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Abstract. We theoretically study the equilibrium axial current j;, which is the difference

between the charge current of left-handed and right-handed helicity of the Weyl fermions, in
the junction of a magnetic insulator attached to Weyl semimetals with time-reversal breaking
and inversion symmetry. The charge current of each helicity jf;q:i is induced by the localized
spin S of the magnetic insulator. j51, is proportional to V x § and is independent of the sign
of 7. As a result, the difference between j5L, and j51  are canceled out, and jg is zero.

1. Introduction

The axial current is defined by the difference between the charge current of right- and left-
handed helicity in Dirac electron systems [1, 2, 3, 4, 5, 6, 7]. Although this concept was initially
devised in elementary particle physics, currently, it strongly affects condensed matter physics as
well because candidate materials of massless Dirac material, such as Weyl semimetal (WS) has
been reported [8, 9, 10, 11, 12, 13, 14, 15]. It is noted that the axial current can flow without
an accompanying charge current [1, 2, 3, 4, 5, 6, 7]. The property of the axial current is similar
to pure spin current in spintronics[16]. Therefore, one can expect that the axial current can be
applied to a method of low-consumption electronics.

The axial current is induced when we apply a static magnetic field H|[1, 2, 3, 4, 5, 6, 7|. This
phenomenon is called as the chiral separation effect. Its origin lies in the difference of helicity
between right-handed and left-handed fermions in the WS. The helicity v = & - p indicates the
relative angle between the direction of the spin & and that of the momentum p of Weyl fermions.
The helicity of right-handed fermions is v = 41, whereas that of left-handed ones is v = —1, but
both spins are parallel to each other along the applied magnetic field (Figure. 1(a)). Here the
axial current can be regard as the equilibrium flow. Recently, the nonequilibrium axial current
has been also studied in the WS / a magnetic insulator (MI) junction. The nonequilibrium
axial current is driven by the spin transfer from the spin angular momentum of the the localized
spin into the conduction electrons spin in the WS[16]. The preexisting work considered only the
nonequilibrium axial current due to the spin transfer. The equilibrium axial current due to the
spin transfer has not been discussed, so far.

In this paper, we study the equilibrium axial current j:* due to the spin transfer in the WS
/ MI junction, where WS is time reversal breaking and inversion symmetry within a diffusive
regime. Using the Green’s functions techniques, we calculate the charge current of each helicity,
g5+, and obtain the axial current j5* = 75 — j° in the linear response of the localized spinS
in the MI.
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Figure 1. (a) Schematic illustration of the chiral separation effect. When a magnetic field
H is applied, right-handed and left-handed fermions are separated along the H direction. (b)
MI/WS junction with the chiral separation effect resulting from the static localized spin S. (c)
Schematic illustration of the energy dispersion of the WS with time-reversal symmetry breaking
and inversion symmetry.

2. Charge current of each helicity due to the localized spin
We will consider how the localized spin contributes to j:* in the WS / MI junction (represented
in the Figure. 1 (b)). The total Hamiltonian we consider is given by

H=Hw + Hex + Vi, (1)

where the first term,

Hw =D Hwy =3 {Z Vi [hve 5 (k —7Q/2) - 6 — GFWJkn/}a (2)
y=* k

=%

is the Hamiltonian describing the doped WS. Here w;ﬂ/ = (zp};’ﬂ zp};m l)’ and vy, are the
creation and annihilation operators of the Weyl fermions of each helicity sector -y, respectively
(where indices T and | represent spin), e is the Fermi energy [Figure. 1(c)], and vp = Yo is
the Fermi velocity. We assume that a single pair of Dirac cones exists in the WS with inversion-
symmetry and time-reversal-symmetry breaking with nonzero Q. The parameter Q of Eq. (2)
denotes the position of the Weyl node with yQ/2 and its magnitude |Q)| is the distance between
two Dirac cones. The second term in Eq. (1),

Hex = Z Hexq = - Z Jex/dws : (Wyfﬂ/}v)? (3)
y==% y==%

describes the interaction between the localized spin in the MI and the spin in the WS, where
Jex > 0 is the exchange coupling constant, S = Sn(x) is the classical vector representing the spin
structure, S is its magnitude, and 7 is the unit vector representing the direction. Finally, the
last term in Eq. (1), V4, represents nonmagnetic impurity scattering, which causes a relaxation
time 7 of the transport of conduction electrons in the WS.

In the following calculation, @ is chosen to be parallel to the quantization axis of the localized
spin (z axis) as Q = Q.z and Q. is independent of time. In addition, we incorporate the
term proportional to Q in Hy , into Hex~ by using the following transformation: S — S’ =
(Sz, Sy, 5S> — %Q »). This transformation enables us to calculate the axial current rather easily.
Then, we assume that the effect of Hex, is weak and can be treated as a perturbation. This
condition is satisfied by Jex|S’|7/h < 1 within the diffusive transport regime.

To consider the axial current, we will calculate the current j, using the above assumptions.

We define the charge current of each helicity sector v as j, = —€UF,7<¢L0'¢V> from the
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Figure 2. Feynman diagram of j,. The bold line shows the Green’s function of Hy , and the
wavy line represents the exchange interaction Hey .

conservation law p, = —V .3, where p, = —e(z/@z/}v) is the charge density of helicity
~v. The current is represented by using the same space and time of lesser Green’s functions

G5 = (W) /(=i as
i (@, 1) = ihevp ;1[G (@, £ 0,0)]. )

Jiy due to the linear response of the localized spin is described diagrammatically in Figure. 2.
We note that in this paper, we consider the equilibrium charge current jf’,y = jf (}/(az, 0). Here

jf (}y is derived from the spin-spin response function Il;; 5 (g, 2 = 0) = II;; ,(q, 0) and is given by

. ihJexevr, B
ji(}y(wvo) %Z @ Hl]’y(qvg _O)SqQ 0 (5)
W

where AJ ~ is the vertex function of V; and V' is the system volume in the WS. The vertex function
A] ~ 18 represented from the 4 x 4 matrix A and the Pauli matrix o as A] y = [/AXV]]Z,J,, Here
the matrix A, is defined by A, = 37°° (T, ) where 4 x 4 matrix I, satisfies T, = [[],,6,,.
This F%,, is represented as

Lyqy (q,0) = Z Lo uf gk—f w,fygugk-l—%,w;y' (7)

In the Egs. (6) and (7), gk, is the Green’s function of Hw , including Vi. The retarded
(advanced) Green’s function g"(¢*) in Hw , is given by

Ty = [hw + ep — hvp yk - 6 +in]~ t (8)

where n = h/(27) = njulv. /4 is the self-energy of V; and is obtained in the Born approximation.
Here ni, u;, and v, are the concentration of impurities, the potential energy of impurities, and
the density of states at ep, respectively. We calculate II;; , by using g; . fw (ggw — g;’m)
[17], where f,, is the Fermi distribution function. Then, the response function is represented by

Hzg'y q,0 watl“ Uzgk 1, 77A?3g2+%,w,7] — h.c, (9)

k,w
where A;“;l = [Agm]jyﬁ,, is constructed by the advanced Green’s function (n,m = a) or
the retarded Green’s function (n,m = r). Aa“ = 0 + f“a .-+ 1is described by f‘@“ =

% >k mu?ggfgw&ugg%w. Here A?“ can be approx1mately estimated by A“a ~ 0 + 0( ).
Then, II;;  is obtained by expanding with ¢/kr < 1 within h/(ep7) < 1 as

V A ~
VB 4 qc€icatr[6i0a] + 0(q?). (10)

Hi%’Y(Q) O) :461—7‘
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Substituting Eq. (10) into Eq. (5), we finally obtain jf(}y in the lowest order of q as

—ihv, Jexev%

Jia(x,0) = e N e eS80 o + 0(q?) (11)
q
e Joxev? :
T Veze “Leigj Vs (). (12)
€F

In the above equation, we use v%ﬁ = v%. From Eq. (12), jff; is induced by V x S and is
independent of ~.

3. Discussion of axial current, charge current, and spin polarization density

Using Eq. (12), we discuss the axial current ji* = j* — j%. Because jz(fy in the Eq. (12) is
independent of v, the difference between ji* and j° are canceled out each other. Therefore,
the axial current j:¢ becomes

ist=o. (13)

However, the total charge current, which is defined by j;* = jf 1 + jf 4, is given by

T Joxev?
jeq(a:,O) — —MV x S’ (14)
€F
From the above result, j°¢ is proportional to V x §' = V x (S — ;}i ). When @Q is also
2
independent of the space in the WS, the charge current becomes 74 = —Mfﬂv x S. Here

74 can be regard as the magnetization current density as 74 o« V x M, because the localized
spin S can be replaced with the magnetization M = —gupS/a®, where g is the Landé factor,
up is the Bohr magneton, a is the lattice constant.

We next discuss the spin density s°¢, which is defined by s*¢ = s‘f + 5% in the WS from

Eq. (12). Here s71, = %(1@&1@» is the spin density in each helicity. Because the direction of
the spin and the momentum of right (left)-handed are parallel (antiparallel) to each other in the
WS, s5% is represented by s = j5%/(—2evp 4). From Eq. (12), s5% is given by

_ wedetn, & gr (15)

529w, 0) = =
€r

¥

From the above equation, s5% is induced by V x S’ and is proportional to the sign of v = =+ as
si1 = —s%. Therefore, total spin density s° vanishes as

s =0. (16)

From the above equation, there is no spin polarization due to the static localized spin in the
WS. Equations (13), (14), and (16) are the main results of this section.

Next, we will compare the property of j:* and the nonequilibrium axial current ;4. j:4 is
zero, but j;° is induced by the dynamical localized spin [16]. The summary of the difference is
shown in Table I. In a similar way, there is the difference between 51 and the nonequilibrium
charge current 3"¢%. 59 is generated by V x S as 3¢ « V x S, but j"¢? is zero. The property
of s°1 and the nonequilibrium spin density s"°? are difference. s°¢ is zero and s"°? is driven by
the dynamics of the localized spin 0;S. Therefore, there is no spin polarization in the WS unless
the localized spin depends on time.
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Table 1. Summary of the axial current, the charge current, and the spin density due to the
localized spin.

Axial current Charge current Spin density

Static S Jst=0 j9x V x 8 §% =0
Dynamical S Js o< 0,8 ghed =0 s"4 oc 9.8

Finally, we discuss the gauge invariance in the presence of the localized spin in the WS.
Owing to spin-momentum locking, S plays a role like the electromagnetic vector potential as
Hw,y + Hex,y X 0 - (k— £A,), where the vector potential A, = JexS/(evr,) is conjugate to
J5%. Therefore, the observable quantity should be proportional to the gauge invariant form as
—-0tA, =&, or V x A, = B,. From viewpoint of the effective electromagnetic field, 7°¢ can

be driven by the effective magnetic field B, from Eq. (14).

4. Conclusion

We study the equilibrium axial current j: due to S in the WS / MI junction. Using the Green’s
function, we calculate j;2 in the linear response of S. From the results, j;7 is proportional to
V x 8" and vp, as you can see Eq. (12). Then, j:* becomes zero because of the cancelation
between ji‘i and jf,q_. In addition, the total spin density s°? is also zero, but the total charge
current is induced by the localized spin from Eq. (14).
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