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Weyl semimetals (WSM) are a newly discovered class of quantum materials which can host a
number of exotic bulk transport properties, such as the chiral magnetic effect, negative magnetore-
sistance, and the anomalous Hall effect. In this work, we investigate theoretically the spin-to-charge
conversion in a bilayer consisting of a magnetic WSM and a normal metal (NM), where a charge
current can be induced in the WSM by a spin current injection at the interface. We show that the in-
duced charge current exhibits a peculiar anisotropy: it vanishes along the magnetization orientation
of the magnetic WSM, regardless of the direction of the injected spin. This anisotropy originates
from the unique band structure of magnetic WSMs and distinguishes the spin-to-charge conversion
effect in WSM|NM structures from that observed in other systems, such as heterostructures involv-
ing heavy metals or topological insulators. The induced charge current depends strongly on injected
spin orientation, as well as on the position of the Fermi level relative to the Weyl nodes and the
separation between them. These dependencies provide additional means to control and manipulate

spin-charge conversion in these topological materials.

Central to spintronics are the inter-conversion between
charge and spin currents, and the manipulation and de-
tection of the spin orientation of current-carrying itiner-
ant electrons. Inter-conversion can utilize the spin Hall
effect (SHE) [TH5] and the inverse spin Hall effect (ISHE)
— the Onsager reciprocal of the SHE that originates in
bulk spin-orbit interactions; the SHE and ISHE are well-
established phenomena which convert a charge current
to a spin current (SHE), and a spin current to a charge
current propagating perpendicularly to both the spin and
flow directions of the injected spin current (ISHE). The
ISHE has been playing an important role in detecting
spin current generation in various heterostructures via
transport measurements [0l [6].

Recently, several experimental and theoretical stud-
ies [HI4] have investigated the inverse Edelstein ef-
fect (IEE) in an interfacial two-dimensional electron gas
(2DEG) with Rashba spin-splitting, or in a 2DEG at
the surface of a three-dimensional (3D) topological in-
sulator. In the IEE a spin accumulation in the 2DEG
induces a charge current flowing perpendicularly to the
nonequilibrium spin orientation. Compared to the ISHE
that typically occurs in bulk systems, the spin-to-charge
conversion based on the IEE is arguably more efficient
by taking advantage of the remarkable spin-momentum
locking arising from strong interfacial spin-orbit coupling
as well as of broken inversion symmetry at the interface
involving a heavy metal or topological insulator layer.
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Weyl semimetals (WSMs), a newly discovered class of
quantum materials, is another rapidly evolving research
field [I5HIR]. This novel semimetal possesses distinct
electronic properties, such as the chiral anomaly [T9-2T]
and Fermi arc surface states [22], that are protected by
the nontrivial topology of the band structure. WSMs
studied to date have broken inversion symmetry (but
are time-reversal invariant) with at least four, and often
many more, Weyl nodes. The relatively large number of
Weyl nodes makes it difficult to clearly elucidate and con-
trol effects related to the location of the Weyl nodes, and
the lack of a magnetic order parameter prevents direct
coupling to magnetic fields. Recently, there has been in-
creasing interest in the pursuit of magnetic WSMs, which
can have only two Weyl nodes present near the Fermi
surface — an ideal system to investigate transport prop-
erties — and also allow for direct coupling with external
magnetic field to control and manipulate electronic and
transport properties. Most efforts have been dedicated to
seeking potential candidates of magnetic WSMs [23H20]
and examining their bulk transport properties. In con-
trast, little attention has been paid to the coupled spin
and charge degrees of freedom in heterostructures com-
posed of magnetic WSMs and other materials, which is
of fundamental interest and may be important for future
applications of WSMs in spintronics.

In this work, we investigate theoretically the spin-to-
charge conversion in a bilayer consisting of a magnetic
WSM with two Weyl nodes and a nonmagnetic metal
(NM), as shown schematically in Fig. a). We will show
that a charge current can be induced in the magnetic
WSM by injecting a spin current from the NM and that
unique properties of magnetic WSMs allow for a control
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FIG. 1: Schematics of spin-to-charge conversion in a bilayer
consisting of a normal metal (NM) and a magnetic Weyl
semimetal (WSM). Panel (a): A spin current QF flowing in
the z-direction (perpendicular to the layer plane) and with
spin polarized in an arbitrary direction (denoted by the su-
perscript “a”) is generated in the NM layer, which is subse-
quently converted to a charge current J in the WSM layer.
Panel (b): sketches of band diagrams F(k) with k, = k. =0
for the NM and the WSM with the dash-dotted line and the
dash line denoting respectively the Fermi energy Er and the
conduction band bottom of the NM with respect to the en-
ergy of the pair of Weyl nodes (red dots) which are separated
by 2ko; the orange dotted line denotes the Lifshitz transition
energy Er, above which two separate Fermi surfaces, enclosing
the two Weyl nodes, merge into a single one.

of the spin-to-charge conversion that has no analog in
NM|conventional-ferromagnet bilayer systems.

We commence with the following minimal model
Hamiltonian [I8] 27] for the magnetic WSM layer filling
the z < 0 half space:

Hy = [ml (kg — ki) + my (k; + kf)] oxtv (kyoy + k.0.) ,

(1)
where o; (i = z,y and z) are Pauli spin matrices, and
mo, mp and v are generic materials parameters. Note
that the two Weyl nodes are located at k = (+kq,0,0)
and that the first term on the right-hand-side of Eq.
breaks time-reversal symmetry. The Weyl Hamiltonian
has the eigenvalues

Bics = sy [ma (8 — k2) + mo (K2 + k2)]” + 2 (k2 + 2) |
(2)
where s = +1 with Ey 4 and Eyx _ corresponding to the
upper and lower energy bands that touch at the pair of
Weyl nodes. The z > 0 region is occupied by a NM
described by the Hamiltonian Hy = 2;1 — po, where
me. is the effective mass and g denotes the deviation of

the conduction band bottom of the NM layer from the
energy of the two Weyl nodes, as sketched in Fig. b).
Note that we will only consider po > 0 so that there are
available scattering states in the NM when the two Weyl
nodes are in the close vicinity of the Fermi energy, which
are the circumstances under which most of the interesting
transport phenomena in WSMs emerge [28H31].

In the NM, by choosing the z-axis as the spin quantiza-
tion axis, the full scattering wave function for a free elec-
tron with a given energy F and a spin pointing in an ar-
bitrary direction m= (sin € cos ¢, sin 8 sin ¢, cos §) can be
written as a linear combination of spin-up and spin-down
components, i.e.,

. 1
on(k,r) = {cos ge_“b/g (

O) (e—ikzz +RT€ikzz)

+sin 56145/2 <(1)) (efzkzz + Riezkzz)] ezkH T ’
(3)

where k, = ,/272§E—kﬁ with ¢ =t () and

k) [= (kg ky)] the in-plane component of the wavevector,
R, are the reflection amplitudes, and we have assumed
translational invariance in the z-y plane.

The wave function for an electron transmitted into the
magnetic WSM can be expressed as

Yw (kv I') = (T+X+eik2'+z + T*X*eikz’iz) eiku.r ) (4)

where T are the transmission amplitudes, x4+ and x_—
. . _ 1 a4+ . _

are two spinors given by y+ = \/ﬂ(bi) with ay =
v

mo (e + k2. — ikyky) [where we have defined k, = o
and v, = 2 (kzg — ki) +k§], by = E—vk, + and Ny the

mo

normalization coefficients satisfying |ax|* + [b+|* = N2.
The z-components of the wavevectors are given by

2
Ha= - gk \/ (vk k2t ik?) K+ (fo) -

(5)
Note that the signs of k. 4 are so selected that the trans-
mitted waves either propagate freely or decay in the
WSM (z < 0).

The reflection and transmission amplitudes Ry and
T4 can be determined by proper boundary conditions.
Here, we assume that both the scattering wave function
and the z-component of the current density are continu-
ous at the interface z = 0:

on(07) = ow (07)

(6a)

NN (07) = D ow (07) (6b)

where the velocity operators are given by ¥y = %HTQ and

Dy = B%K for the NM and WSM, respecti\izlfl);, and we
T,

have eliminated a common phase factor of e
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FIG. 2: Characterization of the induced charge current in the magnetic WSM layer: (a) Current density J| ;| as a function

of the spatial coordinate z, the spatially integrated current Ie I (: ffoo dzJ;VH) as functions of (b) Fermi energy Er and (c)

the separation of the two Weyl nodes ko for an injected spin s;n; along x, y and z axes respectively. The Lifshitz transition

energy, the maximum energy of the Fermi arc state, and the Fermi wavevector are given by Er = mokd, Em2® = |vlko
and kr = \/2me(Er + po)/h?, respectively. We have introduced a wavevector kw = v/mo which only depends on the

material parameters of the WSM. Other parameters used in the numerical calculation: pio = 5.0 eV, me =9 x 10~ 31 kg,

mo = —m1 = 20 eV-A? and v = 2 eV-A.

Thus far, we have solved the problem of a single elec-
tron scattering at the interface of the magnetic-WSM|NM
bilayer [32]. To calculate the current density induced in
the magnetic WSM layer due to the spin current injec-
tion, we need to find the electron distributions in each
layer. At the NM side of the interface (i.e., z = 07), the
distribution function can be described by a 2 x 2 matrix
in spin space [33H36], i.e

Iv = fon &) I+ gn (k) (7)

where fo n (k) is the equilibrium distribution function,
I is the 2 x 2 identity matrix and the nonequilibrium
component of the distribution function gy (k) that gives
rise to the spin current can be described by

s 9fo
—BT?ngz 67_E‘k

gn (k) = (8)
where éz(z E.o - s;; with o denoting the Pauli spin
matrices and a unit vector s;,; denoting the spin di-
rection of the spin current) is a spin-dependent electric
field pointing in opposite directions for electrons with
opposite spin directions which drives a spin current [48].
At temperatures well below the Fermi temperature of
the NM, one can assume ngiv ~ —§(Ex — o — Er)
where Fr is the Fermi energy relative to the energy of
the two Weyl nodes. Formally, the spin current den-

sity is given by Q% = 2T, [ (gng)‘ga“vsz. Explicitly,

Qb = J;VZ fn] where the magnitude of the spin current
density for a given spin directiqn can be characterized by
JY, = —UDE with op = 35 an the Drude conductivity.

The nonequlhbrlum distribution function for the trans-
mitted electrons in the magnetic WSM is determined by

the transmission amplitudes [32] and the nonequilibrium
electron distribution gy (k) at z = 0% [33 137] via
i (k,2) =TT (k,2) g5 (k) T (k, 2) (9)
where T'(k, z) is a 2 x 2 transmission matrix satisfying
ow(k,z) = T(k, 2)on(k,07) with oy, the incident
wave function [32], and the superscript “<” denotes elec-
trons moving in the negative z-direction (i.e., v, < 0).
Note that, to the leading order, electrons in the WSM
moving towards the interface are assumed to entirely
come from the equilibrium distribution, i.e., fv>v ~
and g;;, ~ 0.
Having obtained the nonequilibrium distribution gy
(= G5 +0yy ). the in-plane charge current density induced
in the magnetic WSM layer can be computed via

fow

e 3
T = =5 [ T wiwy +he) . (1)

2 or)?

where h.c. denotes Hermitian conjugate and the trace
operation is carried out in the spin space [49].

Before seeking the numerical solutions of the induced
charge current in the magnetic WSM layer, a remark-
able property of the spin-to-charge conversion can be il-
luminated by a simple symmetry analysis of Eq. :
regardless of the orientation of the injected spins, no cur-
rent will be induced in the direction parallel to the line
connecting the pair of Weyl nodes in momentum space,

, JW = 0. This is simply because the x-component
of the 'velocity operator Oy, is an odd function of k,
whereas the nonequilibrium distribution function gy is
an even function of k,. Therefore, the corresponding z-
component of the current density must vanish everywhere
in the magnetic WSM layer as it is the integral of the
product of these two over k-space. Such an anisotropic



spin-to-charge conversion stems from the inherent prop-
erty of magnetic WSMs — the anisotropy in the band
structure in the first Brillouin zone between the direc-
tions perpendicular and parallel to the vector connecting
the two Weyl nodes in k-space. The numerical solution
of J, Z‘; indeed confirms that it vanishes everywhere in the
magnetic WSM layer, regardless of the direction of the
injected spin, the position of the Fermi level as well as
the separation between the Weyl nodes [see the inset of
Fig. [(a)].

In contrast to the robust suppression of Jev,[;, the be-
havior of the current induced in the y-direction is much
richer. Figure 2fa) shows the spatial variation of the
Je”fl(z) for the injected spin along x, y and z directions,
respectively. We find that while the magnitude of JZ};
depends on the orientation of the spin injection, it gen-
erally decays rapidly away from the WSM|NM interface
(within 1 nm, given the parameters mgo = 20 eV-A? and
v =2 eV-fol)7 indicating a dominant contribution of the
evanescent surface states to the spin-to-charge conversion
in the magnetic WSM. We will discuss the physical
nature of these evanescent surface states below.

In Fig. [2(b), we show the total induced current
IZ‘; (E f_ooo dZJeVZ,) as a function of the Fermi level Ep.

We note the existence of a Lifshitz transition energy level
E;, at which two separate Fermi surfaces, enclosing the
two Weyl nodes, merge into a single Fermi surface [as
shown schematically in Fig. [fb)]. We find that the total
current IZ}/ is insensitive to the variation of the Fermi
level as long as Ep is below FEp, and the onset of no-
ticeable changes of I g‘g occur at E7, due to a significant
change of density of states at the Fermi level when it
crosses the Lifshitz energy.

In Fig. C), we show the dependence of the total in-
duced current Ig}; on the separation between the two
Weyl nodes 2ky. When ky < kg, the induced charge
current is finite for all three spin injection direc-
tions, but when £y > kp significant spin-to-charge
conversion only occurs when spin is injected in
the y-direction, which indicates that the Fermi
arc states with spin locked in the y-direction [38]
may play a dominant role in this case.

We are now in a position to discuss the role of
the Fermi arc states plays in the spin-to-charge
conversion effect. It can be shown that the Fermi
arc surface states are derived by imposing open
boundary condition at the interface z = 0, i.e.,
ew (0) = 0 [38]. However, different interfacial
boundary conditions [Egs. (6p) and (6p)] are im-
posed in the scattering problem that we consider
here. Therefore, while the Fermi arc states are
constructed from linear combinations of degen-
erate evanescent solutions so that open bound-
ary condition is satisfied, different linear com-

binations of these degenerate evanescent states
form admissible solutions that satisfy the inter-
facial boundary conditions used here [39]. Fur-
thermore, in order for the building blocks of the
Fermi arc states to play a dominant role in the
spin-charge conversion, there are two necessary
conditions : 1) the Fermi level (relative to the
Weyl nodes) must be smaller than the maximum
energy of the Fermi arc states, i.e., Er < E7%%; 2)
the Fermi wavevector of the normal metal kr is no
larger than kg, i.e, kp < ko (in this case, admissi-
ble evanescent states other than those that make
up the Fermi arc states are largely excluded) [39].

Very recently, a magnetic WSM EuCdyAs, was pre-
dicted to contain only a single pair of Weyl nodes [26]. It
would be interesting to provide an order-of-magnitude es-
timation of the effect for this material. Choosing the fol-
lowing parameters for EuCdaAsy [40]: mg = 1.6 eV-A?,
my = 54.5 eV-A2 v = 2.7 eV-A, ky = 0.008 A~!, and
Er = 0.01 eV, we obtain a spin-to-charge conversion
efficiency of ¥ ~ 0.2% for spin injected along the y-
direction where 9 = J¥ (07)/(32JY,), which is of the
same order of magnitude as the spin Hall angle
of Au [6], [41].

As a final point, it is interesting to compare the spin-to-
charge conversion in magnetic WSMs with that in other
systems. When a spin current is injected in heavy metals
(such as Pt or Ta), a charge current will be generated in
the direction perpendicular to both the spin and the flow
directions of the injected spin current due to the ISHE.
A transverse charge current can also be generated, based
on the IEE, by injecting a spin current perpendicularly
to the surface of a topological insulator or to an inter-
face with strong Rashba spin-orbit coupling and using the
spin-momentum locking in these systems that fixes the
spins of the carriers perpendicularly to their momenta.
For both IEE and ISHE, a charge current may in princi-
ple be induced in any arbitrary direction with properly
chosen spin injection direction [42]; in this sense these
two effects are isotropic. Another system of potential
interest is nodal-line semimetal wherein nonac-
cidental band-crossing occurs along lines in the
Brillouin zone [18, 43|, [44]. Spin-to-charge conver-
sion effect may occur in this type of semimetals
when there is spin-splitting along the nodal lines
due to broken inversion or time reversal symme-
try. For an ideal nodal-ring semimetal with band-
crossing along a circle in a k,-k, plane, we would
expect the effect to be isotropic as well due to
the rotational symmetry of the energy dispersion
about the k.-axis (provided the flow direction of
the injected spin current is perpendicular to the
x-y plane).

The spin-to-charge conversion in magnetic WSMs,
however, is rather anisotropic emanating from the
anisotropy in their unique band structures — the appear-



ance of a pair of Weyl nodes in k-space; as we have shown
above, no charge current can be induced in the direc-
tion along the line connecting the two Weyl nodes (i.e.,
ﬁo), regardless of the orientation of the injected spins.
Note that for a magnetic WSM with a single pair of
Weyl nodes, the magnetization is in the same direction as
ko [40]. In general, there will be an odd number of pairs
in a magnetic WSM, in which case the total current den-
sity, being the sum of contributions from different pairs
(if the pairs of Weyl nodes are well separated in the recip-
rocal space), vanishes along the magnetization direction,
ie.,

m - JN =0, (11)

where m is a unit vector denoting the magnetization di-
rection of the magnetic WSM.

A charge current, however, can be induced in the di-
rection perpendicular to the magnetization direction, and
the induced current is rather sensitive to the direction of
the injected spin, which is experimentally controllable.
In addition, we have shown that the spin-to-charge con-
version in magnetic WSMs relies on the separation be-
tween two Weyl nodes and the position of the Fermi sur-
face relative to them, which provides additional means
to manipulate and control the effect. These remarkable
features make the spin-to-charge conversion in magnetic
WSMs distinctly different from that previously studied
in heterostructures involving heavy metals or topological
insulators. Recently, a large bulk anomalous Hall
effect (with anomalous Hall angle of 20%) was ob-
served in the magnetic WSM Co3Sn,S, [45] [46].
It would be of great interests to explore the spin-
to-charge conversion in layered structures such as
Py|Cu/[WSM or YIG|Cu|WSM (with WSM being
Co3SnyS; or EuCd;As;) wherein a spin current
can be injected from the other magnetic layer (Py
or YIG) via spin pumping.
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