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Abstract

We theoretically show spin and charge transport on the disordered surface of a three-
dimensional topological insulator with a magnetic insulator when localized spin of the
magnetic insulator depends on time and space. To ascertain the transports, we use a
low-energy effective Hamiltonian on the surface of a topological insulator using the
exchange interaction and calculate analytically using Green's function techniques
within the linear response to the exchange interaction. As a result, the time-depend-
ent localized spin induces the charge and spin current. These currents are detected from
change in the half-width value of the ferromagnetic resonance of the localized spin when
the magnetic resonance of the localized spin is realized in the attached magnetic
insulator. We also show spin and charge current generation in a three-dimensional
Weyl-Dirac semimetal, which has massless Dirac fermions with helicity degrees of
freedoms. The time-dependent localized spin drives the charge and spin current in the
system. The charge current as well as the spin current in the Weyl-Dirac system are
slightly different from those on the surface of the topological insulator.

Keywords: Spin pumping, Spin-momentum locking, Surface of topological insulator,
Weyl-Dirac semimetal, Massless Dirac fermions

1. Introduction

A crucial issue in spintronics is the generation and manipulation of a charge and spin current
by magnetism, since these mechanisms can be applicable to magnetic devices. One way to
generate charge and spin flow is called “spin pumping,” which pumps from the angular
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momentum of a magnetization's localized spin into that of electrons through the dynamics of
magnetization as well as spin-orbit interactions [1, 2]. No other way of doing this has so far been
discussed in the field of metallic spintronics.

Ever since the discovery of a topological insulator (TI) [3-6], spintronics using topology has
been studied. A TI has a gapless surface, its bulk is insulating, but its surface is metallic as a
result of two-dimensional massless Dirac fermions on the surface [4-6]. Because of spin—orbit
interactions on the surface the spin and momentum of Dirac fermions are perfectly linked to
each other. The relation between a TI's spin and momentum is dubbed “spin-momentum
locking,” and the direction in which they travel is perpendicular to each other. Because of spin—
momentum locking, unconventional spin-related phenomena —such as magnetoresistance [7—-
15], the magnetoelectric effect [16-21], diffusive charge—spin transport [22-25], and the spin
pumping effect [26-31] —have so far been the only phenomena theoretically and experimen-
tally studied.

Of the unconventional phenomena on the surface of a TL, spin pumping is one of the most
interesting when it comes to spintronics. Here spin pumping on the surface is different from
that in metals. As a result of spin-momentum locking on the surface the localized spin plays
the role of a vector potential, whereas time-differential localized spin effectively plays the role
of an electric field acting on electrons on the surface of the TI [16-19]. As a result, even in the
absence of an applied electric field, the charge current is generated by time-dependent
localized spin as shown in Figure 1. The induced charge current flows along zx0,S [28-31].
Actually, this spin pumping effect on the surface has been experimentally demonstrated in the
junction of the TI by attaching magnetic materials [29-31] by changing the half-width value
when ferromagnetic resonance is realized in the attached magnetic material [32, 33].

Recently, it has been reported that localized spin on the surface of a TI subject to magnetism
depends on space and its spin texture seems to be a magnetic domain wall [34]. It is predicted
that in the presence of a spatial-dependent spin structure the charge current, which reflects
the spin structure, is induced [28]. Moreover, the spin current as well as the charge density are
induced when an inhomogeneous spin structure exists on the surface. Detailed results are
shown in Section 2. This study may help the study of spin pumping on the surface of a TI with
inhomogeneous spin textures [35, 36].

Recently, the next generation of spintronics has been theoretically and experimentally studied
in Weyl-Dirac semimetals. A Weyl-Dirac semimetal possessing three-dimensional massless
Dirac fermions has attracted much attention in condensed matter physics [37-39]. Such a
semimetal has been experimentally demonstrated [40-45]. In addition, Weyl-Dirac semimetals
have been theoretically predicted in a superlattice heterostructure based on the TI. Such a
heterostructure has been realized in the GeTe/Sb,Te; superlattice [46].

Spin-momentum locking occurs in a Weyl-Dirac semimetal, but the locking is slightly different
from that on the surface of the TI. As a result of spin-momentum locking, the spin polarization
(charge density) and the charge current (spin current) are linked to each other. Moreover, Dirac
fermions have helicity degrees of freedom, which are decomposed into left- and right-handed
fermions. Note that the total charge flow of Dirac fermions of left- and right-handed Weyl



Magnetization Dynamics—Induced Charge and Spin Transport on the Surface of a Topological Insulator Subjected to
Magnetism
http://dx.doi.org/10.5772/62531

fermions is preserved. In a Weyl-Dirac semimetal the anomaly-related effect, which is
discussed in the field of relativistic high-energy physics, has also been discussed in condensed
matter physics. Studies up to the moment have asserted that the charge current is generated
by magnetic properties with helicity degrees of freedoms [47-54]. Our goal is to introduce the
helicity-dependent spin pumping effect, one of the characteristic properties of Dirac fermions
(as shown in Section 3).

Figure 1. Schematic of spin pumping on the surface of a topological insulator with localized spins of the attached mag-
netic insulator. Here, the localized spin depends on positions on the surface. The dynamics of the localized spin (dash-
ed line) drives the charge current (orange arrow) on the surface. Then, the charge current is also polarized because of
spin-momentum locking on the surface.

2. Spin and charge transport due to spin pumping on the surface of a
topological insulator

2.1. Model

We will calculate the charge and spin current due to spin pumping on the surface of a TI with
an attached magnetic insulator (MI) (as illustrated in Figure 1). To do so, we consider the
following low-energy effective Hamiltonian, which describes the surface of the TI with
localized spin of the MI [4]:

H=H +H,, +Himp, (1)

TI-surface

where Hrygyfacer Hew and Hi,,, are the low-energy effective Hamiltonian on the surface of the
TI, the spin—exchange interaction between the localized spin of the attached MI and the spin
of conduction electrons, and the nonmagnetic impurity scattering on the surface of the TI,
respectively. Hyy e 1S given by
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E‘u};[_hvr.s(i\: X 6) — Er]w: (2)

k

where vy, Ep, k, and o are the velocity of bare electrons, the Fermi energy, momentum on the
surface of the T, and the Pauli matrix in the spin space, respectively; and ¥V, = (¥, ¥|) and ¥*
are the annihilation and creation operators of the electrons with up-spin and down-spin index
(1, }). H,, is represented by

H,=-J.[ dy'G o, 3)

where ], is the coefficient of the exchange interaction; and S is the localized spin of the MI on
the surface. Here, we take into account the space- and time-dependence of S. H,,,,, is given by

Himp = jdxz l//-}-uimpw (4)

Nonmagnetic impurity scattering is taken into account for a delta function type [19, 21-24] and
is considered within the Born approximation. Because of impurity scattering the Fermi velocity
of bare Dirac fermions in Eq. (2) is modified by vg — vy [23, 24, 28]. We use vy in what follows.

2.2. Charge and spin current due to localized spin dynamics

We will calculate the charge and spin current as well as the charge and spin density due to
magnetization dynamics on the surface of the TL. They are given using the Keldysh—Green
function and the lesser component of Green's function [48] as

(' (x, 1))y = ev . (w ' (x,)o'w (x,1)) = —izlethr[aiG< (x,t;x, )] = %(SZ},
T

| 5)
G @) =%vpemf<w*<x,t)w(x,t>> =—%vFemtr[G<<x,t;x,t>] =2 s (p).

As a result of spin-momentum locking the charge current <j> and spin current <j, > are
proportional to the spin density <s>> and charge density <p>, respectively, where <> = denotes
the expectation value in H and ¢(<0) is the charge of Dirac fermions. These relations are derived
from the Heisenberg equation. The superscript and subscripts in <, ;> show the direction of
flow and spin of the spin current, respectively. In what follows the charge and spin current
are considered within the linear response to H,,. This assumption can be a good approximation
because the energy scale of the exchange interaction is smaller than that of the bandwidth of
the low-energy effective Hamiltonian on the surface of the TI [28, 31]. We also assume the TI
has a metallic surface of and that a finite Fermi surface exists on the surface; that is, h/(Ex7)
< 1 where h is the Planck constant and 7 is the relaxation time of nonmagnetic impurity
scatterings on the surface.
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The charge and spin current are represented by

. iehv,J e T J
J'(x,t)= T’;Ze T o' (q,Q)]S Iq”Q,
q,Q
i, J . - ©

. 1 . . -

(1) = — e gFN O T (g Q) ]S

Jra(ot) =15 ZQ: (T (q. 1S r

q,

where g and Q are the momentum and frequency of the localized spin §/ ,, respectively; L*is

the area of the surface; and IT is the response function. These currents are obtained from IT:

Hj(EI’Q) = Z(fw+9/2 - fw—9/2)8579/2,1‘<7q/2Ai (ﬁ’Q)g:}m/z,qu/z' (7)
.,k

where £, g1 & = ([80*])) = [hw/(2m) + E — hog/(21)(k x 0), + ih/(4nt7)]?, and A are the Fermi
distribution function, the retarded (advanced) Green function, and the vertex correction of the
ladder diagram, respectively. The above functions are estimated in the regime Q7 < 1 and
gupt < 1, which are satisfied when the dynamics of the localized spin islower than the terahertz
regime and the spatial gradient of the localized spin is slow compared with the electron mean
free path. Then, by expanding (2 and g within Q7 < 1 and guyT < 1, the vertex function A/ is
represented by AV =[I' +I[?+ I3+ .. .J"o"=[ (1-I)"]J"0" with

i_ ZZgR j oA _Tn _n
I =nu So-0ni-g2% Evraniiqn =I"o". (8)

w,k

where I'" (1 1T7"] | <1) is the 3 x 3 matrix (j, n=0, x, y). As a result, [T is given by

l l | q}' _l | qx
- q’ [ +iQr q’ [ +iQr g’ | +iQr 0
T o P 7 9.4, .

T 0 | 2AG[+Qn [ +or ||° ©)

T o’

. 2 22

—i|q, 9.4, | _q]

q’ [ +iQr q’ | +iQr 2(q* |’ +iQr)

where ¢ is the identity matrix; and [ is the mean free path on the surface. From Egs. (5-9) the

spin and charge current are given by
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(j')=-2ev]"J v, r((z x 351y — P[Ex(Zx V)] [V x4, <§“>D)]z),
<]sla> _ gzaiV:IJeva 2 [ﬁ % 5{ <S’H>D]Z’ (10)

where v, is the density of state on the surface of the TI; <S''> is the convolution between S'
and the diffusion propagator D on the surface; and S'' is the in-plane localized spin S''= S -
5z as

o= [dt[dx' D(x—xt = 7S (x',t),
T
} (1)

1 1 o
Dx—-—x'\t—tY=— —el(Qt—q-x).
( ) r q,zngvFrHQ

Eq. (10) shows that time-dependent localized spin induces the charge and spin current and
that they can be decomposed into local and nonlocal contributions. The first term in Eq. (10)
is the charge current due to spin dynamics at that position on the surface; its direction is along
the z x 9,S'" direction [28-31]. On the other hand, the second term in Eq. (10) is the charge
current due to both time- and spatial-dependent localized spin; its direction is along the [z x
(z x 0)] [0 x 0,<S''>p], direction, where <S''<; indicates the nonlocal contribution from the
localized spin. Moreover, this term is zero when the spin texture is spatially uniform. There-
fore, this charge currentis caused by diffusion with the dynamics of the spatial inhomogeneous
spin texture. It is noted that this second term is also described by the spatial gradient of the
charge density.

Because of spin-momentum locking on the surface of the TI, spin polarization is given by <j>
= 2evp(z x <s>). Thus, the properties of spin polarization are similar to those of the charge
current.

Eq. (11) shows that the spin current is induced by the time- and spatial-dependent S''. Then,
the charge density is also generated because of spin-momentum locking. In addition, the
second term of the charge current <j> e = 260V ] T2 % (z x 9)] [0 % (0<S''>p) ], is given
by the spatial gradient of the charge density, whereas <j>,j.ca 1S proportional to the spatial
gradient of the spin current [28] as

<ji >nonlocal =—ele™ V! <]Sn“ > (12)

This result shows that the relation between the charge and spin current is different from that
in the metallic spintronics system [2]. The spin current is proportional to the charge current
and spin current flow is perpendicular to the charge flow and its spin polarization.

Note that no out-of-plane localized spin 5°z contributes in a dominant way to charge and spin
current generation. The reason is 0* does not couple with momentum p in Eq. (2). Therefore,
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we believe a warping effect [1-4] on the surface of the TI is likely. Spin polarization along the
z-direction is also generated by spin dynamics.

2.3. Spin torque

Based on these results, we look atlocalized spin dynamics after generation of the charge current
and spin polarization on the surface [24]. We assume there is an external staticand AC magnetic
field on the surface—as shown in Figure 2(a). The static magnetic field arranges the localized
spin texture and the AC magnetic field triggers its spin dynamics. The propagation direction
of the microwave is parallel to the static magnetic field, which is along the y-axis. The texture
is called the “longitudinal conical spin order” [56].

After applying the microwave the dynamics of the localized spin of the Ml is induced by the
in-plane AC magnetic field of the microwave. The dynamics of the spin induces the charge
and spin current. Then, from <j> = 2evy(z x <s>), Eq. (10), and spin-momentum locking, spin
polarization is also generated. Note that spin polarization induced in this way acts on the
localized spin as an effective exchange field for localized spin. This contribution is given from
the Landau-Lifshitz—Gilbert (LLG) equation of motion [32, 33] on the surface of the TI:

atME—yﬂ(MXH)+%(MX8tM)+TE (13)
(a) H, > (b)
" " i 5 ,, Magnetic -
s /':'% —pi \J::L\i}‘.)“u insulator oM
4 M.y oo i i op | Surface Hx
Ilhll l\t: \\,: \h‘ I‘\-ll H =HZIC
L>y Topological insulator

Figure 2. (a) Schematic of the setup used to detect spin and charge current generation. The texture of the magnetization
M depends on space. Such magnetization is along the applied static magnetic field H,, and the magnetization dynam-
ics is induced by the applied magnetic field of the microwave. (b) Schematic of the spin torque acting on M.

where M = -M(S/S) is magnetization of the MI; y is the gyromagnetic ratio; u is permeability;
ag is a Gilbert damping constant; H = H; + H, are the applied magnetic fields on the surface;
and Hand H, denote the staticand AC magnetic fields, respectively. The first term of Eq. (13)
denotes the field-like torque that drives the dynamics of M. The second term is the damping
torque that prevents its dynamics—these terms are schematically illustrated in Figure 2(b).
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The third term T, is the spin torque due to spin polarization of Dirac fermions on the surface
of the TI (<s>). It is given by T, =2]..a4* (M x <s>), where a is the lattice constant on the surface.

Since T, is proportional to <s>, this torque is decomposed into local (T.") and nonlocal spin
torque (T.°) terms as

Fio K

¢ MH

]\Zxé’tﬂ“,

I | (14)
K o . L .

T _—MuzMx(ZXV)(vX@W >D)Z,

¢

where M'' = -M(S''/S) is in-plane magnetization; and « is the dimensionless coefficient.

As a result of spin-momentum locking the torque is T, ~ M x <j>. This relation is useful as a
way of detecting nonzero <j>[29-31]. Moreover, nonlocal spin torque can be described by T<.”
~ M % <j>_ 1ol - EQ- (12) shows this torque may well be affected by spin current contribution,
whereas the relation between spin torque and spin current can be used as a way to detecting
<j', > on the surface:

2
TP = %gw‘ Mx[(zx V)(Vx{(j)]. (15)

We now consider magnetization when it is given by M = ( M,, M, M,) = [m cos(q.x — Qt), M,,
m sin(q.x — Qt)] with q = (g, q,), m* < M, M, ~ M, and 0,M, ~ 0. Such a time-dependent
magnetic structure is assumed to be realized when the magnitude of the static magnetic field
is larger than that of the AC magnetic field H,=(h,, 0, h,); thatis, h,, h, < H,. Then, substituting
this M into Egs. (13) and (14), the LLG equation becomes a linear approximation:

atmx = a)Hmz N a)Mhz + aGatmz’
oym, = —wym, + oyh, —(ag +K)o,m, + kq, | 6,(M"),, (16)

where wy = yuH and wy; = yuM are the angular frequencies of H; and M, respectively; and
kq,*?0,<M'' ">y indicates the contribution from T,P. Substituting <M'"*> into Eq. (13), we obtain
magnetic permeability around the surface:

mx Zxx sz hX
= 17
[mzj (sz Zzz][hyj ( )

where x,, and y,, denote the longitudinal and transverse magnetic permeability as
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2 (0.0) = (0 +iaQ)ay ’
” [0y +iaQ][@y +i(ak, o)Q]- ¢, O

oy +i(a+k, )0 (18)

7Q = q, ’Q b

Xzz(q ) a)H+1'aQ ZXX(q )

/’{xz (q’ Q) = _é/q,QZxx (q’ Q) = _sz‘
The coefficients K’y and C, are given by
4 4 22
| q | g " Qr

Ko = K[l - (]4 |4 1O 2 j’ é’q,ﬂ =1+ Kq4 |4 102 (19)

Hence, ', and (, depend on g and Q. If =0, ', and {, go to k', o — k and (, — 1,
respectively. Then, the magnetic permeability is isotropic. In 4 =0, x,, and x,, go to the same
value and y,, =—x,, is satisfied. On the other hand, in nonzero g the magnetic permeability is
anisotropic: X, # X.-

Figure 3(a) shows the dependence of ) on the imaginary part of the longitudinal magnetic
permeability for several q. The resonance frequency €2, and the half-width value AQ are slightly
changed by the nonzero g. Figure 3(b) shows change in the resonance frequency for several f;;
in greater detail —fy; is the frequency described by the static magnetic field H,. The resonance
frequency decreases with increasing gl from gl = 0 into gl = q,l, where g, satisfies g,°* ~ Q. In

@ [ e (b))

g0

4 — gl 00} X
= S oyn
X <
€ 2 w 2af, 1 Gl
'y 2uf, =2 Gl
0V wdu L~ S Gl
o '(‘-“-‘ — 2 10GI
- . - .‘\‘ - - —
14 ) 6 . 1.8 o LT T R T T )
Frequency 2(2x) (GHz) qt
¢ : . . . .
( )°°“' A 1GI
afy= 220G
— L= S Glle
tl —2tr* 10GIe
= 00M!
Z
00%:; —
0 002 0 006 o6 o1
ql

Figure 3. (a) Frequency dependence of the imaginary part on the longitudinal magnetic permeability of several gl. The
half-width value and resonance frequency change according to gl. (b) Dependence of gl on the resonance frequency for
several frequencies of the applied static magnetic field. (c) Dependence of g/ on the half-width of several frequencies of
the static magnetic field [49].
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addition, when gl takes a large value the resonance frequency returns to that frequency at g/=0.
Figure 3(c) shows the momentum dependence of the half-width value on renormalization by
the angular frequency of the applied magnetic field for several wy; =27tf;; frequencies when
realistic parameters on the surface of the TI are taken into account [31]. Change in the nor-
malized half-width value AQ/wy(ql) decreases from AQ/wy(gl =0) =0.038 to AQ/wy(gl ~ 0.1) =
0.030 with increasing gl.

Any change in the half-width value AQ indicates an induced charge current on the surface of
the TI because T,* + T.” is proportional to the induced charge current [29-31]. In addition, the
half-width value AQ of T.” represents a contribution from the spatial gradient of the spin
current. These relations can be useful for the detection of spin current. For example, let us
suppose that in a finite g/, AQ includes the contribution from the whole of the spin torque T,
and the contribution from the nonlocal term T.” is reduced by the large magnetic field. In a
higher magnetic field the inhomogeneous spin texture would be expected to be aligned along
the magnetic field direction and the spin texture to be spatially uniform; hence, the value of gl
decreases and reaches zero. Then, the half-width value AQ(T,P = 0) has no contribution from
T.P. The difference AQ(T.” # 0) — AQ(T.P = 0) includes a pure contribution from T.".

Any contribution from the applied magnetic field is of course a concern. Note that an in-plane
static magnetic field contributes no finite charge current generation or spin polarization [49],
whereas the contribution from the applied magnetic field is negligible.

3. Spin pumping in a Weyl-Dirac semimetal

3.1. Model

We now consider spin pumping in a Weyl-Dirac semimetal subjected to magnetism. To do
this, a Weyl-Dirac semimetal subjected to spin and momentum locking, such as a supperlattice
hetrod structure constructed from a TI/normal insulator/TI [39, 46 — 48], is considered. The
low-energy effective Hamiltonian describing the Weyl-Dirac semimetals that have a spin-
exchange interaction is given by [50-52]

H = HWeyl + Hex + Himp‘ (20)
The first term takes the form
Hy, = ZV/Z[hVFTZ ® (]; - TZE) o—pur’ @’ — 1t ®c'ly,, (21)
k

where ¥, = (¥, \W¥, \W, W, ) is the annihilation operator of an electron with spin (1, |) and
helicity t(+, —) degrees of freedom; t***¥* and ¢***¥* are Pauli matrices of the helicity and spin,
respectively; vy is the Fermi velocity; u is the chemical potential of the Weyl-Dirac semimetal;



Magnetization Dynamics—Induced Charge and Spin Transport on the Surface of a Topological Insulator Subjected to

Magnetism

http://dx.doi.org/10.5772/62531

and b and p°> denote the difference in position between each Weyl cone in momentum and
energy space, respectively. In Dirac semimetals, we set b =0 and p°= 0.

The second term of Eq. (20) indicates the spin—exchange interaction:
H,=-J,[ dcy'lr"®S Gy, (22)

where ], is the coefficient of the exchange interaction; and S is the localized spin that depends
on space and time in the Weyl semimetal. This exchange interaction is independent of the
helicity index. H,,,, shows the nonmagnetic impurity scattering in the Weyl-Dirac semimetal:

_ 1,0 0
H,o =Jdx u, w'[r" ®c'ly. (23)

This Hamiltonian is similar to that on the surface of the TI—see Eq. (4). In the following
calculations, H,, and H,,,, are treated as perturbations within the same formalism as laid out
in Section 2.2. This treatment is allowed when the energy scale of the exchange interaction is
smaller than the bandwidth of Eq. (21). Then, the low-energy effective Hamiltonian in Eq. (21)
gives a good approximation.

3.2. Response function within the linear response to the exchange interaction

To calculate the charge and spin current within the linear response to H,,, we use Green's
functions. From Eq. (20) the charge current <j> (i = x, y, z) can be defined by

(j' (2, 1)) = evp(y " (. 1)(7" @ Yy (x,1)). (24)

where< >denotes the expectation value in Eq. (20). Such a charge current can be decomposed
as <j> = <j,> + <j_>, where <j,> = tev;<¥',c¥V,> and V.=(¥, .V, .) is the annihilation operator
around each helicity 7 =+1. Since there is no mixing between V', , and V¥, _in the Hamiltonian
in Eq. (20) the charge current around each helicity can be calculated separately. Because of
spin-momentum locking in the Weyl-Dirac semimetal the charge current links to the spin
polarization. The charge current of each helicity is proportional to the spin polarization of each
helicity as

HERD) =i%<s;(x,t)>. (25)

The spin current in the Weyl-Dirac semimetal can be defined from the Heisenberg equation
for the spin operator:
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atsa + ai]';,a = Tr,a’ (26)

where ' is the spin current operator; and T, is the spin relaxation term. Spin current density
can also be decomposed into the spin current density of each helicity and can be calculated

separately:

. v v
(Jire) = :%5;(1111%) - tfﬁé(pz)- (27)

The superscript and subscripts of j,,,’ denote the direction of flow and spin of the spin current
of each helicity, respectively. The direction of spin is perfectly parallel to that of the flow, and
the spin current density is proportional to the charge density of each helicity.

The relaxation term can also be decomposed by <T,>=<T, >+ <T, > and can be given by <T, ,>:

(12.) =72V o8y 0 ()~ (@'y Doy ). (28)

-

The charge and spin current can be obtained by calculating the response function (Figure 4):

Figure 4. Diagrammatic representation of the charge current of each helicity within the linear response to the exchange
interaction. The bold line is Green's function; ¢’ is the velocity operator; and $' is the localized spin (wavy lines). (a) A
bubble diagram without taking impurity scattering from the exchange interactions into account. (b1) and (b2) Bubble
diagrams that take impurity scattering within the ladder approximation into account.

: jehv,.J b A J
(1) =+ 3 @I TGS
L - q,0
q,
(29)
i _ihvd i(Q1-G-%) jr= /
— eX Q
<]s,a.i> + 2L3 5aahzge t’”[ni(% )]Sﬁ’Q’

where g and Q are the momentum and frequency of the localized spin, respectively; L is the

volume of the system; and IT, is the response function within the helicity index:

j — 22 R j LA _Tjn n
Do=n.u; » gw—Q/Z,R—E]/Z,iO- ga)—Q/Z,lA(f(j/Z,i =l,o. (30)

w.k
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where f,, 9.,1:"= ([§ur:*1") = [hw/(21) + u, — hvpk.o/(2m) + ih/(4nt.)]™, and A, are the Fermi
distribution function, the retarded (advanced) Green's function, and the vertex correction of
the ladder diagram at each helicity +, respectively; and 7, is the relaxation time of nonmagnetic
impurities in the material, which depends on the helicity, because it depends on the chemical
potential i,. When Qt,., < 1 and gugt,, < 1 are satisfied the vertex function A, is given by A/
=[T.+T2+T2+ . V0" =[(1-T,)"}"0" with

I =nu Zg o'g’ =T"g"

- Q/Zk q/2+ w+Q/2 k+q/2+ - (31)

where I'", (1 1T, | <1)is a 4 x4 matrix (j, n =0, x, y, z). As a result, I', can be represented by

R A (32)

where the above matrix component (m, m'=x, y, z) is

% - Q 2+1Qr,,
T Amgtoln,, 12+iQ°
Q ivpq"
HTO — Hgm — 1 F
B ) 47 gPvpr, , | 2+1Q (33)
Hmm' — _2 1— Z)Fz-e,iq qm' ]
- dr\ qoir,,/2+iQ
As a result, the charge current and spin current can be obtained by
, ev ] VioT,, = _
(o=t Terpg Lo G, (34)
+ > g JFre VAP
i hU i
(. | =t—"0,(p.), (35)
’ 2e

where v, and <p.> are the charge density of state and the induced charge density of each

helicity, respectively:
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1 _ =
(p.) =3 ev] 17, (V0.5 (36)

where <S>, is the convolution between the localized spin and diffusive propagation of each
helicity. <§>p . can be defined by

Syps = [de'ldeD, (x—x't -3 e),

Te,i —o0
1 1 (37)
D, . (x—x't—t)=— =)
wat r qZQ: 70pT, ., [ 2+iQ

Note that the above results are obtained when b = 0. These results are easily generalized when
b = 0. Because b behaves like a static Zeeman field acting on the whole of the band of Hy,,, it
can shift as a result of Pauli paramagnetism. However, b cannot drive a net current because b
is static [49]. On the other hand, the dynamics of the localized spin are only effective near the
Fermi surface, the structure of which does not depend on b. Therefore, we obtain the same
charge and spin current in Egs. (33)—(35) even when b # 0.

3.3. Charge and spin current due to spin pumping effects

From the above results the total charge current can be given by

3
() = e, e, 008+ SR [0, (v )] 0

The charge current is triggered by the dynamics of localized spin. The first term indicates the
local term of the dynamics of localized spin. Its direction is parallel to 9,S. The second term
shows the nonlocal term, which is generated by the convolution between localized spin and
the diffusion propagator. A nonzero nonlocal term is given when the spin texture of localized
spin depends on space. Thus, the driving force needed to induce the charge current is the same
as localized spin dynamics, which plays the role of driving the charge current on the surface
of the TI. Note that the charge current in a Weyl-Dirac semimetal depends strongly on the
valley index. When the difference between 7, and 7_as well as between v"**, and v"*_is realized,
there is a population imbalance between two of the bands of each helicity. Then, nonzero <j>
is induced when v"*, 7, #v"*_7,_or u>=0.

Note that the property of the charge current at each helicity links to that of spin polarization
because of spin-momentum locking. However, after summation of the indices of helicity the
relation between total charge current and total spin polarization is changed. As a result, even
in the absence of population imbalance, nonzero spin polarization can be given by Eq. (25) as
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2
<Si> = %(VJINSTGJ + VEA/STe,—)atSi + UF2_£9XV1 |:v : at (VX\/ST:,+<S>D,+ + Vl/vsrez,f <S>D,f ):| (39)

Local spin polarization is along 0,5 and nonlocal spin polarization is along the spatial gradient
of 0,(0'S").

Total spin current can be represented from Egs. (35) and (36) as

) o 1 L
(oo == 90, [V, o+, G, (40)

Total spin current can be generated by spatial divergence of localized spin dynamics, where
localized spin is the convolution with diffusion. As a result, the spin current can be regarded
as a nonlocal spin current. Note that a nonzero spin current is generated when localized spin
depends on space. Such a spin current becomes nonzero even in the absence of population
imbalance.

The nonlocal spin current in this case is obtained from the diffusive motion of spin density,
which is driven by the dynamics of localized spin, where localized spin depends on space. The
spin diffusive motion of each helicity can be given from Egs. (25), (34), (37) as

3.2
evFTe,i

(at - %vﬁreij{sb ~ ey S9 V(V - S). (41)

As a result, the diffusive motion of total spin becomes:

{at (¢s0y+¢shy) —%vé (7o (sh)+ re,+<si>)} = %(W +7 )0 V(V-S) 42)

Time-dependent and spatial-dependent localized spin, 9[9,(0'S)], triggers the diffusive motion
of total spin density. When there is no population imbalance between each helicity, diffusive
motion can accompany total spin density without any charge flow. Hence, a pure spin current
can be generated.

4. Conclusion

Our results on the charge and spin current due to spin pumping on the surface of a three-
dimensional TI (Section 2) [28] and in the bulk of a three-dimensional Weyl-Dirac semimetal
(Section 3) [51] are summarized in this chapter.
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Section 2 summarizes our results on spin pumping on the surface of a TI attached to an ML
The results are calculated using the standard Keldysh—Green function method within the linear
response to the exchange interaction between the conduction spin and localized spin of an MI.
The purpose of this work is to derive charge and spin current generation due to localized spin
dynamics on the disordered surface of a TL; in particular, when the localized spin depends on
space on the surface. The main results on the surface of a TI are summarized in Table 1. Time-
dependent localized spin on the surface is a prerequisite to obtaining nonzero charge and spin
current generation. Moreover, Table 1 shows that when the spin texture is spatially inhomo-
geneous, not only the local charge but also the nonlocal charge and spin current are generated
by time-dependent localized spin. The flow and spin polarization of the spin current are
perfectly perpendicular to each other because of spin-momentum locking. The magnitude of
the spin current is proportional to the charge density, which is induced by divergence between
time-dependent localized spin and the diffusive propagator on the surface—see Egs. (10) and
(11). Such pumping effects are caused by time-dependent localized spin, which plays a role in
driving the charge current and can be regarded as an effective electric field E,".

G < jsi,a> (s) 2 Ref.
Local z % 9S" 05" [29-31]
Nonlocal VIV x0,5"5], €[V x9,S"5], VIV x9,5"], [V x0,5"], This work [28]
Driving force 7 x SSTI [V x SSTI D1, 7 x SSTI [V x ‘SsTI D1, This work [28]
TI TI
ETIE_ﬁa SI| V[V X<€s >D]z VIV X<€s >D]Z
t

Table 1. Brief summary of the charge current, spin current, spin, and charge density induced by localized spin
dynamics on the disordered surface of a TI. The charge current and spin density have both a local and nonlocal
contribution. The spin current and charge density are described by the nonlocal contribution.

Recently, it has been reported that the localized spin texture at the junction of the TI/MI is
spatially inhomogeneous [34]. We suppose that the spin current we have obtained at the
junction is generated when the spin texture moves temporally.

On the basis of these results, in Section 2.3 we discussed a way of detecting the charge current
and spin current induced on the surface of a TI attached to an MI by using ferromagnetic
resonance. We assume that the dynamics of localized spin is triggered by the applied static
and AC magnetic field of the microwave. The dynamics of the localized spin induced both the
charge current and the spin current. Such induced currents are related to spin density, and
spin polarization acts on the localized spin in much the same way as spin torque—see
Eq. (14). Hence, the half-width of ferromagnetic resonance changes as shown in Figure 3.
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Spin pumping in a Weyl-Dirac semimetal hosting massless Weyl-Dirac fermions is summar-
ized in section 3. The results are obtained within the same formalism as laid out in Sections 2.1
and 2.2. The charge and spin current as well as the charge and spin density are given in
Table 2. Semimetals are subject to spin-momentum locking. The spin direction of Weyl-Dirac
fermions brought about by spin-momentum locking is perfectly parallel/antiparallel to its
momentum and its locking is determined by the helicity degrees of freedom of Weyl-Dirac
fermions. As a result, the charge current and spin polarization induced depend on the helicity
indices. Egs. (38) and (39) show that localized spin dynamics induces the charge current and
spin polarization, respectively; hence, localized spin plays the role of an effective electric field
E, ."PS acting on electrons [51]. Moreover, E,,"P° depends on the helicity index, whereas total
charge current is proportional to u°. As a result, a nonzero charge current is generated when
there is population imbalance between each helicity. On the other hand, localized spin
dynamics also drives the spin current when localized spin depends on time and position in a
Weyl-Dirac semimetal. The spin current is finite even in the absence of population imbalance.
Then, the spin current does not accompany charge flow. These results may be of use to next-
generation spintronics devices based on Weyl-Dirac semimetals.

(o ax (S, < jsi,a,¢>"‘ £6, (p) Ref.
Local F0,5 [51]
Nonlocal FVIV .atsD,i] 810 V-0, (8) . [51]
Driving force gs\l’DS andV [V - ( ESWDS)D,t] Vo ( gsWDS)D,i This work [51]
ss‘,’XDSE F e];: 0,8
Total ) o 0 12° O (75 a)nontocal € 07,4 0, V - Thiswork
) nontoca € 0 VIV-( {8) b= (S) p)] ((S)p,, +(s)p,.)

Table 2. Brief summary on charge and spin current generation by spin pumping in a Weyl-Dirac semimetal with the
dynamics of localized spin, where + denotes the helicity index. Because of spin-momentum locking the charge (spin)

current is proportional to the spin (charge) density with each helicity. Time-dependent localized spin drives the local
and nonlocal charge and spin current. The nonzero population imbalance between each helicity p° is a prerequisite to
obtaining the nonzero charge current. The nonzero spin current (charge density) is triggered by time-dependent and

spatial-dependent localized spin dynamics even when 1°> = 0.
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