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Abstract

The spin pumping is a versatile method to create the spin current and spin
accumulation in various conducting materials in hybrid nanostructures. In this
chapter a theoretical description for spin pumping from a ferromagnet into a
normal metal is presented based on the spin-exchange interaction between
localized moments and conduction electrons in hybrid nanostructures. It is
demonstrated that pure spin currents are generated by the coherent spin pumping
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due to ferromagnetic resonance and the thermal spin pumping due to the spin
Seebeck effect. The inverse effect that the spin dynamics is manipulated by spin
injection into a ferromagnet from a normal metal with strong spin-orbit coupling
using the spin-Hall effect is also discussed.

Introduction

There has been growing interest in the phenomena caused by the interplay between
spin-dependent transport and magnetization dynamics of ferromagnets in hybrid
nanostructures [1, 2]. This is not only because new spin transport phenomena
emerge but also because the potential applications to spin-based magnetoelectronic
devices are expected [3]. Recent extensive experimental and theoretical studies
have demonstrated that nonequilibrium spin injection from a ferromagnet into a
nonmagnetic material creates spin current and spin accumulation in various
nonmagnetic materials.

Spin current is a flow of spin angular momentum carried by conduction electrons
in normal and ferromagnetic metals or by spin waves (magnons) in ferromagnets [4].
Spin angular momentum transfer plays a central role both in magnetization
switching caused by spin-transfer torque and in spin pumping caused by magneti-
zation precession. Spin current without accompanying charge current, the so-called
pure spin current, is particularly important for spintronic applications because of
reducing heat dissipation and is created in nonmagnetic materials by the methods,
e.g., nonlocal spin injection [5—11], spin pumping [12-17], and the spin-Hall effect
[18-29]. The efficient spin injection, spin transfer, spin manipulation, and spin
detection are of crucial importance in utilizing the spin degrees of freedom as a new
functionality in spin-based magnetoelectronic devices.

Spin pumping is a method to generate a spin current (spin accumulation) from a
ferromagnet into an adjacent metal or semiconductor in hybrid structures using
magnetization dynamics, such as magnetization precession caused by ferromagnetic
resonance (FMR) [12-17, 21]. In FMR, spin angular momentum is steadily trans-
ferred from externally applied microwaves, via the precession of magnetization
driven by microwave, to the ferromagnetic material, in which the rate of spin angular
momentum supplied from microwave fields to the magnetization is balanced with the
rate of magnetization damping (the so-called Gilbert damping) at which the spin
angular momentum is dissipated to the lattice. When a normal conductor is electri-
cally in contact with a ferromagnet with the precessing magnetization, the spin
angular momentum can flow out of the ferromagnet into the normal conductor
through the interface, resulting in the creation of spin current and the enhanced
magnetization damping. It is also possible to generate a spin current by thermal
effects using heat flow or temperature difference in nanostructures [30, 31]. The spin
pumping is widely used as a versatile spin-injection method to create spin current and
spin accumulation in various conducting materials in hybrid nanostructures.
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In this chapter, a theoretical description of spin pumping based on the spin-
exchange interaction between localized moments and conduction electrons in
hybrid nanostructures is presented. This gives an alternative approach to the spin-
pumping formalism [32-34] based on the Landauer-Biittiker scattering formalism
[35, 36]. These approaches are complementary to each other and provide a deeper
understanding of the physics of spin pumping.

Basic Equations

A ferromagnetic metal is phenomenologically modeled as a system of localized
moments (d-electrons) and conduction electrons (s-electrons), which are coupled
by the exchange interaction [12, 13, 37—40]. The localized moments mainly carry
the magnetization of ferromagnet, and the conduction electrons mainly carry charge
and spin current. The system is described by the Hamiltonian H = Hy + Hy; + H.,
where H, consists of the Hamiltonians of conduction electrons and localized
moments and H,,; represents the so-called s-d exchange interaction between
them [37-41]:

Hy = —JsdvajdrS(r, ) - 3(r, 1), )

Here Jy, is the exchange interaction constant, v, is the volume per lattice site, and
S(r, 7) and §(r, ) are, respectively, the spin densities of localized spins and
conduction electrons,

S(r.) => " 8i(1)s(r — 1), )
S(r0) =Yyl (r, 08509, (r,1), 3)

oo

where §,» is localized spin at lattice site i (IS, = S), S/, is electron spin operator, and
w! and y, are the creation and annihilation operators of conduction electrons with
spin (=T, |). The Hamiltonian H is of the Zeeman type

Hy = thdrS(r, 1) -Hey + }/f,hJ drs(r,t) - H, 4)

where Hg is an effective magnetic field acting on localized spins, which includes
external dc magnetic field H, microwave field h,.(f), demagnetization field, and
magnetocrystalline anisotropy field; y = gug/h and y. = g.up/h are the gyromag-
netic ratios of localized spin and conduction-electron spin, respectively; g and g,
are the g factors; and up is the Bohr magneton.
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The equation of motion dS/dr = in~'[H, 8] for the localized spins yields

gM(r, 1) = —yM(r, 1) X Hegr — pJexM(r, 1) x m(r, 1), 5)

where M(r,t) = fyh<S(r, t)> is the magnetizations of localized spins, Jox = vJsa/

(#*yy,) is the dimensionless exchange interaction constant, and
m(r,t) = —yh(s(r, 1)) is the magnetization of conduction electrons.

The equation of motion d§/dr = ih'[H, §] for the conduction-electron spins
leads to

gm(r, t) = —ym(r,t) x H—y Jem(r, 1) x M(r,7) + V- j, (r,1), (6)

where j,,(r, ¢) is the current density of spin magnetic moments given by the
expectation value of the current operator

: - b (WY
Ju(r1) = =y Re {wd(r, 18 (im) w,(r, f)] : ¥

oo’

where m, is the mass of conduction electrons. The spin-angular-momentum current
density j, is given by j, = ,'j,,. The spin current j, is a second-order tensor 7
specified by the flow direction i and the spin polarization direction k. Both j, and j,,
are called “spin current” in the following.

Landau-Lifshitz-Gilbert Equation and Bloch Equation

In ferromagnets, the localized spins are tightly coupled together by strong exchange
interaction to align parallel to each other, which allows one to describe the localized
spins in terms of the magnetization M. When a ferromagnet is subject to externally
applied microwave h,.(¢) in addition to external dc magnetic field H, the magne-
tization (the localized spins as a whole) is driven by h,.(f) away from its equilib-
rium direction and coherently precess around the direction of H with fixed
magnitude.

The dynamics of magnetization M(r, 7) is phenomenologically described by
including the Gilbert damping term that determines the magnetization dissipation in
Eq. 5, which is called the Landau-Lifshitz-Gilbert (LLG) equation [42].

QM(r, t) = —yM(r, 1) X [H+hg(7)] — yJexM(r, ) X m(r,?)

ot ]
% P (®)
+— |M(r, 1) xaM(r,t) )
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where a is the dimensionless Gilbert damping parameter in the absence of the s-d
exchange interaction and M = IM(r, 1)l = %,5/v, is the saturation magnetization.
For simplicity, demagnetization and magnetocrystalline anisotropy fields are
disregarded, as they are much weaker than the exchange interaction.

The dynamics of the magnetization m(r, ¢) of conduction electrons is phenom-
enologically described by including the spin relaxation term in Eq. 6 and assuming
the diffusive spin current j,, = —DVm, where D is the diffusion constant of
conduction electrons, which results in the Bloch equation with the diffusion
term [43, 44].

Omr0) (e, 1) x JoM(r, 1) — O

VZ
> DV ), )

where 7 is the spin relaxation time, dm(r, 1) = m(r, ) — my(r, ?) is the
nonequilibrium spin (magnetic moment) accumulation, a deviation of m(r, )
from the equilibrium local and instantaneous value mg(r, ) = mo[M(r, 1)/M]
induced by exchange field J.M(r, ) with magnitude my = y.J.xM, in the direction
of M(r, 1), y, = 2u3N(0) is the paramagnetic susceptibility of conduction electrons,
and N(0) is the density of states at the Fermi level. Note that my/M; = y.J.x = (1/2)
Y elysavaN(0) ~ J4leg, where e is the Fermi energy. In Eq. 9, the terms due to
applied dc and microwave fields are disregarded, unless applied fields play a
significant role as in the Hanle dephasing effect [12].

Modeling of Ferromagnetic Layer

It is convenient to decompose the magnetization M(r, 7) into an array of ferromag-
netic sheet magnetization M,,(¢) of atomic layers at position x,, = na using the

S-function: M(x, ) = ZnMn(t)é(x—x,,). When all the sheet magnetizations

uniformly precess in the same phase as in the ferromagnetic resonance (FMR),
the magnetization is given by

M(x,1) = My (1) 8(x — x,), (10)

where M,,(t) = —}/hS(t)/a2 is the sheet magnetization (magnetic moment per area),
S(#) is localized spin at the lattice site, and « is the lattice constant. A ferromagnetic
layer is described by an array of ferromagnetic sheets immersed in a free electron gas
of a normal metal, and a nonmagnetic layer is simply described by the region in the
absence of magnetization sheets. This modeling enables one to solve the coupled
equations for M(¢) and m(r, ¢) analytically and numerically in hybrid structures
consisting of a ferromagnetic layer and a nonmagnetic layer with comparable spin-
diffusion lengths, such as transition metal ferromagnets and heavy noble metals of Pt
and Pd, and provides clear physical insight into spin-pumping phenomena.
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Fig. 1 Spin pumping from ferromagnetic sheets immersed in an electron gas of normal metal
(Fermi sea): (a) single ferromagnetic sheet at x = 0. (b) Two ferromagnetic sheets at x = x1, x,. (¢)
Periodic array of ferromagnetic sheets at x = x,, = nd with period d. (d) Array of N ferromagnetic
sheets corresponding to a ferromagnetic layer (F) of thickness dr = Na. Each sheet consists of
ferromagnetically aligned moments —y#4S indicated by precessing arrows and carries the
two-dimensional magnetization M, = —yAS/a®. Spin accumulation Sm(x, 7) and spin current
Jjs(x, f) are generated by the uniformly precessing moments represented by arrows on the sheets

Spin Pumping by Precessing Magnetizations

A simple description of spin pumping, i.e., how the angular momentum of applied
microwave is transferred to conduction electrons to create spin accumulation and
spin current via the precession of localized spins, is presented by introducing
two-dimensional sheets of localized spins in a normal metal as shown in Fig. 1.
A most simple description is spin pumping from a single ferromagnetic sheet,
which is pedagogical to capture the fundamental features of spin pumping.

Spin Pumping from a Single Ferromagnetic Sheet

A two-dimensional sheet of ferromagnetically aligned spins of localized electrons
(d-electrons) in the yz plane is introduced in an electron gas system of normal metal
as shown in Fig. la, in which the localized spins in the sheet couple with the
conduction electrons (s-electrons) by the exchange interaction. The magnetization
of the sheet is represented by the two-dimensional é-function at x = 0,

M(x, t) = M, (#)6(x) = M(¢)ad(x), (11)
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where M(?) = M (t)/a = —hyS(t)/at3 corresponds to a bulk magnetization in the
regular array of sheets with lattice period a.

Since the precession frequency (w ~ GHz) is much smaller than the spin
relaxation rate (z;! ~ 10'%s7"), i.e., wry > 1, the time derivative term in Eq. 9
is disregarded, so that the Bloch equation becomes the stationary diffusion equation
with the source term

(Tlf - DV2> sm(x, ) = Ti {M([) x sm(0, 1) —);—: gM(t)] ad(x),  (12)

where M = M/M; = M, /M, = S/S is the magnetization direction and 7., =
al(yJoxM ) = h/(SJ,). Equation 12 is integrated as

o 1‘3 |/As (13)

T d

5m(x, f) = '[_ 27
ex s

[1\7[(1) x 5m(0, )

e

where 4, = (Dzy)"? is the spin-diffusion length. By taking the cross product of M(t)
and Eq. 13 at x = 0 and using vanishing product ém(O0, ¢) - M = 0, one obtains

Ye| 1 [y OM L, oM|
o) 1) = —== M x — — 1/ A, 14
m(x, 7) ., 1+r§< Xaz>+1+rg e G (14)
where
Tox 2Ag /] 2
r,=——= — 15
“ Tt d (SJXdTSf) a’ ( )

which indicates that I',, in a single sheet is enhanced by the factor (24,/a) compared

with Iy = /(ST sqt) in a bulk ferromagnet [39]. As seen in Eq. 14, the parameter

I', plays an important role in spin pumping and magnetization dynamics.
Inserting Eq. 14 into the LLG equation, the effective LLG equation is written as

OM(1)
ot

= —JM(1) x [H + h,(1)] + aM(1) x %M(r), (16)

with the renormalized parameters [14, 39],

14
= 17
1+asp/Fa an

a=>(ap+asp), ¥

= I

where asp is the additional contribution to the Gilbert damping due to spin
pumping,
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y 7 I, hy h 1 1 (18)
asp = — ex = A )
P AT T M, \2€% pahs ) 14 12

and py = 1/[2¢°N(0)D] is the electrical resistivity. Typical parameter values of py
= 20uL cm, A, = 10 nm, @ = 0.3 nm, and § = 2 give asp ~ 0.05 in the single
ferromagnetic sheet.

The magnetization current j,,,, = —DV,6m pumped by precessing magnetization is
. 1 xvy,, . oM oM\ .

() =5 = S d M, [ M x ——+ T, | e[ /4 19

i) =3 7 < T e (19)

the z-component of which is stationary (time independent) spin current and satisfies

s e Ye .M
(e pump = Jr(07) = /3 (07) = —aseMa (M x a:) : (20)

When circularly polarized microwave h(f) = h,.(cos wt, sin wt, 0) is applied in
the presence of dc magnetic field H = (0, 0, H), the magnetization is uniformly
precessed around the dc magnetic field with circular precession of the transverse
components

My (t) = M (t) £ iM,(t) = ML(0)e="", 1)

m(x, 1) = my(x, 1) + imy(x,1) = m(x,0)e*™", (22)

driven by circularly polarized microwave field 2..() = h(?) & ih(r) = hm‘ei"(‘” in
the complex representation. For small-angle precession of M, Eq. 16 gives the

solutions

TR P (23)
(w —7H) Fiow

yielding the FMR lineshape

oM o ©(Thae)”
(M X E)Z = a)[M+([)M,(l‘)} = (a) 71(_;/)2 <: ((xw)2 . (24)

At resonance (w = yH), the stationary components of spin accumulation and spin
current are

MBS PNAs . e
sm.(x) = —27[%[%1\/(0)] ( i /Nzez)asp sin’@e |/ A, (25)
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X pugS . _
T (X) = m %aspw sin’@e |x\//15, (26)

where O is the precession angle of magnetization satisfying sin @ = (Yh,./aw).

The microwave absorption power is P = (h(r) - OM,(1)/0t)) =
wIm[h} (t)M (r)], which is combined with the z-component of the LLG equation
in Eq. 16 to yield

2 i o] = e S T/ (hae)
P M B OO = e 7+ ()

27)

27

which becomes P = hio(S/a?)(7 /y)aw sin*6@ = ayMh>. /a at resonance.

Spin Pumping from the Periodic Array of Ferromagnetic Sheets

A periodic array of F sheets with arbitrary period d in a normal metal shown in Fig. 1c
is studied to see how spin pumping takes place from the F sheets to the conduction
electrons, depending on the sheet separation relative to the spin-diffusion length.
When all the sheet magnetizations are coherently precessed (in-phase) by microwave,
the magnetizations are represented by the periodic array of the two-dimensional
o-functions at x,, = nd with arbitrary sheet separation d,

M(x, 1) = M,(¢) i 5(x — nd). (28)

In this case, the Bloch equation Eq. 9 is solved analytically to yield ém(x, f) in a
periodic function of x with period d, which reads in a region of 0 < x < d,

e 1 o OM M) cosh[(x — d/2)/A]
omxh) =2 e (M “ar T a:) cosh@2i)
where
I' = I';tanh(d/24,), (30)

which indicates that I” strongly depends on the sheet separation relative to the spin-
diffusion length. When d is much smaller than A, (d < 4,), I" = (d/2A,)I,, indicating
that I" is significantly smaller than I, of the single sheet case due to the exchange of
spin current between the sheets, whereas when d is much larger than A; (d > A), the
situation is the same as in the isolated single sheet case (I" ~ I',).
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Using Eq. 29 in Eq. 8, the LLG equation for the magnetization vector M is
written in an effective form

d - . OM(t
_M(t) = —}/M(l‘) X (Heff + hu(f) +ta M(t) X ( ) ’ (31)
ot ot
with the renormalized parameters
7 = Y
= - + s = ) 32
a y(ao asp), 7 1+ aso/T (32)
where
r h xtanh(d /24 h/2e?
asp = g0 L r_sanh(d)2n) 28

Ye L+ 12 2zMa 1+ [Ptanh®(d/24,) Prs

Thus, the additional Gilbert damping depends on the separation of the sheets
relative to the spin-diffusion length. For (d/24,) < 1, asp is strongly reduced by
the factor (d/24;) compared with that of single F sheet, due to the mutual interfer-
ence between the F sheets through emission and absorption of spin current. For
(d/22,) > 1, the sheets are isolated from each other and the situation is the same as
in a single F sheet, thus reducing the results of the single sheet case.

A bulk ferromagnet is represented by taking the atomic limit of the sheet
separation (d — a), in which I' — 'y = 5/(SJgutss), so that the z-component of
the pumped spin accumulation and the additional Gilbert damping due to the s-d
interaction becomes

Tioo (MM _
om. = —upN(0) w(—*)z (34)
1+ [h/(SJSdTSfﬂ
h 3 hiugN (0 3 A

- drMiAs 1 + [h/(s.]sd‘[sf)]z My - g EFTsf

where g, = (h/2¢*)/(pnAs)- The parameter values of N(0) = 102 eV lem 3, 7=
10712 s, and M = 10° Oe give agp =~ 6 X 1074, which is much smaller than the
typical damping parameter of order of 102 in transition metal ferromagnets (Co,
Fe, Ni, and their alloys) [39].

Spin Pumping from Two Ferromagnetic Sheets

It has been shown that the resonant line width in ferromagnetic layers separated by
normal-metal spacers is dramatically narrowed when the resonance fields of the F
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layers approached each other [45]. Here, the two ferromagnetic sheets in a normal
metal shown in Fig. 1b are considered to investigate how the spin pumping is
modified in the presence of two sheets, particularly the dependence of pumped spin
accumulation on their sheet separation and relative precessional motion.

The magnetizations of the two F sheets are represented by the two-dimensional
é-function at x = x; and x = x,,

M(x, 1) = M (1)6(x — x1) + Ma(£)6(x — x2). (36)

The coupled equations of the LLG equation for M) (i = 1, 2) and the Bloch
equation for om(x, ¢) are

0 i 2 4

o Mi = —rMi [H+hl, (1) + Jexm(x;, 1)] o (37
z Xe an —|x—x;
; i X 6m xj,t) — }/_e W e |/)vsa (38)

where hiw(t) is a microwave field applied on M;(¢). Making the dot and cross
products of 1\7[,(1) and Eq. 38 at x = x;, one has the coupled equations for M,»(t) .
om(x;, ) and M,(¢) x om(x;, 1), the solutions of which are used in Eq. 38 to derive 6m
(x, #) as a function of M;(f) and M5(¢). Using the calculated ém(x, ) in Eq. 37, the
effective LLG equations are obtained for M () and M(7).

It is interesting to consider the situation where applied microwave fields, h}u.(t)
and hi.(t), oscillate either in the same phase or in the z phase difference. The
corresponding magnetization precessions driven by the microwaves are the
in- phase oscillation mode (M; = M,) and the out-of-phase oscillation mode
(M} = —M3”’,M; = M5) as shown in Fig. 2a, b.

In the in-phase mode in Fig. 2a, the z-component of pumped spin accumulation
is time independent and given by

_ ﬂBN(O) ~ ~ e*‘xfxl‘/l,\ + e*l,\’fx?_‘/l\
om,(x) = — e ho (M M) = , (39)
where d = Ix, — x;l is the distance between the two sheets and
I,
+ = 1 +e—d//1:7 (40)

where I, is given in Eq. 15.
In the out-of-phase mode in Fig. 2b, the z-component of pumped spin accumu-
lation is [46]
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a b
In-phase mode Out-of-phase mode
c —— d s m—mm—m—m———————————
[ In-phase I,=02 ] Out-of-phase I[,=02
1.0 1
L 02 4 i
C d/As=8 ]
< [ i
© osf ]
0.0 = il i, ]
=5 0 5
x/As

d/ds

Fig. 2 (a) In-phase mode and (b) out-of-phase mode of two precessing magnetizations M, () and
M,(#). Spatial variation of pumped spin accumulation in the in-phase mode (c¢) and out-of-phase
mode (d) of the magnetizations at x = +d/2 for I, = 0.2 and different sheet separation d. (e)
Additional Gilbert damping parameter asp as a function of sheet separation d

NO) ., o o ehenl/a g prbenl/a
_ B
5mz(x) _— 1 +r_3 ha)(M+M7) 1 — efd//’ls , (41)
where
I,
I =1 42)

which indicates that I"_ becomes larger than I', when the distance d becomes
smaller than the spin-diffusion length A;.
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The effective LLG equation for the magnetizations has the same form as Eq. 16
with the renormalized parameters,

_ Y
1 tag/T

(Xi—y—i(

a+agp), Ty (43)

where the subscript + (—) denotes the quantities for the in-phase (out-of-phase)
mode and a3 is the additional Gilbert damping constant due to spin pumping [46],

1 £ e /%
(1 ed/a)’ 412

+ 4 I'y
(04 = — J _—
P Al (re)?

=adp (44)

where alp = (hy/27M;a)gy.

Figure 2 shows the spatial variation of spin accumulation ém.(x) normalized to
yBN(O)ha)(M +M _) and pumped by the in-phase and out-of-phase precessing
magnetizations for I', = 0.2 and different sheet separation d. In the in-phase
mode shown in Fig. 2c, the peak hight dm.(x;) is nearly independent of sheet
separation because of weak d-dependence of I',. By contrast, in the out-of-phase
mode in Fig. 2d, a giant enhancement of spin pumping occurs for a small sheet
separation, as seen in the curve of d/i; = 0.2, when the condition agp <L ap is
satisfied. Calculations for large I',(I", > 1) show quite different behaviors; the
spin pumping in the out-of-phase mode is strongly suppressed for smaller distance
(d < 2,) due to the destructive interlayer spin current.

Figure 2e shows the additional Gilbert damping asp due to spin pumping in the
in-phase and out-of-phase modes of the magnetizations for I", = 0.2. In the out-
of-phase mode, asp increases with decreasing layer separation from a3p and has a
peak at L/, = —In(1 — I',) ~ I, with the maximum value a3¥/adp ~ (2F,l)_1
~ 2.5, for which the spin pumping is strongly enhanced to generate a large spin
accumulation, as seen in Fig. 2d. In the in-phase mode, by contrast, asp decreases
with decreasing layer separation from adp(L > A;) to alp/2(L < A). It is
interesting to note that in the out-of-phase mode, there is an optimum layer
separation at which the giant spin pumping and the enhanced Gilbert damping
occurs simultaneously, whereas in the in-phase mode, the spin-pumping effi-
ciency is rather independent of the layer separation, while the Gilbert damping
decreases with decreasing the separation.

The giant spin pumping and enhanced Gilbert damping can be tested by exper-
iments by using a thin insulating ferromagnetic layer, such as yttrium-iron-garnet
(YIG), for the ferromagnetic layers, in which an ac current is applied to the central
normal-metal spacer layer, thereby producing Oersted microwave fields on the
adjacent magnetizations and driving them in the out-of-phase precession
motion [46].
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Spin Pumping from a Ferromagnetic Layer with N Ferromagnetic
Sheets

To describe spin pumping in a realistic situation, an array of ferromagnetic sheets is
introduced in a normal metal to form a ferromagnetic layer where all the spins
coherently precess (in-phase) by microwave as shown in Fig. 1d. In this situation,
the ferromagnetic layer is represented by the array of two-dimensional 5-functions

atx, =na(n=1,2,---,N) with atomic distance a as
N N
M(x, 1) = Ma(t)z S5(x —x,) = M(t)az S(x — xu), 45)
n=1 n=1

with magnetization M(¢#) = M_(¢)/a and thickness dg = Nd of the F layer. The
system corresponds to a N/F/N system. Note that if the N/F/N is divided into two
parts at the middle of the F layer, each of which corresponds to an F/N system with
half the thickness of F (dg/2). In the present model, it is implicitly assumed that the
electron transport across the interface is transparent, and the spin-diffusion length is
common in the F and N layers.

In integrating the Bloch equation for spin accumulation,

_ 1 al Xe 0 - Y —|x—x;
om(x,t) = _F_a_,-zl L/—e EM(I) — M(t) x 6m(x;, t)} e |/Asy  (46)

and taking the dot and cross products of Eq. 46 and M(t), one obtains

N . .
N Xe 1 oM o OM_
sm(x;, 1) ——Z;(A ), T YA M X 22751 (47)
where A™! is the inverse matrix of A whose components are
N
Ay =255+ XuXy, (48)
k=1
and
N N
Xy=e "/, Y= Xp Zi=) XuYi. (49)
k=1 k=1
The LLG equation for the magnetization is written as
0 - . .~ 0 .
=M= —]/M X (Heff + ha(f) - y]exM X m}" + aOM X _M7 (50)

ot or
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where the average spin accumulation

Sta(r) = + > i),

=]

acts as the exchange torque on M(7). Using Eq. 47, the effective LLG equation of
the F layer becomes

M) _ 1) x (s + (0] + Mi <M(z) x 31\(;[(1)), 51)

where a and 7 are the renormalized Gilbert damping parameter and gyromagnetic
ratio

a=" (e +ase) (52)
v 1
asp =y Jelarz Y (A71),Y), (53)
Ve N
N

4 14 1 -1
—=1+—yJedl o= A Z;, 54
7 +ye}(e e aN 1( )U /j (54)

ij=

which reduce the results of the preceding sections in the case of N =1 and N = 2.

Equation 47 is numerically solved with respect to ém(x;, #), which is used to
calculate Sm(x, ) in Eq. 46. The spatial variations of spin accumulation ém,(x) and
spin current j;(x) are shown in Fig. 3a,b, respectively, for the thickness di/A, =
2 (N =100, a/A; = 0.02) and various values of I',,.. In the case of small I'",,, spins are
uniformly accumulated inside the ferromagnetic region between the vertical dashed
lines indicated in the figure and the spin current vanishes there and are efficiently
pumped out of F into the metallic region with the large amplitude decaying
exponentially in the spin-diffusion length. As I, increases, the spin accumulation
in F decreases near the boundaries, and the spin-pumping efficiency is reduced. As
clearly seen in Fig. 3b, the length scale in the spatial variation of the spin current in
F depends strongly on I, indicating that there is no definite length scale for spin
accumulation in F in the case of spin pumping.

If the spin accumulation inside the F layer is approximated as a constant and
denoted by dmg(?), the analytical expression is obtained as

Xe I'y BM Xe 1 ~ BM
=—— ) T, M x —
Smg(7) v 1 12\/ ( t) v 1 }2\1 ( X E (55)
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Fig.3 Spatial variation of (a) pumped spin accumulation 5m_(x) normalized to (y,/y,)o(M.M_)
/M? and (b) pumped spin current j,(x) for the thickness dg/4, = 2 of a ferromagnetic layer with
N = 100 sheets and different values of I", in a N/F/N system. The ferromagnetic region lies
between the vertical dashed lines and the outsides are the normal metallic region

where

r, r Tk

FN = (ZJY%/N>1/2 ~ ijj/N =~ 1= (1 — eidF/lf)/(dF//ly)’

(56)

indicating that I'y varies as I'y = (24y/dg)I pu for dg < A, and tends to the bulk
value Iyux = (@24, = h/(SJgrs) for dp > A, In this approximation, the
renormalized parameters in Eqs. 52, 53, and 54 become

(Z:%(Ofo—i—asp)y 57
Y I'y
- Jx ) 58
asp ye)(e e 1+r12V ( )
Y Y 1
—=1l4+—yJx——s. 59
; 9’/ 1112 (59)

For the parameter values of dn/A, = 2 and a/l; = 0.02 in Fig. 3, I'y = 0.027,.
Figure 4a shows the additional Gilbert damping parameter asp as a function of
thickness dr for a/1; = 0.02 and different values of I',. The numerical results are
well reproduced by the analytical calculation. It follows from Eq. 58 that agp has a
peak at I'y = 1, which corresponds to the layer thickness dg/A, = (a/A,)I, if dg < A,
e.g., dgfly = 0.2 in the case of I', = 10, as seen in Fig. 4a. On the other hand, in the
case of small I',, asp decreases linearly with increasing thickness dg in a wide
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Fig. 4 (a) Additional Gilbert damping parameter asp as a function of thickness dg for I', = 0.5,
2, 10. The open circles and solid curves are the results of numerical calculation and analytical
approximation, respectively. (b) Gilbert damping parameter « as a function of thickness dr. The
diamonds are the experimental values for trilayer Pt/Py/Pt systems (dg = dp,) by Mizukami
et al. [47], and the friangles and circles are those for bilayer Py/Pt systems (dr = 2dp,) by Azevedo
et al. [48] and Nakayama et al. [49], respectively. The solid lines are fitting by the present model

range, as seen in the curve of I", = 0.5. In this range, Eq. 56 becomes I'y = (a/dg)l ",
= 2(/15/d1:)rbulk, so that

hy ho1

L S —— 60
2aMdr 2€2 puds’ (60)

asp

indicating that the additional Gilbert damping due to spin pumping is inversely
proportional to the F thickness [14]. In the thick case (dg > A,), I'y = (a/A,)I", and
asp tend to a constant value.

Figure 4b shows the thickness dependence of the experimental Gilbert damping
a measured in Py/Pt systems by FMR [47—49]. The solid curves represent the
theoretical fit using Egs. 56, 57, and 58 with the parameter values y.J.x = 0.2 and
As = 12 nm, and (I pu1k, @o) = (0.041, 0.0055) for the top curve, (0.03, 0.005) for the
middle curve, and (0.017, 0.0045) for the bottom curve, where y = y, is assumed.

According to the theory of spin pumping based on the scattering formalism [14,
33, 32], the additional Gilbert damping constant is given by

_ 1y 811
2z Mydr 1 (8m/8f\1)

where g1, is the so-called spin mixing conductance and g = (h/2¢?)/(py4s). In the

asp , (de> ), (61)

case of transparent interface (gT > gf\]) , Eq. 61 reduces exactly to Eq. 60. This

transparent condition requires g, > gy = 10cm ™2 for a metal with py ~ 20 uQ

cm and A; ~ 10 nm like Pt or Pd. Recent experiments indicate that the mixing
conductance has large values up to gq| ~ 10'® cm 2 for various ferromagnets [50].



1462 S. Takahashi

Spin Pumping from Ferromagnetic Insulator

Magnetic insulators, such as yttrium-iron-garnet (YIG), are useful energy-saving
materials for spintronics because of their low magnetic damping and losses owing
to purely magnetic excitations and almost frozen electric excitation. In the follow-
ing, it is shown that the spin pumping is possible from a ferromagnetic insulator
(FI) into an adjacent normal metal (N) in a bilayer system such as YIG/Pt, which
originates from the spin-exchange interaction between a conduction electron in Pt
and a localized moment in YIG at the interface [51, 52]. The effect of exchange
interaction is incorporated in the Landau-Lifshitz-Gilbert (LLG) equation for the
magnetization of FI and the diffusion-modified Bloch equation for spin accumula-
tion in N [53], which is solved to derive the spin current pumped from FI into N. By
combining the pumped spin current with the inverse spin-Hall effect (ISHE) [21],
one obtains the output voltage V appeared between the N ends as a function of the
exchange coupling.

At the FI/N interface, conduction electrons in N interact with magnetic moments
of FI through the so-called s-d exchange interaction [41],

Hyg = —Jsqvay_ Sit) - 8(r;.1), (62)

iel

where §(r;, t) and Si(t) are the conduction-electron spin density and the localized
spin at lattice site i on the interface (I) at x = 0 and Jy, is the exchange coupling
strength between them. When the aligned localized spins are uniformly precessed
by a microwave field, S, can be replaced by the magnetization M using the relation
g,»(t)/S = —M(1)/M; [39], which enables to rewrite Eq. 62 as

Hy = fJedexM(t)asé(x) -m(x, 1), (63)

where J., = valsd/(hzyye) = (Vu/vs)JaS/(hy.My) is the dimensionless exchange
coupling constant, S is an effective block spin per unit cell, y, is the gyromagnetic
ratio of conduction electron, ag(a) is the lattice constant, vy = ag(va = a3) is the
unit cell volume for localized moment (conduction electron), and m(x, ¢) is the
magnetization of conduction electrons. Equation 63 indicates that M(#)asd(x) plays
a role of the interface magnetization and gives rise to the mutually exerted spin

torque on M and m as follows:

[dm(x,t)/dl],, = —[dM(r)/dt],, = —7Jexm(x, 1) x M(f)agd(x) (64)

through the exchange interaction at the interface.
By including the exchange spin torque in the LLG equation and integrating with
respect to X,
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gM@:ﬁmemﬂ+mw]

~as (65)

& v ex[M(2) x m(0,1)] 4+ agM(1) x éM(r),

ot
where h,.(?) is the microwave field, y is the gyromagnetic ratio of FI, and «y is the
Gilbert damping constant of FI. The magnetization of conduction electrons is
written as m(x, 1) = mgy()asd(x) + dm(x, 1), where my(?) = y.J..M(?) is the local
equilibrium spin density, y, = 2u3N(0) is the spin susceptibility of conduction
electrons, and dm(x, t) is spin accumulation.

The Bloch equation with the exchange spin torque and the spin diffusion is given by

gm(x, 1) = —y Jex[m(x, 1) X M(t)]asé(x)
_om(x,1)

Tst

(66)
+ DV26m(x, 1),

where 7 is the spin-flip relaxation time and D is the diffusion constant. With the
precession frequency (~GHz) much smaller than the spin-flip relaxation rate
(rs’fl ~ 1012s’1) , the solutions of Eq. 66 are obtained for the transverse spin
accumulation émy = ém, * idm,, which are used to calculate the longitudinal
spin accumulation

Sm,(x) = Fi\/l Im[sm (0, )M_(1)]e™/*, (x> 0) (67)

si¥ts

where

!
P STttt defe

(68)

and M. (1) = M (1) £ iM(1), A, = /Dt is the spin-diffusion length, and a.g; = (a/
as)’as. Note that the factor (4,/defr) appears in I’y due to the exchange interaction
restricted to the interface with the effective exchange interaction range dcy.

The calculated spin accumulations are expressed in the vector form

1 - OM ry (oM
M x —— s - =X/
1+r§< 8 8t>+1+F§<8t>]e €

which is used in Eq. 69 to yield the effective LLG equation

oM - a oM
E——YMX (Heff-l—hac)—i-Ms<M><at>, (70)
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with the renormalized Gilbert damping constant and gyromagnetic ratio

~ 14
=— 71
4 1+(“SP/rs)’ ( )

a="=(ap+ asp),

X I

where

as :@11 L 1 & gS:L (72)
PR TN dn Mde 1T 0N T 28202

and py is the electrical resistivity of the normal metal.
The pumped spin current is given by j,, = y, 'DV,dm, whose z-component is

. _ho ey (MM_\
: _ 1% /s, 73
Isx 8n1+r§( M )¢ (73)

where @ = 2xf (f is a microwave frequency). Thus, the spin current strongly
depends on the magnitude of the exchange coupling through I's. For the strong
coupling limit (F S 1), the spin current is independent of the exchange coupling.
For the weak coupling limit (72 > 1), the spin current is proportional to the square
of the exchange coupling. In ordinary ferromagnets 7#/(SJ,7sr) << 1, whereas (4,/
detr) > 1 due to the interface effect. In strong ferromagnets like Fe, Co, Ni, Py, etc.,
the condition I < 1 is safely satisfied, indicating a maximum efficiency for spin
pumping.

By taking into account the boundary condition that the spin current vanishes at
the outer surface of N, jZ (x = dy) = 0, the pumped spin current is expressed as

. ho , sinh[(dy —x)/A]  tanh(dx/A) (M+M>, (74)

7 T 8 SN inh(dn/A,) 1+ Manh?(dy/A) \ M2

which gives rise to the electric field E along the y direction by the inverse spin-Hall
effect (ISHE): oNE = Osug (2e/7)(j (x)>‘ where (- - -), is the average over x. Thus,

Z
SX

the output voltage V = wnE between the Pt ends with length wy is given by

dn

) (WN) (&)2 tanh(dy /) tanh(dy /24;)

V&~ Osy— , 75
st aw 1+ Ptanh®(dy /) (73)

de

at the resonance condition (w =7%H). Equation 75 enables one to estimate the
magnitude of the exchange interaction J; from a measured value of voltage V at
resonance.

Using the measured value V = 4.8 uV by Kajiwara et al. [52] together with
experimental parameters, dy = 10 nm, wy = 3 mm, 4, = 7 nm, sz = 0.0037, y =
1.76 x 107 0e 's™, a=6.7x 107, 0 =59 x 10° s~ !, h,. = 0.11 Oe, and (yh,./
aw) = 0.49, one has I'; = 19. Using this Iy value, 7, = 0.3 ps, pn = 30 uf2cm, 4zM
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=1,956 Oe,a = 0.2 nm, ag = 1.24 nm, and S = Msaﬁ/(hy) =16 in Eq. 68, one
obtains SJy, ~ 0.16 eV, which is one order of magnitude smaller than those of
typical ferromagnets (SJ,; ~ 1 eV for Co, Fe, Ni, and their alloys).

According to the spin-pumping theory based on the scattering formalism [14, 33,
32], one obtains the output voltage at resonance,

ha (WN) (&) * tanh(dy/4;) tanh(dy /24;) 6

V=0wu— -+ ’
4e \ dn aw 1+ (gls\l/g”>tal’lh(dN//1s)

where g% = (h/2¢*)/(pnAs)- When the mixing conductance is large, (gf\, /81 < 1),

which corresponds to the strong exchange interaction (I'y < 1), Egs. 75 and 76
tend to the same result,

V= g @ (N (Ve 21 v a7
"M% \dy) \aw ~ cosh(dx /7))

which is the highest spin-pumping efficiency. In the opposite limit, i.e., (gf\I / & l)

> 1(I's > 1), one has the relation g, ~ g&/I2. The values I'y = 19 [52] and g

=6 x 10"cm™? estimated above yield the mixing conductance g ~2x 102
cm 2 at the interface of Pt/YIG.

Recent experiments have reported large spin mixing conductance of the order of
g1 ~ 10" cm ™2 [54] and ~ 10" cm ™2 [55] in the YIG/Pt interfaces and gy, ~
10'*-10" cm™? in the YIG/Ag interface [56, 57], probably due to improvement of
interface conditions. These results indicate that a high spin-pumping efficiency is
achieved even in the FI/N system.

Manipulation of Magnetization Dynamics by Spin-Hall Effect

In the preceding section “Spin Pumping by Precessing Magnetizations,” it is
demonstrated that the magnetization damping of a ferromagnetic layer is enhanced
by spin pumping into an adjacent normal-metal layer. The inverse effect that the
magnetization dynamics is manipulated by injecting spin current from a normal-
metal layer into a ferromagnetic layer is possible by using the spin-Hall effect in a
normal-metal layer. The control of magnetization damping and magnetization
switching has been demonstrated by experiments using materials with large spin-
orbit interactions such as Pt [S8—60] and Ta [61].

A simple and useful system is a bilayer film consisting of a ferromagnetic layer
(F) and a normal-metal layer (N) shown in Fig. 5a, in which the external magnetic
field H is along Z, the applied current J is along ¥, and X is normal to the interface.
The dynamics of magnetization M in a F/N bilayer film is described by a general-
ized Landau-Lifshitz-Gilbert (LLG) equation [12, 13] including the spin torque
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Fig. 5 (a) Schematic diagram of F/N bilayer system. M and J represent the magnetization and the
applied electric current, respectively, and J5© and JS¥ the interface spin-current densities polarized
along z due to spin pumping and SHE, respectively. (b) Modulation of the Gilbert damping
constant agy = [a(J) — a(—J)]/2 as a function of J. The solid circles are the experimental values
for Py/Pt by Ando et al. [58]

terms due to spin pumping (SP) and spin-Hall effect (SHE). In the absence of the
applied current (J = 0), only the spin pumping from the precessing magnetization
into the Pt layer contributes to a relaxation of the precessional motion and yields an
additional Gilbert damping constant agp to the intrinsic damping constant apy of an
isolated Py layer [13, 33], the sum of which is denoted as ag = apy + asp, where agp
is a positive value because the spin current is pumped out of F.

In the presence of the applied current (J # 0), SHE contributes to a further
relaxation of the precessing magnetization and modifies the relaxation by changing
the magnitude and polarity of J as follows. The spin current density js' generated
by SHE in the N layer is injected across the F/N interface, and the transverse
component of the incident spin current is absorbed to be transferred to the magne-
tization, exerting a spin-transferred torque on M [62]:

oM . - ~
(E) = —(y"/dp)M x (M x 6), (78)
SHE
where y is the gyromagnetic ratio, M is the unit vector in the direction of
magnetization M, 6 is a unit vector in the polarization direction of the spin current,
and d is the thickness of the F layer. Thus, the generalized LLG reads
o S T S
—=—yM x H Mx——-——"2"Mx (M x 79
o Y eff + a0 o M.ds ( 6), (79)
where the effective field Hoyy = H — 42M X+h,.(?) is the sum of in-plane applied
field H, demagnetizing field —4zM X, M; is the saturation magnetization of the F
layer, and linear-polarized microwave field h,.(t) = (0, h e, 0) with @ = 2xf



35 Physical Principles of Spin Pumping 1467

(f is a microwave frequency). The third term in r.h.s. of Eq. 79 is the spin-
transferred torque term due to SHE.

In the present setup, the precession axis along Z is parallel to the polarization
direction ¢ of the injected spin current (6 || z), and thus the linearized LLG equation
of Eq. 79 with respect to the precession amplitude is solved to yield analytical
expressions for (M, M,), which enables to calculate the microwave absorption
P = —(wh./2)Im[y,,] with dynamic susceptibility [63]:

yMi[y(H + 4zM,) + iago)]
w? — QO — (yij/Msdp)2 — 2iawy (H + 2zM)

)(yy = - (80)

Here, Qx = y\/H(H + 4zM;), a = a + asy is the total relaxation coefficient and
asy is the relaxation coefficient due to SHE [58, 59]:

jSH 1
asy = =2 , 81
S Mdg Hevg + 22M, ®D
where Hpyr is the resonance field satisfying
2 2 SH 21172
Hewg + 22M, = | (22M,)> + (/1) — (5 /M,dy) } . (82)

The applied current jy in the N layer generates the spin-Hall current OspZ X jn
flowing in the direction normal to the interface and polarized along Z, where Osy =
osy/on is the Hall angle, osy is the spin-Hall conductivity, oy is the electrical
conductivity of the N layer, and jy = [(ondN)/(ondn + ordp)]j due to the shunting
effect [59, 64, 65]. Incorporating the spin current generated by SHE in the drift-
diffusion equations (Valet-Fert model) [66—70] and assuming the injected spin current
of the form j3 = —(/i/2¢)(Gy|/2eA;)5u(0)Z, where G| is the interface spin
conductance, du(0)Z is the spin accumulation polarized along Z at the interface, and
Ay is the junction area, the injected spin-current density at the interface turns out to be

B = n0su(h/2e)(J /An), (83)

where (J/Ay) is the applied current density, Ay is the cross-sectional area of the N
layer, and 7 is the injection efficiency

_ (pg/dr) (811/8% ) tanh(dx /24, WGy
~ (pr/dr) + (p/dn) 4 + (g”/gf\])coth(dN/ﬂs) SR 2e?Ay

(84)

with the thickness dy (dg), the electrical resistivity pn (pg), and the spin-diffusion
length A, of the N layer. For small applied current y’ 58|/ (0Mdp) < 1, the
additional relaxation asy(J) due to SHE is proportional to the applied current:
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s (] ~ oy ST (eoMdr) T (85)

\/1+ (27[}/MX/C¢))2 An

indicating that asy(J/) varies linearly with J and takes either a positive or negative
value by changing the polarity of J, because spins are ejected from F or injected into
F by the polarity change. The modification of the relaxation due to SHE is
observable from a microwave absorption P of ferromagnetic resonance (FMR)
whose spectrum versus H is written as

1 2 <HFMR + 47[Ms> MS ((lw/}/) (86)

P,~—h .o 2 20
4 Hemr +27M5) (H — Hemr)”™ + (ao/7)

where Hrypr is the resonance field satisfying o = y\/ Hemr (Hemr + 47M).
The resonance width W of the FMR spectrum is given by W = (2/v/3) (aw/7),
and the difference of which at + J leads to

2asu = all) — a(~J) = (V3r/20) W) - W(=1)]. 87)

This relation allows one to obtain asy by measuring the FMR widths of current
polarities =J. Once the value of agy is obtained by analyzing the FMR spectra, the
product nfsy is readily estimated from Eq. 85. Figure 5b shows agy as a function of
applied current J. The solid line is a fit to the experimental data by Ando et al. [58]
using Eq. 85, yielding 70sy =~ 0.09 for 4zM, = 6.1 kOe, f = 9.441 GHz, dy = dr =
10 nm, and wy = 0.02 cm. For the parameters of piy = 15.6 uQ2cm, pr = 15.4 uQ2cm,
and /1?] = 5nm at room temperature, the injection efficiency is # ~ 0.4, and hence the
Hall angle of the Pt layer is fsy ~ 0.2. The large spin-injection efficiency is promising
for spintronics application utilizing SHE in manipulating the magnetization dynamics.

When the applied current is large enough and the anti-damping contribution due
to SHE cancels out the intrinsic magnetization damping, the total damping coeffi-
cient vanishes at the critical current density,

. 2e (o4
Jor = — %

i nOsu

deM(H + 27M,), (88)

above which the magnetization switching or the spontaneous magnetization oscil-
lation occurs by means of SHE. For g = 0.01, #0sy = 0.1, dg = 20 nm, and M, =
500 Oe, the critical current density is of the order of 107 A/cm?.

Thermal Spin Pumping

Recent observation of the spin Seebeck effect [71-74] and the transmission of
electrical signal through insulating ferromagnets [52, 75] have opened new possi-
bilities in both fundamentals and applications in spintronics [30]. Ferromagnetic
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insulators are unique in that they are electrically inactive with frozen charge
degrees of freedom but magnetically active due to spins of localized electrons.
Low-lying collective spin excitation, spin wave (magnon), carries spin angular
momentum. Utilizing pure spin excitation without charge excitation is crucial for
developing energy-saving spintronic devices.

In this section, it is demonstrated that the spin current flows across the interface
between a ferromagnetic insulator and a normal metal in the presence of temper-
ature difference between them. The spin-flip scattering of conduction electrons
through the exchange interaction with local moments at the interface creates a
magnon excitation in the ferromagnet [51]. Making use of linear-response theory
and fluctuation-dissipation theorem, an analytical expression is obtained for the
spin current through the interface generated by the temperature difference. The spin
Seebeck effect is briefly discussed.

Spin Pumping Due to Temperature Difference

When conduction electrons in N are incident on FI, the electrons are reflected back
at the FI/N interface, since electrons are prohibited to enter FI due to the large
energy gap at the Fermi energy. At the scattering, there are spin-flip processes in
which an electron reverses its spin from down to up or up to down, thereby emitting
or absorbing a magnon in FI as shown in Fig. 6. The spin-flip scattering involving
magnon excitation gives rise to transfer of spin angular momentum between FI and
N. In the equilibrium situation where the temperatures of FI and N are equal, the
scattering processes of (a) and (b) in Fig. 6 are balanced with each other and no spin
current flows across the FI/N interface. In the nonequilibrium situation where the
temperatures of FI and N are different, one of the spin-flip processes dominates over
the reversed process, so that the spin current flows across the FI/N interface.

FI i N FI i N

: oo

vvTy o vvry !

In | Tc
X X
Fig. 6 Quantum mechanical spin-exchange processes at the interface of a ferromagnetic insulator
(FI) and normal-metal (N) junction. (a) They (b) represent the magnon emission and absorption
associated with the spin-flip scattering of conduction electrons at the interface, respectively,
thereby transferring spin angular momentum 7 from FI to N and from N to FI via the exchange
interaction
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The electron-magnon interaction at the interface can be described by using the s-
d exchange interaction between local moments and conduction electrons at the
interface:

N
Jsd .

_ 3 f G
Hsd = N_QZ Jd rS,, ° l//o_/(rn)ca’o'l//n‘(rﬂ)7 (89)

n=1

where S,, are local moments at position r,, on the interface; wl(rn) and y,(r,) are the
annihilation operator of an incident electron with spin ¢ at position r,,, respectively;
6 is the Pauli spin operator; N, is the number of lattice sites in N; and Nj is the
number of local moments that interact with conduction electrons at the interface.

Using the Fourier transformation wo(r) = chﬁ(k)e’k'r and
S, :NEI/ 2quqe"q‘r”, where ¢y, is the annihilation operator of an incident

electron with momentum k and spin ¢ and N is the number of localized moments
in FI, Eq. 89 is written as

Hy = Jeg Z {S;chckl + Sgclt,lcm + 84 ("LTCkT — Cl@ckl)} Pakik  (90)
kK yq

n=1

where Juir = Jya/ (NaNY/? ), S5 = Sy iS5y, andpy e = Y /@00
The spin current through the interface is calculated from Ji = (7/2)(d/d1)

((N]) — (N!)), where NS = chfwckg is the number operator of electrons with

spin o. Within the second-order perturbation with respect to J,,; [76], the spin
current Jy across the interface is obtained as

Ty = 32| e (505, 0)) (o4 007y (0))

o1
_ ot/ <S;(Z)S:q(0) > <afq(t)a; (0) >} )

where <S§ (1S, (O)> and <0(T (O)o:q(t)> are the spin correlation functions for local
moments and conduction electrons, respectively; U;:L = chLckﬂ, |5 and op =

chilckﬂﬁ. Note that the spin-flip scattering of an electron at the interface

produces the energy change by ou = pi; — u|, which appears as the time-dependent
phase factor in Eq. 91. It follows from the fluctuation-dissipation theorem [77] that
the correlation functions are expressed in terms of the imaginary parts of the
dynamical spin susceptibilities of F as

<S:q(t)S; (O)> __h JOO dwe ™ n(w, Ty)Imy ™ (q, w), (92)

) -0
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_ ho(> i _
<S;(I)qu(0)> = _;J,m dwe "' [n(w,Ty) + 1Imy} ~ (q, ), (93)
and likewise in N, where n(w, T,,) = 1/[exp(Aiw/kgT,) — 1] is the Bose distribution
function with effective temperature T,, and «a takes either F or N (a = F, N).
Inserting Eqs. 92 and 93 into Eq. 91, the interface spin current is expressed as

2h >
S v = —NuJ% J dwln(w, Tw) — n(w + 8u/h,T,))
F/N 1 eff >dm s e
. ) p,q v ©4)

xImy{ ™ (q, 0)Imy ™ (p, @ + Su/h),

where T,,(= TF) is the magnon temperature and T.(= Ty) is the conduction-electron
temperature. The conduction electrons quickly equilibrate with the lattice, so that T,
is equal to the lattice (phonon) temperature 7T, Using yi (q,@)=
2(S.)/ (hw — hwq + i) for the localized moments without damping, where hwyg is

the magnon excitation energy, and 3 (p,@) = Zk F(&) —f&ip)]/
(ha) — &k + Sy +i5) for the conduction electrons, where f(£y) is the Fermi
distribution function and & is one-electron energy measured from the Fermi
level, the interface spin current becomes [51]

S [T\ 1
T :4;:AJ% )
a er /) Ng 95)
xZ(ha) + u) | coth hag + op — coth g (
— K 2pTs 2T ) |

Note that J,N vanishes in the equilibrium condition of T,,, = T, and éu = 0.

To examine how the spin accumulation is converted to the magnon spin current
and how the spin current depends on the magnon energy and temperature, one
may consider a simple model that magnons have the parabolic dispersion with no
excitation gap fiwg = Aexq”. At high temperatures comparable to room tempera-
ture, Eq. 95 can be expanded up to the first order with respect to du and the
temperature difference T,,, — T, which leads to the spin-current density across the
interface

() ()
: h Gy h Gy
N~ —— ——0u(0) — — ——kp(Tm — Te), 96
JE/N 2e 2eA;y u(0) 2e 2eAy B ) (%6)

where the interface spin conductances normalized to (2¢%/h)A; are

(w)

G (S.) (Tsa\ > (ksT
W _ T 113820 ()" (k8Tm
g“ (262/1’!)AJ 877"(6/77:) a2 (8F> ( Aex )) (97)
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(T) 2
G (S.) (J
(T> 10 2 z sd
=——— =16 — 98
$1 (2e%/h)A; e <8F> ’ %)

which correspond to the so-called mixing conductance with dimensions of cm 2.

It follows from the parameter values (S.) = 5/2, as = 0.6 nm, Aex = 6.24 meV

nm?, and kgT ~ 26 meV at room temperature that g%’i) ~3.5x 10"/ 4 /er)* cm2

and g(T? ~ 1.1 x 1017(./“1/81:)2 cm™2. For example, the value of (J,/er) = 0.5 yields

(u) (T)

g ~1x10%cm™? and g’ ~3x10”cm™?, which are the same order of

magnitude as those in metallic junctions [33, 50].

Taking into account the interface spin current in Eq. 96 in the spin-diffusion
theory and using the boundary condition that spin currents are continuous at the
interface, one obtains the spin current and spin accumulation in the normal-metal
layer of thickness dy [70],

cosh[(x — dn) /A

5[1()() = 2eﬂlejf:/N Sinh(dN/ﬂs) ) (99)
s () = _jp  Snh[(x — dn)/A]
&) = JE/N sinh(dx/A;) (100)

and the interface spin-current density which includes the thermal pumping and
backflow effects,

. ig(T) kB (Tm - Te)
il g
701+ (gft) /) coth(dn/4,)

JeN = (101)

where g% = (h/2¢?)/(pn4s) is the spin conductance of the N electrode.
The electric field induced by ISHE in the normal layer is given by Ejsyg = 6sy
px(2e/R){jx(2)), so that the detected voltage Visar = wnErsug reads

(T) ) s

g+ /gX Jtanh(dn/24)

VisHE = —0su (?) ( “( )N) s Ty —Te), (102)
N1y (g{j /g&)coth(dN/lex) e

which enables one to deduce the nonequilibrium temperature difference of the order
of Ty, — T.) ~3 X 10~* K for the measured value of Visugg = 1.5 uV in a YIG/Pt
device and the parameter values of Ogy ~ 0.01, wy = 4 mm, dy = 15 nm, and

g\l ek = g /g% = 0.01 (Jya/er ~ 1).
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Magnon Current, Magnon Accumulation, and Magnon Temperature

It is important to find a relation between the effective magnon temperature and the
magnon accumulation generated by a temperature gradient in a ferromagnetic
insulator (FI). In the presence of temperature gradient VT along z in FI (see
Fig. 8), the magnon current j,, may flow according to the phenomenological
equation

Ji = =DVt + L (=VT), (103)

where Dy, is the diffusion constant of magnons, L, is a coefficient, the first term is
the contribution of nonequilibrium magnon accumulation dn,,, and the second term
is the contribution driven by the temperature gradient. Since individual magnons
carry spin angular momentum —#, the magnon spin current is ji = —7j,,.

The magnon accumulation is

SNy = N — A, (104)

where ny = (hy) ' (M, — M.) = Zq<b;bq> is the magnon population in a

nonequilibrium state; bg(bq) is the magnon creation (annihilation) operator; (bz;bq>
is the distribution of magnon with energy /gy, which is represented by the Bose
distribution function with magnon temperature T,,; and 72, is the local equilibrium
magnon population with the lattice (phonon) temperature T, which is equal to the
applied temperature. At high temperatures around room temperature (RT), the
magnon distribution functions can be expanded with respect to hwg/kgT,, yielding

kg

b (6/m)'
ex

(T — Tp), (105)

where z:q(ha)q)_1 = (6/7)"*Vr /(21 Aexas) is used. Note that the magnon accu-

mulation is represented by the temperature difference Ty, — T}, the deviation of the
magnon temperature from the lattice temperature.

Assuming the continuity equation for magnons, V - j,, = —ény/tm, Where 7., is
the magnon relaxation time, and using Eq. 103, the magnon-diffusion equation is
written as

1
V261 (z) = Tzanm(z), (106)
where Ay, = /D is the magnon-diffusion length. Using the boundary condition
Jjm = 0 at the sample ends of z = £L/2, the magnon spin current (jfn = —hjm) and
magnon accumulation become
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m(?) D, [cosh(L/%m) m ) (108)

When the temperature difference AT is applied between the ends of the sample with
a linear temperature variation 7(z) = Ty + (z/L)AT along the z direction in a
ferromagnetic insulator of length L, the temperature gradient is given by VI =
AT/L. Equating Eqs. 105 and 108, the nonequilibrium magnon temperature varies
along the temperature gradient as

Am [ sinh(z/Ay)
T =Tp = =t 7 Losh(L/Zlm)] VT, (109)
where 7, = 27(6/7) " (LnAexaslkpDim).

The spatial distributions of the magnon current and the magnon accumulation in
the presence of temperature gradient are shown in Fig. 7a, b, respectively. Both
magnon current and magnon accumulation are proportional to the difference
between the magnon and lattice temperatures. The magnon (particle) current
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flows from the high-T side to the low-T side and vanishes at the sample ends due to
the boundary condition j,,(z = £L/2) = 0. This magnon flow creates an accumu-
lation of magnons in the low-T region, where the effective magnon temperature is
higher than the lattice temperature, whereas it creates a depletion of magnons in the
high-T region, where the effective magnon temperature is lower than the lattice
temperature.

Spin Seebeck Effect
When a normal-metal layer is placed at position zy on the FI layer as shown in
Fig. 8a, the electron temperature of the N layer equilibrates with the lattice

temperature of the FI layer at the contact position (T, = T,). Thus, from Egs. 102
and 109, the inverse spin-Hall voltage generated by SSE becomes

Visue = &n (%) (kBAT> o [Sinh(ZN/lm) :|a (110)

le| ) L |cosh(L/2Am)
where
T
(417788 )tanh(dn/24,)
En = Osuliy, W ) (111
1+ (817 /8% ) coth(d/4)
a C
Wx Pt T=300K
YIG
dNt
| 2
T, —AT)2 T+AT2 T
N 3
jas]
b T T_»Z T, N
Pt : Magnon spin current Pt
vie[ &Y iR -
T ST Magnon current T <T T T T I R B
"o moe 3 -2-10 1 2 3
ony, >0 on, <0 2pu (o)

Fig. 8 (a) Schematic diagram of a device setup for measuring the spin Seebeck effect in the
presence of temperature bias AT between the two ends of a YIG film. (b) Schematic illustration of
magnon (particle) current j,,, magnon spin current j&, = (—H)j,, and magnon accumulation &n,, in
FI in the presence of temperature gradient AT/L along z. (¢) Dependence of Vigyg/AT on the
displacement zp, of Pt wire from the center of YIG layer along the z direction. The open circles are
the experimental data by Uchida et al. [72] and the solid curves are the fitting results using Eq. 110
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When the magnon-diffusion length is larger than the sample length (4,, > L),

VisHe R &m(WN/dN)(kBAT/e])(2n/L), (112)

indicating that Vigyg varies linearly with respect to zy, which has been observed in a
YIG/Pt system at room temperature [72].

A qualitative physical picture of the spin Seebeck effect is presented in Fig. 8b.
A nonequilibrium state between magnetic moments in YIG and conduction elec-
trons in Pt is created by applying the temperature difference between the two ends
of the YIG film. The thermally excited magnons flow from the high-T to the low-T
ends driven by the temperature gradient. This magnon flow creates a magnon
accumulation (én,, > 0) in the low-T side, where the effective magnon temperature
is higher than the lattice temperature (T, > T}), whereas it creates a magnon
depletion (dn,, < 0) in the high-T side, where the effective magnon temperature
is lower than the lattice temperature (T, < Tp). Since the electron temperature T, of
the N layer equilibrates with the lattice temperature at the contact zy (Te = Tp), Ty is
higher (lower) than T, at the contact in the low-T (high-T) side [78]. When the
contact lies in high-T side, the spin current flows from FI into N in proportion to
T — T. and also to AT, whereas it flows in the reverse direction from N to FI when
the contact lies in low-T side. Consequently, the voltage signal Visyg generated by
the spin current has different signs depending on whether the contact position zy is
in the high-T or low-T region. Figure 8c shows the experimental date measured by
Uchida et al. [72], and the solid curves are the fitting results using Eq. 110.
The nearly linear dependence of measured Vigyg at room temperature implies
that the magnon-diffusion length is very long of the order of mm, and the damping
of the magnon accumulation is extremely weak in YIG which prevents a rapid
equilibration of magnons with phonons. The qualitative picture presented above is
validated by the microscopic models based on scattering and linear-response
theories [79, 80] and numerical simulations [81].

Thermally induced spin-angular-momentum transfer across the YIG/Pt interface
has been used to control the Gilbert damping of magnetization [82].

Summary

In this chapter, a theoretical description for spin pumping from a ferromagnet into a
normal metal is presented based on the spin-exchange interaction between localized
moments and conduction electrons in hybrid nanostructures. It is demonstrated that
pure spin currents are generated by the coherent spin pumping due to ferromagnetic
resonance (FMR) and the thermal spin pumping due to the spin Seebeck effect
(SSE). The inverse effect that the spin dynamics is manipulated by spin injection
from a normal metal with strong spin-orbit coupling into a ferromagnet using the
spin-Hall effect (SHE) is discussed. Owing to the spin-exchange interaction
between localized moments and conduction electrons, the spin angular momentum
is transferred from one subsystem where nonequilibrium electron spins or magnons
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are accumulated as a spin source by means of FMR, SHE, or SSE to a neighboring
nonmagnetic subsystem where a pure spin current carried by electron spins is
generated to produce an electric current of conduction electrons (dc voltage) by
means of the inverse spin-Hall effect (ISHE) or to a neighboring magnetic
subsystem where magnon excitation or spin-transfer torque strongly affects the
magnetization dynamics (damping) or even induces the magnetization switching.
Spin pumping and related phenomena would open up new avenues in the field of
metallic, semiconducting, and insulating spintronics.

The present formalism based on the spin-exchange interaction is an alternative
to the spin-pumping formalism based on the Landauer-Biittiker scattering theory.
While these approaches are apparently different and have been developed rather
independently so far, these are two sides of the same coin and provide complemen-
tary views for spin pumping. Further intensive and comprehensive studies would
provide a unified picture of spin pumping in hybrid nanostructures.
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