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Axial current driven by magnetization dynamics in Dirac semimetals
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We theoretically study the axial current js (defined as the difference between the charge current with opposite
helicity) in the magnetic insulator/doped Dirac semimetal using microscopic theory. In the Dirac semimetal,
the axial current is induced by the magnetization dynamics, which is produced from the proximity effect
of the magnetization of the magnetic insulator. We find that the induced axial current can be detected by
using ferromagnetic resonance or the inverse spin Hall effect and can be converted into charge current with
no accompanying energy loss. These properties make the Dirac semimetal advantageous for application to

low-consumption electronics with new functionality.
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I. INTRODUCTION

In spintronics, controlling the propagation of the conduc-
tion electron spin is a central issue for wide application of
low-consumption electronics [1-9]. The flow of the spin, i.e.,
spin current, is the difference between the charge current of
up-spin and that of down-spin and does not accompany any
charge current with Joule heating. This spin current is induced
by magnetization dynamics at the ferromagnetic metal/normal
metal junction [1-3], and it can be converted into the charge
current [4-9].

Recently, studies of the axial current, which is defined as
the difference between the charge current with right-handed
and that with left-handed fermions, have been revived in the
field of quantum chromodynamics [10-16]. A stationary axial
current js exists in the presence of an applied static magnetic
field [10-18]. This phenomenon is called the chiral separation
effect (CSE) [10-19]. Its origin lies in the difference of helicity
between right-handed and left-handed fermions. The helicity
y = 6 - p indicates the relative angle between the direction
of the spin ¢ and that of the momentum p of chiral fermions.
The helicity of right-handed fermions is y = +1, whereas that
of left-handed ones is y = —1, but both spins are parallel to
each other along the applied magnetic field H [Fig. 1(a)].
Thus, it is remarkable that charge current vanishes in the
presence of j5 only when the difference between the numbers
of fermions with each helicity are zero [10-16], and j 5 satisfies
the conservation law 9,05 + V - js = 0, where ps is the axial
charge density. Recently, focus has been on the detection of the
axial current and has relied on heavy-ion collision experiments
[20].

It is noted that there is a similarity between the axial
current and the spin current. Here the axial current transports
without accompanying charge current. In fact, the axial current
can be decomposed into counterpropagating charge flow
with opposite helicity, whose spins are polarized along the
applied magnetic field direction. Therefore, the axial current
is controlled not only by the static magnetic field but also by
the magnetization dynamics, which is used to generate spin
current in spintronics. Moreover, an advantage of using the
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axial current is its conservative value in contrast to spin current.
One can thus expect new spin transport via the axial current
in condensed matter physics. Recently, a candidate material
hosting massless Dirac fermions, e.g., the Dirac semimetal
(DS), has been suggested in condensed matter physics [21-23].
Therefore, studying the transport properties of DS in the
context of axial current is of interest.

In this paper, we study the axial current, which is driven
by CSE due to the magnetization dynamics (DCSE) in
the junction of three-dimensional bulk doped DS/magnetic
insulator (MI) [Fig. 1(b)]. Here the axial current is calculated
by using the Green’s functions. The present DCSE offers the
advantage of our being able to control the magnitude of the
axial current by means of ferromagnetic resonance in the MI
and is useful for detecting the axial current in condensed matter
physics. Since the present axial current can be transformed
into a charge current, this axial-current-based electronics, ax-
itronics, enables applications for low-consumption electricity
transmission.

II. MODEL

We consider a doped DS/MI junction, as shown in
Fig. 1(b), where the the magnetization in the MI penetrates
from the MI into the doped DS. Then, an effective localized
spin is generated in the doped DS in the length scale A > ¢
as shown in the gray area of Fig. 1(b), where ¢ is the electron
mean-free path in the doped DS. We assume that the electronic
properties of doped DS do not change significantly by this
proximity effect. The setup and assumptions are similar to
those of spin-pumping generation in metallic spintronics [3,8].
The total Hamiltonian in the gray area of Fig. 1(b) is given by

H ="Hp +Hex + Vi (D
Here, Hp is a Hamiltonian of the three-dimensional bulk
doped DS, where the inversion and time-reversal symmetries
are satisfied. The massless four-component Dirac Hamiltonian

‘Hp can be divided into a 2 x 2 matrix corresponding to each
helicity sector y as Hp =}, _, Hp,y:

Hp,, = /dxlp;[—ihvp,yv -6 — erly,, (@)

where ¥, = ¥, (x,1) = (V.1 ¥,.,), and ¥ are the annihila-
tion and creation operators of electrons of each y, respectively
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FIG. 1. (Color online) (a) Schematic illustration of the CSE. (b)
A setup of the doped DS/MI junction for the axial current generation.
Since the magnetization in the MI can penetrate into the doped DS in
the length scale A, the effective localized spin S can be generated in
the doped DS, as shown in the gray area.

(where indices 1 and | represent spin), e€p is the Fermi
energy, and vg, = yvg is the Fermi velocity. 6 represents
the Pauli matrices in spin space. The second term of Eq. (1),
Hex = Zy: 4 Hex,y, shows the exchange coupling. Here Hey ,,
can be given by

Howy = = [ dxdutS -6, 3)

where Jo > 0 is the exchange coupling constant, and S =
S(x,t) is the effective localized spin in the doped DS. The
third term of Eq. (1), Vi = u; 3, Y0 [ dx8(x — r )yl v,
represents nonmagnetic impurity scattering, which causes a
relaxation time t of the transport of conduction electrons in the
DS. Here u;, r;, and N; are the potential energy, the position,
and the number of impurities, respectively.

We calculate js in the linear response to S by treating
Hex,y as a perturbation within the diffusive transport regime,
Jex < R/t [3], which can be allowed in a disordered doped
DS. To consider js, we will calculate the charge current
density of each helicity sector j, . Here j, = —equy(l//;m//y)
is defined from the conservation law p, = —V - j,,, where
oy = —e(w; Y, ) is the charge density of y. The cur-
rent is represented by using the same space and time of
lesser Green’s functions G = (l/f;xlfy)/(—ih) as ji,(x,t) =
ihevp,ytr[éiG;(x,t :0,0)].ju,, in the linear response to § is
given by

. —ih]exevp, —i(g-x— i
Jiyy = Ty Ze “ Qt)l_[i_,-,y(q,Q)S;’Q, (4)
q,2

1 . A <
Wijy =+ Doulbigis 02,8y tirtore, ] )
k.o

where IT;; ,, is the spin-spin correlation function and A .y 18
the vertex function of V;. Here ¢ and 2 are the momentum and
the frequency of S, respectively. g7 Y is the nonperturbative
Green’s function of Hp, including V; with g;;,wqy = [how +
er — hvg k-6 +ih/(27)]7'. Here g" (g%) is the retarded
(advanced) Green’s function. i/(27) = niu?ue /4 is the self-
energy of Vj, where n; = N;/V is the concentration of impuri-
ties, v, is the density of states at €g, and V is the system volume.
We calculate IT;;,,, by using g, = fu(8% 1. — 8k, [24],
where f,, is the Fermi distribution function. Now, we only
consider the nonequilibrium component of j;, . Besides, we
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assume that S slowly varies in space (i.e., gf < 1) and
time (i.e., 27 < 1) in the doped DS. Then, the dominant
contribution is obtained by using /(ep7) < 1, expanding with
gl < 1 and Qt < 1, and assuming isotropic g as

3

;Di .
#} ©)
5Dg* +i2

where D = v3t/3 is the diffusion constant. Here the response
function IT;; , gives

. €VF,y JexV o
]i,yz% Zel(gt qx)lQT [8”—
q,22

V. QT
Iij,(q,2) = — o 8ij —

3
5Dqiq; §
pg> +iq | *®

(N

The second term in Eq. (7) is given by p,, which is calculated
by using Iy;,, as

Py = _%evF,yJexveTV - 3:{S)p, (8)

where (S)p is defined by the convolution of § and

a diffusive propagation function D [25] given by

(S)p = % dt’ [dx'D(x —x',t —1)S(x’.t') and D(x,1) =

% Zq,Q e’i(q'x’ﬂt)[%qu +iQ]~!. Therefore, we obtain

Jex 3

j, = il o ZDvp,. ©)
2 2

It is noted that, from Eqgs. (7) and (8), p, and j, satisfy the

conservation law p, + V - j, = 0 [26].

III. AXTAL CURRENT DUE TO
MAGNETIZATION DYNAMICS

Now, we turn to a discussion of the charge current density
and the charge density induced by magnetization dynamics
after the summation over the index of the helicity y. Since
Jy is proportional to y from Eq. (7), the directions of j and
J — are opposite to each other. In the same way, Eq. (8) shows

p+ = —p—. Thus, the induced total charge current density and
charge density vanish:
J++J-=0, py+p-=0. (10)

However, from Egs. (8) and (9), the axial current density
Js=Jj+ — J— and the axial charge density ps = p; — p_ are
given by

Jjs = evpJexvetd, S — 2DV ps, (11)

05 = —eVpJex VTV - 9,(S)p. (12)

From Egs. (10) and (11), js can be driven by the DCSE.
Here j5 can be decomposed into a local component j § and a
diffusive one j2 with js = j& + j2.The firsttermof Eq. (11),
J&. is proportional and parallel to 3,S. ji corresponds to
a local axial current. The second term of Eq. (11), j2, is
driven by the spatial gradient of ps and is parallel to its
gradient. The axial charge density ps is triggered by the time
and spatial dependence of the localized spin, V - 9,(S)p [27].
Here (S(x,))p expresses the diffusion propagation by random
impurity scattering in the doped DS. Thus, j 15) corresponds to
a diffusive axial current. j g‘ and jls) coexist in the case with
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FIG. 2. (Color online) (a) Schematic diagram of the axial current
generation and ferromagnetic resonance. (b) Schematic illustration
of the torque acting the magnetization at the interface between the
MI and the thin film of the doped DS in Fig. 2(a). The green arrow
denotes field-driven torque and the orange and red arrow represent
the damping torque.

A > £. On the other hand, if A < £ is satisfied, the magnitude
of j& could be dominant compared to j2.

IV. DETECTION OF LOCAL AXIAL CURRENT

We phenomenologically consider the magnetization dy-
namics after the axial current generation in the MI/doped DS
junction, where a static magnetic field parallel to the z axis and
ac magnetic field along the z axis due to microwave irradiation
are applied in the MI as shown in Fig. 2(a). The magnetization
dynamics at the interface between the MI and the DS are given
from the Landau-Lifshitz-Gilbert equation as

aG
oM =yuH x M+ M x 4,M +T.. (13)

where M(x,t) = —(M/S)S is the magnetization in the MI at
the interface, M is its magnitude, S is the magnitude of the
localized spin, u is permeability, y is the gyromagnetic ratio,
H is the applied magnetic fields, «g is the Gilbert damping

constant, and 7, = zf{b‘“M x § is the spin-transfer torque.
Because of spin-momentum locking, spin density in the doped
1

DS, s, satisfies s = — 5 Js. Therefore, the spin-transfer
VR

torque, 7, = geJlj; (M x jIS‘ + M x j?), is described by the
axial current represented from Eq. (11) as

_JavetSTy a4 3om V (V- 8,(M)p)
e — hM X 0t ) X : t< )D .

(14)

The first term of Eq. (14) corresponds to M x j % This
torque enhances the relaxation of the magnetization dynamics
[Fig. 2(b)] and modifies the damping coefficient from « into
oG + JezxvgtS/h in Eq. (13). The second term of Eq. (14)
is caused by M x jls); its direction is perpendicular to M
and V[V -9,(M)p], where (M)p = [dx'D(x —x")M(x")
includes the contribution from the magnetization M (x"), which
penetrates into the doped DS. From Egs. (13) and (14), the
torque M x j 15‘ can be detected by using magnetic resonance
in the setup shown in Fig. 2(a), since the damping constant
is experimentally estimated from the half-width value of the
permeability at magnetic resonance [28,29]. For example, we
consider the setup of the MI / doped DS, where the thickness
of the thin film of the doped DS is smaller than the length
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scale A as shown in Fig. 2(a). Besides, the magnetization at the
interface is spatially uniform [30]. Then, the diffusive axial
current j 5D could be negligibly smaller than one due to the
local axial current j 15‘ at the interface between the MI and the
doped DS. Therefore, we expect that the spin-transfer torque
by j% could be dominant compared with one due to j2 at
the interface. As a result, the half-width value AH of the
ferromagnetic resonance is changed by the torque M x j 15“ as

AH = 2wy(ac + J&veTS/h). (15)

This equation means that before and after the generation of j %,
the half-width value changes from 2wyag by ZwOJeZX v, 7S/h,
where wy is the resonance frequency. When we choose the
parameters Jo/ep = 0.01, T =6 x 107 s, €pv, = 1, and
S = 5/2, the change in damping is estimated as J2v,tS/h ~
2 x 1073, The order of o is reported as 1073 in ferromagnets
[29] and 107 in MIs [6]. Therefore, the change of the
half-width value should be measurable.

V. DETECTION OF DIFFUSIVE AXIAL CURRENT

To discuss an experimental setup for the detection of the
diffusive axial current j SD, we consider the property of j? in
the junction [Fig. 1(b)] for A > £. From Eq. (11), j? obeys
the diffusive equation [31],

(a, - %sz) P = 3evF—2JexveD8,V(V .S).  (16)
From Eq. (16), j? is produced by 9, V(V - S) in the doped DS
and j? propagates diffusively and isotropically in the doped
DS. Here j 15) can be interpreted as the diffusive conduction
electron spin s® with s® = j?/(—2evg), because of the
spin-momentum locking in the doped DS. Then, Eq. (16)
can be regarded as a spin-diffusive equation in the doped
DS. Therefore, from Eq. (16), we expect that the diffusive
propagation of s o< j ? can be accumulated at the edge in the
doped DS. The accumulation could be electrically detected in
the MI/doped DS/normal metal (NM) junction (Fig. 3) by using
the method established in spintronics [5-9]. For example, we
assume that in the junction, NM has a spin-orbit interaction
and the localized spin S in the doped DS varies in time and
space along x axis. We expect that S could be produced when
the spatial dependence of the magnetization of the MI behaves
like the spin wave. Besides, the spin wave propagates along the
x axis (e.g., S — S,z o« Re[e’?*(1,i,0)]). Then, 3, V(V - §) is
parallel to the x axis and induces s | x in the doped DS. The

spin wave

MI “’fW‘ NM

O

z spin. —— W
Ly
X

FIG. 3. (Color online) Geometry for j? in the MI/doped DS/NM
junction.
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induced spin sP||x is isotropically propagating in the doped
DS and accumulating at the edge of the doped DS. One of the
accumulated spins could be sinked from the doped DS into the
NM along the z direction [5-9] (flow of spin I ||z and its spin
sP||x in the NM). Then, I, in the NM can be converted into
charge current j oc sP x I parallel to the —y axis through the
inverse spin Hall effect [5-9]. We notice that j 15) propagates
without any accompanying charge current [see Eq. (10)] [32]
and can be converted into the charge current. Therefore, the
diffusive axial current could be detected electrically and could
be useful for an application to low-consumption electricity
transmission.

VI. GAUGE INVARIANCE

We find that js and ps are proportional to 9,S from
Egs. (11) and (12) because of the gauge invariance in the
doped DS. Owing to spin-momentum locking, S plays a role
like the electromagnetic vector potential as Hw , + Hex,, X
o - (k — £.A,), where the vector potential A, = JexS/(evE )
is conjugate to j, . Therefore, the observable quantity should
be proportional to the gauge-invariant form as —9,.4, = &,
orV x A, = B, [33]. The axial current and charge are driven
by an effective electric field £, and V - (€, )p, respectively,
as shown from Egs. (11) and (12).

VII. SUMMARY

In conclusion, we have studied the nonequilibrium axial
current density js and axial charge density ps based on a
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Green’s function technique in the MI/doped DS junction.
We have found that js5 is driven by the DCSE due to 9,5,
as expected from the gauge invariance of S. js can be
decomposed into the local and diffusive ones. Based on our
results, we have discussed a procedure for the detection of
the local and diffusive axial current by using the magnetic
resonance and the inverse spin Hall effect, respectively [34].
The DCSE induces j s with no accompanying charge transport,
and js can be converted into charge current in the MI/doped
DS/NM junction. These properties of js can be useful for the
application of DS to low-consumption electronics. Thus, the
present paper has explored a new area of the axial-current-
based electronics, axitronics.
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[32] The property of j2 is similar to that of the spin current in
metals. However, j2 = —%DV ps is not equal to spin current in

the doped DS as shown in Ref. [27]. Besides, j2 o sP satisfies
the spin conservative form as 9,s°" + 3, j>% = 0, where jP is
a flow of spin and is not equal to the spin current in the doped
DS.

[33] Similarly to the quantum anomaly due to the electromagnetic
field, one can expect that the effective electromagnetic field
triggers the quantum anomaly 9,p5 +V - js = —%B,S .
(V x S). When 9,8 - (V x 8S) is zero as realized in a trangverse
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conical spin wave, the axial current is a conservative flow.

, hé%% <1,
the axial current can be regarded as a conservative flow. In
addition, one can expect that the effective electromagnetic field
contributes to the quantum anomaly for the charge conservation
as 9, j" o 9,$ - B in the junction. Here the magnetic field B is
assumed to be the magnetization M < —S in the doped DS in the
absence of the applied magnetic field. When |S|? is independent
of time, we expect that the relation 9,S - B o 9,|S])*> =0 is
satisfied and the anomaly is not triggered in the junction we
consider.

[34] We find that axial current is a special flow in DS. Although
the axial current can transport spin degrees of freedom without
spin relaxation, it is different from spin current. Spin current
is not conservative flow, while the axial current is conservative
flow and can be observable. Axial current is also different from
valley current in graphene. Valley current could not be controlled
by magnetic field or magnetization. On the other hand, it is
possible to manipulate the axial current by using the spin degree
of freedom.

If the magnitude of J. is negligibly small, i.e.
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