinct from that induced by the spin
motive force. WSMs form a class of topological materi-
als characterized by a conical band structure and pair(s)
of band-touching points (Weyl points) isolated from each
other in the bulk Brillouin zone [7—10]. This “Weyl cone”
structure arises from band inversion due to strong spin-
orbit coupling (SOC), and is associated with significant
electron spin-momentum locking around the nodal points.
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For such spin-momentum-locked electrons, the exchange
coupling to the background magnetic texture is analo-
gous to a fictitious vector potential, which is referred to
as an “axial vector potential” [11]. In the context of this
analogy, we can then observe a “Hall current” free from
Joule heating that is induced by the axial magnetic and
electric fields corresponding to the dynamics of the back-
ground magnetic texture. This “Hall effect” accounts for
the charge-pumping mechanism proposed here.

Recent studies that experimentally synthesized and
observed magnetic WSM phases open a new way of
designing future spintronic devices based on WSMs [12,
13]. The significance of magnetic textures in WSMs is
discussed in several recent studies. Based on the fea-
tures of the electron spin-momentum locking, it was pro-
posed in the previous papers that the correlation between
the magnetic moments (mediated by the Weyl electrons)
exhibits longitudinal anisotropy, distinguishing it from that
due to ordinary isotropic Ruderman-Kittel-Kasuya-Yosida
(RKKY) interactions [14—16]. Such anisotropic correla-
tions then give rise to the formation of nontrivial topo-
logical magnetic textures in WSMs. Moreover, once a
magnetic DW is formed in a WSM, it is accompanied by a
certain amount of electric charge and an equilibrium cur-
rent localized to the DW, no matter how the DW is intro-
duced into the WSM [17,18]. While the theories proposed
in these studies principally account for the characteris-
tics of static magnetic textures in WSMs, the dynamical
properties of magnetic textures in WSMs are much less
understood and a better understanding of such properties
is required for the ability to read and write information
in future devices. The charge-pumping effect discussed
in this work is one such dynamical property attributed to
magnetic textures in WSMs. Moreover, since it arises as
a Hall current due to axial electromagnetic fields, it is

© 2018 American Physical Society
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free from Joule heating and could lead to reduced power
consumption in future spintronic applications.

II. WEYL HAMILTONIAN AND AXTAL GAUGE
FIELDS

The formation of the WSM phase requires the breaking
of either time-reversal symmetry (TRS) or spatial inver-
sion symmetry so that the degeneracy of the Weyl cones
is lifted. TRS breaking in WSMs is typically realized by
the introduction of magnetic order in the system. Weyl
semimetallic phases with magnetic orders are predicted
theoretically in various Co- and Mn-based alloys, based
on the tight-binding model and first-principle calculations
[19-23]. Some of them are experimentally realized in the
latest studies, such as the WSM phase with (i) ferromag-
netism in the Heusler alloy Co3Sn,S, (Ref. [12]) and (ii)
noncollinear antiferromagnetism in Mn3Sn (Ref. [13]), in
both of which the electron transport properties are now
being intensely measured. The breaking of TRS shifts the
positions of the Weyl nodes in momentum space, and this
effect can be regarded as a “mergent vector potential” for
each Weyl node [11]. As far as the low-energy phenomena
are concerned, one can then rely on this idea of an effective
vector potential to treat the temporal and spatial variations
of the magnetization in the system more efficiently.

Here, we consider a minimal model of a WSM exhibit-
ing ferromagnetic order, with a pair of Weyl cones dis-
persed isotropically around each Weyl node. If we require
cubic symmetry, the electron momentum p = —iV and its
spin o = (oy,0,,0;) are locked with each other around
the Weyl points, with o the Pauli matrices, since the band
crossing arises from atomic spin-orbit coupling. There we
can rely on the minimal continuum Hamiltonian

H=sve(p -0) —JIM @0 -0, (1

at low energy (around the Weyl points), with s = =+ denot-
ing the chirality of each Weyl node and vy the Fermi
velocity. For convenience, we take 7 = 1 here. The second
term in this Hamiltonian describes the exchange coupling
between the electron spin o and the local magnetic texture
M (r, t), with coupling constant J. Then, provided that our
Weyl-cone approximation is valid, the local magnetic tex-
ture M (r,t) can be viewed as a U(1) axial gauge potential
As(r,t) = (J/vre)M (r, ) coupled to the electrons, and in
terms of which our Hamiltonian can be written as

H = svp[p — sedAs(r,0)] - 0. 2)

In contrast to a normal vector potential 4, the axial vec-
tor potential 45 couples to different chirality modes (s =
4) with opposite sign and is not subject to Maxwell’s
equations. It is known that the axial gauge potential can

also describe the effect of lattice strain in Dirac semimet-
als Na3;Bi and Cd;As; (see Ref. [24]). While the strain-
induced gauge field is restricted by the stiffness of the
crystal, one can generate a variety of field structures from
the background magnetic textures in our case.

As we show in the following sections (and by analogy
to normal vector potentials), it is this axial vector potential
that is responsible for the proposed electron transport. We
take the Fermi level u close to the Weyl nodes, so that the
electrons contributing to the charge transport can be well
described by this low-energy Hamiltonian. We assume
here that there are no other metallic bands crossing the
Fermi level, otherwise they may give additive contribution
to the charge transport and may obscure the characteristic
behavior in WSMs discussed below.

It should be noted that this axial gauge potential is
distinct from the emergent gauge potential that arises at
magnetic textures in metals or semiconductors with topo-
logically trivial band structures [25-27]: the emergent
gauge potential comes from the real-space Berry connec-
tion and thus depends only on the relative angle between
neighboring spins, whereas the axial gauge potential A5 in
WSM depends on the direction of the background magneti-
zation M itself. Therefore, we may expect richer phenom-
ena arising from magnetic textures in WSMs, compared
with topologically trivial electron systems. For instance,
while Néel and Bloch DWs give the same emergent gauge
field structure for trivial electrons, they yield different axial
gauge field structures for Weyl electrons and thus lead to
quantitatively different charge-pumping behavior, as we
note in Sec. IV.

III1. FIELD-INDUCED CURRENT AND CHARGE
PUMPING

Before considering the proposed charge-pumping mech-
anism, let us first review the different kinds of electric
current induced by real EMFs. Currents induced by EMFs
in a WSM can be classified based on their linear response
to an electric field E and/or magnetic field B (see Table
I). If only an E field is applied to the WSM, a longitudi-
nal drift current, j ®) = opE, is induced, where o) is the
longitudinal conductivity of a pair of Weyl cones. If TRS
is broken in the WSM by the presence of magnetization
M, an anomalous Hall effect (AHE) is also present [28—
31], and drives the transverse current j(A) = GAM x E,
where the anomalous Hall conductivity is given by o4 =
(e/27*)(J M| /vF) [32].

On the other hand, if only a magnetic field B is applied to
the system, it induces Landau quantization with a cyclotron
frequency w. = vp+/2eB. Nonzero Landau levels (LLs)
then appear symmetrically about the zero energy due to
particle-hole symmetry, and the zeroth LL is linearly dis-
persed along the magnetic field. As the dispersion direction
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TABLE 1. Classification of currents induced by normal and
axial electromagnetic fields (EMFs). The current induced by
axial EMFs is evaluated with s = 0.

Normal EMFs (E, B) Axial EMFs (Es, Bs)

Drift j? =opE jP =0
AHE jY =0,M x E j@ =0
CME J© = (@27 usB J© = (@27 uBs
RHE j® =6yBx E j ™ = 6,Bs x Es

of the zeroth LL for each Weyl node depends on the chi-
rality s [33], it only contributes to the net current j© =
(€?/2m?) usB if there is a chemical potential imbalance 15
between the two Weyl nodes. This effect is known as the
chiral magnetic effect (CME) and accounts for the negative
magnetoresistances observed in WSMs [28,34-37].

Finally, a combination of E and B induces a Hall current
perpendicular to both, j ) = oy B x E, which we have
called the regular Hall effect (RHE) to distinguish it from
the AHE. The regular Hall conductivity oy depends on
both the field strength and the amount of disorder present
in the system. If the level broadening arising from disorder
obscures the LL spacing, i.e., if the cyclotron frequency
w, 1s smaller than the relaxation rate 1/t, the transport
coefficients can be estimated in the classical limit using
semiclassical (Boltzmann) transport theory [38]. The zero-
temperature Hall conductivity is then given by op() =
—(t%e31/37%)|B| at the lowest order in B, where 1 is the
electron chemical potential measured from the Weyl nodes.
On the other hand, in the quantum limit where the disorder
is dilute and the LLs can be regarded as well separated
(w7 > 1), the Hall current can be effectively described
by the “quantum Hall effect”. If the Fermi level w lies just
slightly beyond the charge neutrality point so that it does
not cross the higher LLs, only the zeroth LL contributes to
the Hall current. The Hall conductivity then reduces to the
universal value

e u

=2 3
o 3)

OH(q) =

which can be derived from the quantum Hall conductivity
in 2D Dirac systems such as graphene.

As we have mentioned above, in order to consider the
effect of magnetic texture dynamics on the electron trans-
port, we can rely on the idea of axial EMFs. Once the
magnetic texture dynamics arises, it can be treated as
axial EMFs for the Weyl electrons in the vicinity of the
Weyl points, regardless of the origin of the magnetic tex-
ture dynamics (e.g., external magnetic field, spin-transfer
torques, etc.). Specifically, the dynamics of the magnetic
texture, i.e., r and ¢ dependences in the axial vector poten-
tial A5, are equivalent to axial electric and magnetic fields,

E5 and Bs, given by

J
ES(rz t) = _8IA5(ra t) = __BIM(rJ t)’ (4)
vre

J
BS(rat)ZVXA5(rat):_VXM(rat)’ (5)
Vre

respectively. The electron transport induced by the mag-
netic texture dynamics can then be treated in terms of these
axial EMFs, thus enabling its evaluation in similar fashion
to normal EMFs, making the overall discussion quite sim-
ple. As we show in the following, the axial electric field
E 5 drives an “axial current” comprising a pair of currents
flowing counter to each other at the two Weyl nodes and
thus yielding no net current, while a net current is induced
if it is accompanied by an axial magnetic field Bs. Here,
we note that we have neglected intervalley scattering pro-
cesses, so that the electron transport for each Weyl node
can be treated separately.

As long as the magnetic texture dynamics are suffi-
ciently slow and “adiabatic,” the axial electric field E is
so weak that its nonlinear effect can be safely discarded.
With this assumption, it then simply induces a drift cur-
rent and an anomalous Hall current for each Weyl node
flowing in opposite directions to one another, i.e., the axial
current [39]. As such, it contributes no net current unless
there is an imbalance in the carrier densities (us # 0).
In the quantum Hall regime of the axial magnetic field
Bs, the longitudinal conductivity is ideally suppressed and
hence there is no axial drift current. Although the lon-
gitudinal conductivity becomes finite in the presence of
impurities, it is still tiny around the Weyl points due to
the small density of states of the carriers. Therefore, Joule
heating from the (axial) drift current is largely suppressed
in WSMs, compared with that for topologically trivial
electrons.

On the other hand, the RHE contribution is the same
as that induced by normal EMFs, ie., j* = oy Bs x
Es, since both Es and Bs couple to each chiral mode
with opposite signs, driving the Hall current for each
Weyl node in the same direction. As long as the disor-
der is weak enough compared with the level spacing, the
induced Hall current can be estimated in the quantum
limit in a similar fashion to the case for real B and E,
yielding

2
o _ €

I,L A
J —Bs5 x Es, (6)

212 vp

which is independent of the field strength |Bs|. More-
over, since the zeroth LLs of the two Weyl nodes are
dispersed in the same direction along Bs [11,17,18,24], a
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finite chemical potential leads to the net current

o_ ¢

J = ﬁﬂBsz (7
which we identify as the chiral axial magnetic effect
(CAME), i.e., the axial counterpart of the CME [40-42].
Therefore, the total current j, 4 induced by Es and Bs in
WSMs is given (up to the linear response in Es) by the
sum of j ¥ and j(©. It should be noted that Fermi arcs
may contribute to an additional conduction current on the
surface, which is beyond our phenomenological analysis;
we limit our analysis to the charge transport related to
magnetic textures in the bulk.

We should note that typical axial EMFs arising from
magnetic textures are spatially inhomogeneous. However,
if the magnetic texture is sufficiently smooth over the rel-
evant length scales (e.g., the electron’s mean free path),
the axial EMFs can be regarded as “locally”” uniform and
we can consider the properties of the electron transport in
the ballistic limit. In such cases, we can use Egs. (6) and
(7) to estimate the local current distribution. In the absence
of normal EMFs E and B, the axial anomaly between the
chiral modes (see [43—45]) does not violate the conserva-
tion of charge [11], and we can use the charge conservation
relation

8t,Opump (ra t) =-V .] ind (I‘, l), (8)

to estimate the electric charge Ppump(r,?) pumped by the
magnetic texture dynamics M (r,f) via the axial field-
induced current j, . Since the CAME part, j © o u(V x
M), is divergence-free whenever the chemical potential is
uniform, only the regular Hall current given by Eq. (6) is
responsible for the ensuing charge dynamics:

e’

55 Bs (V x Es) — Es- (V x Bs)]. (9)
e VF

atlopump =
This equation is the key result of this work, and directly
relates the magnetic texture dynamics (via E5 and Bs) to
the pumped charge ppymp.

In order to capture this current j, ;, or the pumped
charge ppump, One may need to attach a metallic lead to
the end of the sample; once the magnetic texture jumps
into the lead, it is measured as a pulse of electric current
given by j ;4. If the magnetic texture dynamics is driven by
current (e.g., spin-transfer torques, spin-orbit torques), j ;,q
can be captured as a current pulse localized at the magnetic
texture, in addition to the driving current that is almost
steady in the background. Since this current arises from
the Lorentz force by the axial EMFs, the magnetic texture
does not exert any work on the electrons, hence the energy
dissipation from Joule heating is suppressed in the bulk.
Although Joule heating is inevitable in the metallic leads,
it occurs only when the current pulse enters the lead and
hence it is much smaller than that from a steady current.

We note that if the spatial variation of M is
coplanar, the axial magnetic field Bs is uniform,
ie, Bs is homogeneous over the whole system.
In this case, the second term in Eq. (9) vanishes
and we obtain 8;ppump = —(€%/272)(11/vr)(Bs - 8,Bs) =
—(€*/27%)(1u/vr)d,|Bs|, where we have used the rela-
tion V x E5s =V x (—09;4A5) = —0;B5. Thus, we obtain a
further simplified relation for this restricted case

e u

Ppump (1, 1) = —F;|B5(r, )| + const, (10)
which implies that an axial magnetic flux (i.e., the curl
of the magnetization) induces localized electric charge in
a WSM, irrespective of its orientation. Such a rearrange-
ment in the charge distribution may be measured directly in
thin-film geometry, e.g., by scanning tunneling microscopy
(STM).

IV. EXAMPLE: MAGNETIC DOMAIN WALLS

In order to establish the validity of the relations pre-
sented above, let us consider a moving magnetic DW in
a WSM as a typical example. We construct a DW of width
2w in the y-z plane, separating two regions of an infinite
system with magnetizations M (x — £00) = £Mye., and
then set the DW in motion with velocity Vpw in the x direc-
tion by hand. The resulting magnetic texture is then given
by

Ay sech&(x, 1)
Ay sech&(x,0) |, (11)
tanh & (x, £)

M(r,t) =M(x — Vpwt) = M

where £ (x, 1) = (x — Vpwt)/w denotes the relative position
from the center of the DW, rescaled by the DW width.
The set of parameters (A,,A,) characterizes the texture
of the DW, where a DW with a coplanar magnetic tex-
ture within the x-z plane (i.e., a Néel DW) corresponds
to (A, X)) = (£1,0), while a DW with a helical magnetic
texture twisting in the y-z plane (i.e., a Bloch DW) is given
by (Ay,Ay) = (0, £1).

In order to estimate the currentj ;4 induced by the DW’s
motion, we consider the axial gauge field As = (J /vpe)M.
The axial EMFs are then given by

JV ,
="2M'§), Bs=
evFw E€VFwW

E;s

e xM'(§), (12)

where M' (&) = dM (§)/d&. The magnitude and orienta-
tion of the axial EMFs are shown schematically in Fig.
1. In the case of a DW with w =100 nm and Vpw =
100 m/s in a magnetic WSM with vy = 10 m/s and
JMy = 100 meV, the strength of the axial fields at the cen-
ter of the DW are given by |Es| =1 V/cm and |Bs| =
1T
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FIG. 1.
induced Hall current j
with velocity Vpw.

Schematic showing the axial EMFs (Es, Bs) and the
) along with a Néel domain wall moving

Then, using the axial EMFs presented above and assum-
ing that the chemical potential w is slightly above the point
of charge neutrality so that the quantum limit is valid, the
regular Hall current corresponding to the charge-pumping
effect can be estimated from Eq. (6) to find

. e Jlpwn
J = —=——I[IM]|
2 vF

e+ M(e; x B)l,  (13)
where M| = (0,M,,M.). The first term in the above
equation represents the longitudinal current flowing along
the moving DW, while the second term is the transverse
current flowing parallel to the DW, which is independent
of (y,z) and does not affect the charge conservation rela-
tion [Eq. (8)] since it is divergence-free. From this, we see
that the charge pumping predominantly occurs close to the
DW center, where the most drastic variation in M | (x, ?)
occurs.

The amount of electric charge pumped along with the
DW can be derived from the induced current using the
charge conservation relation. Since both of the DW’s x and
t dependences are characterized by a single variable & =
(x — Vpwt)/w, the differential operators on both sides of
Eq. (8) are easy to treat, and lead to the charge distribution

e J

,u /
M 14
s IML (14)

1
Poump (%, 1) = ——j ) (x, 1) = —
Vow

The net amounts of charge per unit area pumped by Néel
and Bloch DWs are then given by

mee) _ € JMo (Bloch) _ _iJMo (15)
Gpump = 72 U% Hs Gpump = b UF M,

respectively. These net charges are independent of the DW
width w, which implies that the charge pumping is indeed
a topological effect. Moreover, in the case of the Néel wall,
gines) successfully accounts for the same amount of local-
ized charge obtained by exactly counting the number of

bound states that was presented in previous work [17],
which provides a guarantee of the validity of the quantum
limit employed in this work.

The charge-pumping picture presented here can be used
for any other type of DW, as long as the DW texture is
sufficiently sharp so that the quantum limit approximation
can be applied. As the pumping current discussed here can
be effectively described as a quantum Hall effect, it is free
from energy loss by Joule heating and thus distinct from
the drift current arising from the spin motive force. More-
over, in a magnetic WSM, a conduction current beyond
the DW gets suppressed as long as the charge disorder in
the system is weak enough, which is observed numerically
in Ref. [46]. This is because an electron in a Weyl cone
requires a large-momentum scattering or a spin-flip pro-
cess to be transmitted beyond the DW, since the positions
of the two valleys in momentum space are exchanged at
the DW. Therefore, the pumping current j “” can be cap-
tured as a dissipationless current pulse, (ideally) without
Joule heating from the conduction current.

V. CONCLUSION

We have discussed the relation between the dynamics of
magnetic textures and charge pumping in magnetic WSMs.
Since the coupling between the magnetization and Weyl
electrons may be viewed in terms of an axial gauge poten-
tial, the curl and time derivative of the magnetic texture
correspond to axial magnetic and electric fields, respec-
tively. The main message of this work [Egs. (6) and (9)]
is that these axial EMFs give rise to a regular Hall cur-
rent, which can be regarded as a pumping current induced
by the dynamics of the background magnetic texture. If
the spatial variation of the magnetic texture is sufficiently
slow, the induced current can be described by semiclassical
transport theory, whereas sharp variations yield a pumping
current described by the quantum Hall effect. The charge-
pumping effect implies that a certain amount of localized
charge [Eq. (10)] is induced by the axial magnetic flux,
i.e., the curl of the magnetic texture. Conversely, it also
implies that a local electrostatic potential that alters the
local charge distribution would induce a magnetic texture
in a magnetic WSM. The induced pumping current is free
from Joule heating in the bulk even in the presence of
impurities, since it arises as a Hall current. On the other
hand, the dynamics of magnetic textures might be affected
by the impurities (e.g., pinning and depinning of DWs),
which is beyond the scope of our analysis and is left for
future work.

Recent experimental measurements find that the Heusler
alloy Co3Sn, S, shows the ferromagnetic WSM phase, with
the Fermi level in the vicinity of the Weyl points [12],
which would be a good candidate material for observing
the charge-pumping effect proposed in our analysis. Ver-
ifying the existence of such an effect remains an open
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question and further microscopic calculations are required
to confirm this proposal. Nevertheless, from a topolog-
ical point of view, the proposed pumping current and
localized charge are simple manifestations of the interplay
between the real-space topology and its momentum-space
counterpart, which can generally be traced back to Berry
curvatures defined in the global phase space [47].

By considering the coherent motion of a magnetic DW
in a WSM, we compare the pumped charge with the
localized charge calculated in previous work by more
direct methods [17] and show their equivalence. The idea
of charge pumping obtained here is also applicable to
all kinds of magnetic textures: magnetic skyrmions and
monopoles, for instance, carry pointlike charge, whereas
magnetic helices can be accompanied by arrays of local-
ized charge, i.e., charge density waves. This concept may
help us to design efficient spintronic devices that make
use of magnetic textures in magnetic WSMs, such as in
a magnetic racetrack [48], where the motion of a magnetic
texture can be electrically detected as a current pulse and
can thus be used to read out information from an array of
magnetic textures.

While we only consider a minimal ferromagnetic toy
model in this work, the concepts developed here could be
extended to other examples of TRS-broken WSMs. One
particular case of interest would be that of antiferromag-
netic order in WSMs, as exhibited in Mn3Sn [13,21-23],
which may exhibit similar TRS breaking and axial vector
potential effects to those presented here for ferromagnetic
order. However, since the ordering is not necessarily char-
acterized by a single order parameter, this case would
require more detailed microscopic investigations to clarify
the relationship between the antiferromagnetic order and
the charge degree of freedom.
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