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Enhanced dc spin pumping into a fluctuating ferromagnet near 7,
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A linear-response formulation of the dc spin pumping, i.e., a spin injection from a precessing ferromagnet into

an adjacent spin sink, is developed in view of describing many-body eftects caused by spin fluctuations in the spin
sink. It is shown that when an itinerant ferromagnet near 7¢ is used as the spin sink, the spin pumping is largely
increased owing to the fluctuation enhancement of the spin conductance across the precessing ferromagnet/spin
sink interface. As an example, the enhanced spin pumping from yttrium iron garnet into nickel palladium alloy
(Tc ~ 20 K) is analyzed by means of a self-consistent renormalization scheme, and it is predicted that the

enhancement can be as large as tenfold.
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I. INTRODUCTION

There has been a growing demand for an efficient method
of generating a spin current because it is a key quantity in
driving the functionality of spintronic devices [1]. In the early
days, an idea of electrical spin current injection from a metallic
ferromagnet into nonmagnetic metals or semiconductors was
theoretically proposed [2], and later on, it was successfully
demonstrated in experiments [3]. Although such a technique
is by now recognized as a standard method for the spin
current injection [4], the method suffers from a problem called
impedance mismatch, which means that a huge reduction in
the spin injection efficiency appears when there is a large
difference in resistivity between the ferromagnetic spin current
injector and the spin current sink [5,6]. Moreover, such an
electrical spin injection method is available only when both the
spin current injector and the spin current sink are electrically
conducting.

Recently a completely different type of spin injection
method, termed spin pumping [7], has attracted much attention
as an alternative and efficient way for the spin injection [8—13].
In this method, nonequilibrium dynamics of magnetization in
a ferromagnet injector is driven by ferromagnetic resonance
(FMR), and the precessing magnetization “pumps’ spins into
an adjacent spin sink by transferring spin angular momen-
tum through the s-d exchange interaction at the interface.
The FMR-driven spin pumping has an advantage that it
is unaccompanied by any charge transfer across the spin
injector/spin sink interface, such that it is free from the
impedance mismatch problem and thus available even when
the injector is an insulating magnet [10]. Because of this
versatility, the spin pumping in a variety of systems is now
a subject of intensive research [14-35]. Furthermore, a spin
injection from permalloy (Py) into GaAs by means of the spin
pumping, which would otherwise suffer from the impedance
mismatch problem, was successfully demonstrated [27].

Originally, the FMR-driven spin pumping is formulated [7]
in a close analogy to a theory of adiabatic charge pumping
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in mesoscopic systems [36]. The efficiency of the spin
pumping is then characterized by a quantity called spin mixing
conductance g', the value of which may be calculated by
the Landauer-Biittiker approach combined with first-principles
calculation [37]. However the physical meaning of gV and its
microscopic origin are obscure in the existing literature [7],
and moreover, there is no knowledge at present on how to take
account of many-body effects in the spin pumping theory.

By contrast, the linear-response formalism is a powerful
theoretical framework to describe nonequilibrium phenomena
near thermal equilibrium. In particular, it is amenable to the
language of the magnetism community, and more importantly,
it has an advantage that it can easily deal with many-body
effects when combined with a field-theoretical approach [38].
In the context of spintronics, the linear-response approach has
greatly contributed to the progress in a thermal version of
the spin pumping, termed the spin Seebeck effect [39-44]. It
was not until the advent of the linear-response formulation of
the spin Seebeck effect [45] that a description of the phonon-
drag process [46], which is now recognized as one of the
principal mechanisms of the spin Seebeck effect [47], was
made possible. Therefore, it is quite natural to develop a linear-
response formulation of the spin pumping in order to describe
many-body effects.

In this paper, we develop a linear-response theory of
the FMR-driven dc spin pumping by using field-theoretical
methods [48] in order to clarify the role of many-body effects.
We investigate intriguing effects of critical spin fluctuations on
the spin pumping, and show that when a metallic ferromagnet
near the Curie temperature T¢ is used as the spin sink, the
spin pumping is largely enhanced owing to the fluctuation
enhancement of the spin conductance across the spin injec-
tor/spin sink interface. Central to the above argument is the fact
that the interface spin conductance (conventionally denoted as
g™) is proportional to the imaginary part of the dynamical
spin susceptibility of the spin sink, Imy(w), which is known
to be largely enhanced near T¢ [49]. This suggests that the
interface spin conductance is effectively enhanced if the spin
sink is made of an itinerant ferromagnet close to 7¢, and that
the resultant spin pumping attains a large enhancement. This
argument is justified in this work by a microscopic analysis
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which is supplemented by the self-consistent renormalization
(SCR) theory of spin fluctuations [50-52].

The plan of this paper is as follows. In the next section,
we introduce a model Hamiltonian to describe the dc spin
pumping. In Sec. III, we present a linear-response formulation
of the FMR-driven spin pumping that allows us to investigate
many-body effects on the spin pumping. Next, in Sec. IV, we
apply the linear-response formalism to the dc spin pumping
into a fluctuating itinerant ferromagnet near 7¢. For illus-
tration, we analyze the spin pumping into a weak itinerant
ferromagnet (NiPd alloy) from an insulating magnet (e.g.,
yttrium iron garnet) by using the SCR theory [50-52] and
demonstrate that the spin pumping is largely enhanced close
to the Curie temperature of the spin sink. The enhancement can
be detected experimentally by observing either the additional
Gilbert damping [53] or the pumped spin current [8]. Note that
this enhanced spin pumping should be distinguished from the
fluctuation effects on the spin Hall angle [54,55]. In Refs. [54]
and [55], the anomaly in the inverse spin Hall effect at 7 due
to skew scattering in NiPd alloy has been studied (see the inset
of Fig. 5 below). In this paper, we examine the fluctuation
enhancement of the spin pumping (i.e., the dashed curve in
the inset of Fig. 5). In Sec. V we summarize and discuss our
result. In Appendix B, we briefly discuss the opposite case in
which the spin injector is made of a fluctuating ferromagnet
near 7¢ whereas the spin sink is a nonmagnetic metal without
critical spin fluctuations.

II. MODEL

The system for observing the FMR-driven spin pumping
is a bilayer composed of a spin injector (SI) with precessing
spins and an adjacent spin sink (SS), as shown in Fig. 1. While
the SI can be either a ferromagnetic metal or a ferromagnetic
insulator since the spin pumping is not accompanied by any
charge transfer across the SI/SS interface, we consider here the
case of an insulating SI to simplify the argument. As for the
SS, a nonmagnetic metal, most typically Pt, is commonly used
because Pt shows a relatively large inverse spin Hall effect

[

FIG. 1. (Color online) Schematic view of a system considered in
the present paper for the FMR-driven spin pumping. A bilayer of a
spin injector (SI) and a spin sink (SS) is placed in an external static
magnetic field H,. The wavy line (green) represents an external ac
magnetic field &, which induces precessional motion of localized
spins in the SI.
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that is necessary to electrically detect the pumped spin current
[8]. Although a use of Pt as the SS looks most promising,
an itinerant ferromagnet such as NiPd alloy is also known to
possess a moderate strength of the inverse spin Hall effect
[54,55] and hence it can be used as the SS in the spin pumping
experiments. We are particularly interested in such a situation
in which the SS is made of a weak itinerant ferromagnet having
a relatively low T¢ and possessing a sizable inverse spin Hall
effect, e.g., a bilayer system composed of NiPd alloy/yttrium
iron garnet.
We begin with the following Hamiltonian:

H = Hss + Hst + Hga + Hir, (1)

where the first term [56],
Hss = Zepc;cpr +U annm
P i

+ ) eV pll +ineo - (p x PHley,  (2)
p.r

is the Hamiltonian describing the SS. Because we are interested
in the case where the SS is a weak itinerant ferromagnet,
we use a model of an itinerant ferromagnet with local
electron-electron interaction [56]. Here, c;(, = (cjm,c; ¢) is
the electron creation operator for spin projection 1 and |, €,
is the kinetic energy of electrons, U is the on-site Coulomb
repulsion, and n;, = ciaci,g is the spin-projected charge
density at a position r;, where ¢; , = N;Sm qug cpe”"” with
Ngs being the number of lattice sites in the SS. In addition
to the kinetic and Coulomb terms describing a clean weak
itinerant ferromagnet, we take account of impurity effects
given by the Fourier transform, V,,_ , of the impurity potential
Vimp Zrlmp cimpurities 0 — Timp) With 7, measuring the strength
of the spin-orbit interaction [4]. The second term,

Msi=—Jex . Si-S;j+vhY HSi. (3

(i.j)eSI ieSI

describes the SI, where J is the nearest-neighbor exchange
integral, S; the spin operator at a position r;, y the gyromag-
netic ratio, and Hj the static magnetic field in the z direction.
The third term in Eq. (1),

Ha=Ja Y, 8-S )

i€SI/SS-interface

describes the interaction between the SI and the SS [57], where
Joq 18 the s-d exchange interaction at the SI/SS interface, and
s; = ¢} o ¢; with Pauli matrices o is the itinerant spin density
operator in the SS. Finally the last term in Eq. (1),

Hor = yhh - (Z si> , (5)

ieSI

describes the effect on the SI of a circular polarized oscillating
magnetic field k(1) = hyp cos(2¢1)X — hyp sin(2,¢¢) ¥y, which
is approximated to be spatially uniform since the wavelength
of the oscillating field is longer than the sample dimension.
Because we are interested in the low-energy excitation
of localized spins in the SI that is driven by the oscillating
field of GHz frequency (€2, ~ GHz), we use the spin-wave
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approximation. Introducing magnon variables bf and b; by
means of the linear Holstein-Primakoff transformation

SE+iS) = \/25b, (©6)
—iS) = /28ob! )

Eq. (3) is diagonalized to be
Hsi=hY_ wgblb,. (8)
q

where Sy = |S;| and hwy = 2Jxz0S0(1 — y4) + hy Hy with
Vg =2 ! s ¢'4'% being defined by the sum over zo nearest
neighbors. Similarly, Egs. (4) and (5) become

280

Hea =
) Ns1Nss

ZJsd(k Dbl + b, )

Mot = y I/ 280l hib) _ge ™ + hiby_ge™ '], (10)

pCh kO hE =Ry Eih,  Tulk.g) =
ZiESI/SS Jae'®D7i and Ng; is the number of lattice sites
in the SI. We use Egs. (2), (8), (9), and (10) in the following
analysis.

where s; =

III. LINEAR-RESPONSE FORMULATION
OF DC SPIN PUMPING

In this section, we present a linear-response formulation
of the FMR-driven spin pumping by using field-theoretical
methods [48]. The main purpose of our approach is to provide
a theoretical framework to take account of many-body effects
on the spin pumping. Therefore, we consider a situation where
the SS acts as a perfect spin sink towards the conduction-
electron spin current, by assuming that the thickness of the SS
is comparable to the conduction-electron spin diffusion length
of the SS (but much shorter than the magnon diffusion length
of the SS). The FMR-driven spin pumping manifests itself in
an appearance of both the pumped spin current [8,58] into the
SS and the additional Gilbert damping [7,53] in the precessing
SIL.

We first calculate the spin current pumped into the SS.
Since we focus on the dc spin pumping, the pumped spin
current I has a polarization along the axis of magnetization
precession in the SI which we take as the z direction. The
pumped spin current I} can be calculated as the rate of
change of the itinerant spin density:

=" (ds7), (11

ieSS

where (---) denotes the statistical average. Note that the
definition of the pumped spin current is similar to that of
the tunneling current through a junction [59], such that the
time derivative of the itinerant spin density does not vanish
even in the steady state and the spin current 1" thus defined
correctly describes the spin current pumped from the SI into
the SS (see Eq. (11) in Ref. [59]). Note also that although a
spin current in the form of magnon current may be pumped as
well in the case of a ferromagnetic SS, the pumped magnon
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current is canceled by the backflow magnon current because
we assume that the magnon diffusion length is much larger
than the thickness of the SS.

Using sy defined below Eq. (10), the pumped spin current
can be expressed as I/ = V/Nss (955, _,¢)- The right-hand
side can be evaluated using the Heisenberg equation of motion
for s; , giving

3ts/§ .= LZ V2 Jsd(k ¢I)
o h ~/NsiNss

where ski = %(s,f + is;). Taking the statistical average of the
above quantity, the right-hand side can be represented as

24/28y
stsNSI

where C,jq(t,t’) = —i(by(t")s; (1)) is the interface Green’s
function defined by magnon operator b, and the itinerant
spin-density operator s, .

In evaluating the right-hand side of Eq. (13), we adopt a
diagrammatic approach with perturbation expansion in term
of the external oscillating magnetic field 4, and the s-d
interaction Jyq at the interface. The dc spin pumping process,
which is proportional to the external microwave power and has
a Lorentzian form, is given by the diagram shown in Fig. 2.
Using the standard rules of evaluating the contour-ordered
Green’s function presented in Appendix A, the interface
Green’s function C° q(t,t/) is calculated to be

sd(k Jsa(k,q) /S Nst
h oN. ( hrf)2 q0

0)A
x / xE @ 1)GY (12.11)
1,0 l‘;

4+ He, (12

[ = - Re ZJgd(k 10| (13)

Ci, 1) =

x G§" (1! 1)e! M), (14)
where we introduced the shorthand notation ftl oty =
[ dhdtdr. In the above equation, G(()O)R(t3,t/)=
101" — 13)([bg—o(t3).b;_o(t")1)o and G (13.1") = i6(t' —
13){[bg—0(13), b o’ )])o are respectively the retarded and

SS

SI

photon photon

FIG. 2. (Color online) Feynman diagram representing the pro-
cess of the dc spin pumping. The red and black solid lines represent
conduction-electron Green’s function and uniform-mode magnon
Green’s function, respectively. The transverse susceptibility of itin-
erant spin density, xx(w), is defined as a propagator of particle-hole
pairs. The green wavy line represents external ac magnetic field h,;.
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advanced parts of the bare Green’s function of the
uniform-mode magnon in the SI, whereas x(r,1;) = i0(t —
t{lsy (t),sfk(tl)]) is the retarded part of the transverse spin
susceptibility in the SS that includes the interaction effects.
Because each Green’s function appearing in Eq. (14)
depends only on the difference of two time labels, it
is advantageous to work in frequency space. Introducing
the Fourier transform xy(f1,6) = /[~ oooo 52 xr(w)e” foh=h) gpd

GV (t1,1) = [%° 42 GO (w)e~ i~ Eq. (14) becomes

oo 21

sd(k q) [SyNsi
h 2Nss

Cr,tt) = (Yhit)*8q.0

X xR (=) GYR (Qup) P! (15)

where we have used the general relation GE)O)R(a)) =
[G(()O)A(w)]*. In the above equation, because we do not consider
any anomalies occurring in the SI, the uniform-magnon
Green’s function is given in its bare form G(()O)R (w)=1/(w —
y Hy + iagw) with «q being the bare Gilbert damping. On the
other hand, as schematically depicted in Fig. 2, the transverse
spin susceptibility of the SS, X,f (w), includes the many-body
effects. In the next section, the self-energy corrections caused
by magnetic critical fluctuations in the SS is analyzed by means
of a self-consistent renormalization scheme.

Substituting Eq. (15) into Eq. (13) and assuming the diffuse
scattering of magnons at the SI/SS interface, we finally obtain
the pumped spin current as

Qui(y hut)®
(Rt — ¥ Ho)? + (20S2)*
where g, represents the spin conductance across the SI/SS
interface and is defined by
2J2855 Nime
thss

PP —

8s (16)

g = Xk;Mﬁmm (17
1 rf
with N, being the number of localized spin S; at the SI/SS
interface. Note that the spin conductance is proportional to
the momentum sum of the imaginary part of the dynamical
transverse spin susceptibility Im x,f(w), and that we have used
the relation Imx X (— Q) = —Imyf(Q) to arrive at Eq. (17).
We next investigate the additional Gilbert damping caused
by the dc spin pumping. Information on the damping of
magnons at FMR is encoded in the imaginary part of the
self-energy of uniform-mode magnon Green’s function at the
resonance frequency, L& (w = ), defined by the following
Dyson’s equation:

[GE@)] ™ =[G @)]

where G(’f(a)) and GE)O)R(a)) are respectively the renormalized
and bare Green’s functions of the uniform-mode magnon. Re-
calling that the imaginary part of £ () gives the damping rate
of uniform-mode magnon and that in general the imaginary
part of self-energy in a Bose system is proportional to its
frequency w at small w [60], we obtain the relationship between
the self-energy and additional Gilbert damping constant §o as

' 2R, (18)

1
Sa = ——ImZF(Qu). (19)
Qrf
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SS

Si

FIG. 3. (Color online) Diagrammatic representation of renor-
malized Green’s function of uniform-mode magnon, G(’f (w), and the
corresponding self-energy, & (w). The black line with arrow means

OR
the bare magnon propagator G," " (w).

The renormalized Green’s function G(’f (w) and self-enegy
T & (w) associated with the dc spin pumping is diagrammati-
cally given in Fig. 3. Comparing Dyson’s equation (18) with
Fig. 3 and Fig. 2, we identify

ZdeSONmt

Ew) = === No

A&SEZImX @. (0

Using the relation Eq. (19), we obtain the additional Gilbert
damping
1

S = 8s»
SoNst

@1

where g, is given in Eq. (17). Equations (16), (17), and (21)
are the main results of this section.

Before ending this section, it is instructive to discuss the
relationship between the present formalism and that given in
Ref. [7]. In Ref. [7], the pumped dc spin current with z-axis
polarization and the additional Gilbert damping are given by

1m0 = 8 o 22

i - —{([m x 9;m]*), (22)
yh

b= Ve 23)

where g'¥ is the so-called spin mixing conductance, m
is the magnetization direction vector, and M; and )V are
respectively the saturation magnetization and the volume of
the ferromagnet. The above equations mean that the pumped
spin current and the additional Gilbert damping are intimately
related through

[P = §o

vh .
V([m x 0,m]*). 24)

s

Using yh/(M,V) = 1/(SyNs1) and the expression

Qrt(yhrf)z
(2 — ¥ Ho)? + (20S2r)?’

(lm x 9,m]*) = 25)

which applies in a region where the Landau-Lifshitz-Gilbert
equation is valid, the consistency between our formalism and

that given in Ref. [7] [Eq. (16) < Eq. (22); and Eq. (21) <
Eq. (23)] can be confirmed with the identification

gN

8 _,. 2
iy 8 (26)
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IV. DC SPIN PUMPING INTO FLUCTUATING
FERROMAGNETS NEAR THE CURIE TEMPERATURE

In this section, we apply the formalism developed in the
previous section to the dc spin pumping into a fluctuating
ferromagnet near 7¢, and show that the resultant spin pumping
is largely enhanced owing to the fluctuation enhancement of
the interface spin conductance g;. In the previous section we
have shown, by deriving Eq. (16), that the pumped spin current
is determined by the following two factors: (i) the interface spin
conductance g; which reflects information on the transverse
susceptibility X,f(a)) of the SS [see Eq. (17)], and (ii) the
Lorentzian factor, which is equivalent to the magnetization
damping torque ([m x 9;m]*) in the SI [see Eq. (25)]. Because
the imaginary part of X/f (w) is known to be enhanced near its
Tc owing to the critical spin fluctuations [49-52], we can
expect a fluctuation enhancement of g, and thus an enhanced
spin pumping when the SS is made of an itinerant ferromagnet
near Tc.

Let us first analyze the critical spin fluctuation effects on
the transverse susceptibility R(w) by means of the SCR
theory [50,51]. In the following calculation, it is convenient to
introduce the dimensionless transverse susceptibility

(@) = K@)/ xp, 27)

where yxp is the Pauli paramagnetic susceptibility, and normal-
ize length by the lattice spacing dy. In the low frequency and
long wavelength limit, the bare transverse susceptibility of the
SS can be parametrized as

1
~(O)R
= , 28
X (@) 80 + cOk2 — i/ y® (28)

where ¢© is the bare stiffness and y(o) the bare damping
rate of the spin fluctuations. The bare mass 6 is given
by 8@ = a©® + pOm©®)?, where a® = AT — )/ T
with a slope A® measures the distance from the transition
temperature in the mean-field approximation Téo), and H©
is the bare mode-coupling constant. Here, the magnitude
of a dimensionless magnetization m® is determined by the
equation of state [51]:

(O)m(o) + b(O)(m(O))3 = ﬁ(), (29)

where ﬁo = Hy/ho is the dimensionless uniform external
magnetic field normalized by hy = yh/(2xpvo) with vy = dg
being the cell volume.

If we apply the mean-field approximation to the Hamilto-
nian (2), we have [50] a® ~ 1 — UN(0) with N(0) being
the density of states of electrons at the Fermi energy In
a similar way, we have b©® = (U?/3!) [ (277)3[ d83 f(ep)]
with f(e)) belng the Fermi distribution function, and ¢©® =

w?*12) [ (271)3[d‘83 f(sp)v ~|—3d82 Mp] with v, =de,/dp
and M, = (1/2)2 vz
in the presence of spin-orbit interaction is given by y,
Dk? 4+ 7', where D and T are the spin diffusion coefﬁ01ent

sf 2
and spin-flip relaxation time, respectively [61].

d’e p /dp? pj- The bare damping rate
( ) _
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It is instructive to transform Eq. (28) into the form

~(0)
~(O)R Xo
X () = , (30)
, 1+ (EOk)? — iw/T”

where 5{80) =1/6© is the dimensionless uniform suscepti-
bility, £€© = ,/c© /50 is the effective correlation length,
and 1",((0) = yk(o)é(o) is the effective damping rate. From this
expression we see that, in the limit of vanishing external field
(Hy = 0), the uniform susceptibility diverges as %0) =(T —
Téo))‘l, and thus the divergent correlation length appears in
£O o (T — TC(O))*I/ 2 and the critical slowing down manifests
itself in T o (T — T”).

The SCR theory tells us how the bare transverse suscep-
tibility X,io)R(a)) is modified into the renormalized transverse
susceptibility XkR (w) due to the mode-mode coupling effect of

magnetic critical fluctuations. In the dimensionless form, it is
expressed as

158 ) = 1775 (@) + A, 31

where the mode-coupling term A is given by

3b *® dw how
A=—" — coth Im¥ R 32
NSS ;/ 2 €0 <2k T) Mk (a)) ( )

The renormalized transverse susceptibility is assumed to have
the following form:

1
S+ck?—iw/y’

where c is the renormalized stiffness and y; is the renormalized
damping rate. The renormalized mass § is given by § =
a + bm?, where a « (T — Tc)/ Tc measures the distance
from the renormalized Curie temperature T¢, and b is the
renormalized mode coupling constant. Here, the magnitude
of the magnetization m is determined by Eq. (29) with a©
and b© being replaced by a and b. Because the essential
renormalization effect appears through the coefficient a (and
thus 8), we set in the following b = b©, ¢ = ¢, and 3, = 1,
as is customarily done [51]. If we adopt the representation
similar to Eq. (30), we obtain

X (w) = (33)

~R )?0
() = ,
e Y (k) —iwfT

where Xo = 1/8, £ = \/c/§, and T’y = ;6.

We calculate the renormalized mass a self-consistently
using Egs. (31) and (32) combined with the equations of state
(29). In Fig. 4, we plot the magnetization m as a function
of reduced temperature (7T — T¢)/T¢ calculated for several
different choices of external magnetic field Hy. Having NiPd
alloy [54] in mind, we use UN(0) = 1.0001, A©® =10.0,
b = 60.0, ¢ = 20.0, and assume Téo) = 100 K to reproduce
Tc =20K.

Now we investigate the enhanced spin pumping into the spin
fluctuating SS. In Fig. 5, we show the temperature dependence
of the pumped spin current IP"™ for several choices of Q.
One can see that the pumped spin current is enhanced near
Tc. Because the pumped spin current I and the additional
Gilbert damping d« are intimately related through Eq. (24),

(34)
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0.5 ' ' ' ' '
AN |
E
=
e H, = 10000G
E 4
\/Ho = 1000G
\
I . H, = 0G 1
o = . A - -
01 O (T-To) /Tc 0.5

FIG. 4. (Color online) Magnetization m as a function of reduced
temperature (T — T¢)/T¢ for Hy = 0 G (solid line), Hy, = 1000 G
(dashed line), and Hy = 10000 G (dash-dotted line). The data is
normalized by its value at T = 0.

this enhancement can be seen in the temperature dependence
of the additional Gilbert damping as well. The enhancement
is larger for a smaller value of 2,¢7y, which means that the
enhancement is more visible in a material with a larger spin-
orbit interaction. The case of NiPd alloy is estimated to be
Qe ~ 0.1 using T & 10~'2 s, such that the enhancement
can be as large as tenfold.

[
2

0.5

I;PUmP(T) or &a(T)

0 \
-0.1 0

1 1

(T-T)/T.

FIG. 5. (Color online) Pumped spin current /P [Eq. (16)] or
additional Gilbert damping d« [Eq. (21)] at the resonance condition
Qi = y Hy, calculated for a fluctuating SS (NiPd alloy) as a function
of reduced temperature (7' — T¢)/ T¢ with Q7 = 0.1 (solid line),
0.2 (dashed line), and 0.3 (dash-dotted line). All the data are
normalized by their values at 7 /T = 0.5. Inset: Inverse spin Hall
voltage used to electrically detect the enhanced spin pumping as a
function of temperature, calculated using data from Ref. [54]. The
dashed curve is given by the enhanced spin pumping predicted in
this work, and the deviation from the dashed curve comes from the
anomaly in the inverse spin Hall effect reported in Ref. [54]. For more
details, see the main text.
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In experiments, the pumped spin current is detected
electrically via the inverse spin Hall effect [8]:

Etsue = OsupJs x 0, (35)

where Esyg = —V Visge is the electric field induced by
the inverse spin Hall effect, o (|| ) is the spin polarization
direction, Osy and p are respectively the spin Hall angle and
the resistivity of the SS, and J; = (eI’ /Ay )X with the
electronic charge e is the spin-current density across the SI/SS
interface having a contact area Aj, (see Fig. 1).

In the inset of Fig. 5, we plot the temperature dependence
of the inverse spin Hall voltage calculated using the data
from Ref. [54]. Note that the spin Hall angle in NiPd alloy
near T¢ [54] is decomposed into a temperature-independent
background and the temperature-dependent component that
reflects temperature dependence of the nonlinear susceptibility
near T¢ [54,55]. The dashed curve is calculated using the
temperature-independent component of the spin Hall angle,
whereas the solid curve is calculated using the temperature-
dependent spin Hall angle [54]. In addition to a small structure
coming from the anomaly in the inverse spin Hall effect, we
see a clear enhancement of the inverse spin Hall voltage.
Therefore, the predicted enhancement of / PUTP can be detected
electrically using the inverse spin Hall effect.

V. DISCUSSION AND CONCLUSION

The main message of this paper is the theoretical prediction
that the dc spin pumping can be largely enhanced if a
fluctuating ferromagnet near 7¢ is used as the SS. Taking NiPd
alloy as a prototype example, we have demonstrated that the
enhancement can be as large as tenfold (Fig. 5). The underlying
physics is as follows. As has been shown in Eq. (17) the spin
conductance across the SI/SS interface that characterizes the
strength of the dc spin pumping is given by the square of the
s-d interaction Jyg at the SI/SS interface, multiplied by the
imaginary part of the transverse spin susceptibility of the SS,
Imy(w). Because the latter quantity is known to be largely
enhanced upon approaching T¢, the interface spin conductance
is increased near T¢, resulting in a large enhancement of the
dc spin pumping.

Such kinds of many-body effects arising from critical spin
fluctuations in the SS cannot be accounted for by the existing
spin pumping theory [7] combined with the Landauer-type
scattering approach [37]. In order to overcome this difficulty,
we have developed a linear response formalism of the dc spin
pumping, and calculated the fluctuation enhancement of the
dc spin pumping by means of the SCR theory. Furthermore, a
discussion is given in Appendix B on the opposite situation of
the dc spin pumping from a fluctuating ferromagnet near T¢
into a nonfluctuating SS. The temperature dependence of the
dc spin pumping, which is expected from the knowledge on
dynamic critical phenomena [49], is calculated.

Concerning the issue of spin injection into semiconductors,
the spin pumping into GaAs and Si at room temperature has
already been reported in Refs. [27] and [29]. In the present
context, it would be interesting to test the spin pumping
into (Ga,Mn)As near its 7¢ in order to prove our prediction.
Moreover, if a fluctuating room-temperature ferromagnetic
semiconductor is discovered in the future, in spite of the
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smallness of its saturation magnetization and spin polarization
at room temperature, we can achieve an efficient spin pumping
into such a semiconductor by using the present scheme.

To summarize, we have developed a linear-response formal-
ism of the dc spin pumping into a fluctuating ferromagnet near
Tc, and shown that the spin pumping can be largely enhanced
owing to the fluctuation enhancement of the interface spin
conductance. This effect may be used to construct an efficient
spin current source using the dc spin pumping.

ACKNOWLEDGMENTS

We are grateful to M. Kimata, Y. Kajiwara, Y. Niimi, Y.
Otani, and Y. Shiomi for valuable discussion. This work was
financially supported by a Grant-in-Aid from MEXT, Japan,
and a Fundamental Research Grant from CREST-JST, Japan.

APPENDIX A: EVALUATION OF THE INTERFACE
GREEN’S FUNCTION

In this appendix, we provide the procedure to evaluate the
interface Green’s function C;° q(t,t/). Using the technique to
calculate the contour-ordered Green’s function, the diagram in
Fig. 2 is written as

Ja(k,q) | S3N:
R L e R T

Ck<,q(t7t/) = h 2NSS

X fdrldrzdr3[)(k(t,fl)
c

x G (0, TG ()] eI (A

where 11,7,,73 are contour variables on the closed time path,
xk(t,t) = —i(’]’c[sk(t)sfk(t’)]) is the contour-ordered trans-
verse susceptibility of itinerant spins in the SS, Géo)(t,t’) =
—i (Tc[bq=0(t)b;=0(t')])o is the contour-ordered bare Green’s
function of uniform-mode magnon in the SI [48], and BZ
means the greater/lesser part of Green’s function B. It is

convenient to introduce a convolution function

0
Fi(t,1) = f Ty (1, 7)GG (12,71 (A2)
c

The integral over T, is evaluated in the following way. First,
we deform the contour into the real-time contour [48]. In doing
so, we use the fact that the exponentially oscillating factor
has no singularity across the real-time axis, such that it can

be dropped temporary in discussing the contour deformation.
Thus, we have

t —00
/d‘Esz(t,‘[z) :/ dle;(l,l‘z)—i—/ dtzF;(I,l‘z)
C - t

oo

= / dlekR(l,lz), (A3)

o0

where F<Z and FX are explicitly given by

FE(tr) = /

—00

o0

()5S
dn [X;f(l‘,ll)Gé = (t1,1)

+ X2 )G 1,0)] (A4)
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and

o0
FR(t,m) = f dty xR (t,0)GY (t2,11) (A5)

o0

with BR (B4) being the retarded (advanced) part of a Green’s
function B.
The integral over 3 is performed in a similar way, giving

/ duiGY(t',13)
C
t —00
— / dG” (1 1) + / dG< (1 13)
—00 t

o0
- / dnGY (' 13).

o0

(A6)

Substituting Eqgs. (A3) and (A6) into Eq. (Al), we obtain
Eq. (14) in Sec. III.

APPENDIX B: SPIN PUMPING FROM FLUCTUATING
FERROMAGNETS

In this appendix, we briefly discuss an issue of the dc
spin pumping from a fluctuating ferromagnet near T¢ into
a nonfluctuating SS, such as a case of a EuO/Pt bilayer,
by neglecting mode-mode coupling effects. Because we are
interested in a temperature region near the Curie temperature
of the SI, where the Landau-Lifshitz-Gilbert equation with
fixed magnetization size is invalid, we begin with the following
time-dependent Ginzburg-Landau type equation [62]:

~ ~ H
S =yHx xS+T bo , B1)

where §(r,t) is the coarse-grained localized spin defined by

g(r,t) =

1 )
D Sl (B2)
VNst T,

with the momentum sum restricted to the wavelength being
longer than a cutoff wavelength [y [62], T" is the dissipative
coefficient, and f is a unit of magnetic field defined below
Eq. (B7). If we were concerned about a spin-conserving
system, the dissipative coefficient I would be given by a spin
diffusion process and expressed as ' = —DV? with the spin
diffusion coefficient D [63]. However, because we are dealing
with a spin nonconserving system with spin-orbit interaction,
we set I" to be a constant I'y.
The effective magnetic field H . is given by

§ S F
st o dFaL (B3)

H=H h - —
eff o+ hyr h vk 83

where H, is the uniform external magnetic field, h; =
hyp cos(251)X — hyp sin(Q2¢1)y is the oscillating magnetic
field, Jsa(r)s/yh = (Jas/yh) ZrOESI/SS 8r,r describes the
effect of spin accumulation s with Jy being the s-d interaction
at the SI/SS interface, and vy = 18 is the volume of a coarse-
grained block spin volume. The free energy Fgr in the last
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term is given in the Ginzburg-Landau form [64]:

~ b
FoL = &0 / d%(‘%ﬁ + Z’R?“) (B4)

where ¢ is the magnetic energy density, agL, = (T — T¢)/ Tc
measures the distance from the Curie temperature T¢, bg is
the quartic term coefficient, and the gradient term is discarded
because it is sufficient to consider only the uniform mode
dynamics for the present discussion on the FMR-driven spin
pumping. If necessary, these coefficients can be determined
from material parameters as

AC
€0 ="y (BS)
ﬁ[ M2(0) ]TC
1
baL = (B6)

MX(T) ’
c W[W]T
where AC is the specific heat jump per unit volume in the limit
of the mean-field approximation and M,(T) is the saturation
magnetization at a temperature 7. Under a finite uniform
magnetic field H( to realize the magnetic resonance, the
equilibrium localized spin S, is determined by the equation

Hy = hO(aGLgeq + bGngq), B7)

where hy = govg/y h gives the unit of a magnetic field (a very
crude estimate for EuO gives b to be of the order of one tesla
[65]). This equation is derived from the condition Hey = 0
in the absence of ks and s. In the following, we measure the
strength of the magnetic field in the unit of hy and introduce
Hy = Hy/bo, and the size of the localized spin S is measured
with respect to its zero temperature value.

Noticing that § Fg./3S is parallel to S and using the value
of Seq, Eq. (B1) can be rewritten as

Jsd
3,8 = V<H0+hrf - WLS) x5-T (S — Seq) (B8)

where we have defined the effective damping tensor
< )

I e = dl.’:lg(l—‘;q_t ,ijf ,FZ ) with Feff = Ip(agL + bGLSeq)
and '} = To(acr + 3bGL ) We combine Eq. (B8) with the
following Bloch equation for s:

0,8 = —FS x § + DV?s — —(S - SoS) (B9)
Tt

where D is the spin diffusion coefficient of the SS, 7y is the
spin-flip relaxation time in the SS, and sg = xpJyq is the local
equilibrium spin density with xp being the Pauli paramagnetic
susceptibility of the SS.

Starting from Eqs. (B8) and (B9), we calculate the spin
current pumped into the nonmagnetic SS. We first define the
pumped spin current I/ as the rate of change in the itinerant
spin density in the nonmagnetic SS as I PUTP— (3, 5%(¢)). Then,
performing the perturbative approach in the Bloch equation
(B9) with respect to Jyq4, we obtain

I (1) =

JSd — +
— Im(S , B10
X Ek m(S, _o(1)s; (1)) (B10)
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where §* = $¥+i§” and s* =s* 4 is”. Introducing the
Fourier representation f () = f do f(w)e ", we obtain

I =5 SSZIm —o(Q0)s{ (—Q). (BI)

To evaluate the right hand side of Eq. (B11), the transverse
components of Egs. (B8) and (B9) are linearized with respect
to S* and s*. Then, to the lowest order in Jy4, we obtain

Sq—0(82r) = —Go(Sup)y g (B12)
and
sy () = —s0Xk(Qun) G (— )y R,

where i = h¥ + ih’.. Here, we have introduced the (normal-
ized) paramagnetic susceptibility

(B13)

1
X =— B14
K@) = 100 "oy B14)
as well as the ferromagnetic susceptibility
Seq
Go(w) = (B15)

w—yHy+ilk’

where A = /Dty is the spin-diffusion length. Note that the
critical slowing down manifests itself in the shrinking of the
damping term I}, < I’y on approaching the Curie tempera-
ture T¢. Substituting the above equations into Eq. (B11), the
spin current pumped into the SS can be expressed as

JZ
e — _ _tsd Ny Q)IGo(Que) P (Yheg)*  (B16
hNSS?mxk( NIGo(Q)*(yhe)*  (B16)
h 2
—a rf(Vzrf) . (B17)
(Qu — y Ho)? + (T
where g, = (Se)? Ika(Qrf) and we have defined the

RZN
dynamical transverse susceptlblhty xi(@) = xpxr(w).

Figure 6(a) shows the effective longitudinal damping
coefficient I'y;; introduced below Eq. (B8) as a function of
temperature for several different values of an external magnetic
field Hy. Temperature dependence of the equilibrium spin
value is also plotted in the inset. Because the longitudinal

/T —

FIG. 6. (Color online) (a) Effective longitudinal damping coeffi-
cient I'y; as a function of reduced temperature. Inset: Temperature
dependence of equilibrium spin §cq. (b) Effective transverse damping
coefficient I'}; as a function of reduced temperature. In both figures,
bgL, = 1.0 1s used.
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FIG. 7. (Color online) Temperature dependence of pumped spin
current near T¢. The data is normalized by its value at T = T, and
bgr, = 1.0 is used.

spin dynamics is strongly related to the spin diffusion [62,66],
the critical slowing down (shrinking of I'{;) in the limit
of an infinitesimally small external field appears almost
symmetrically for T > T¢ and T < T¢. By contrast, the

PHYSICAL REVIEW B 89, 174417 (2014)

effective transverse damping coefficient I‘:}f_ does not show
such a symmetric critical slowing down across T¢.

Figure 6(b) shows the effective transverse damping coef-
ficient I'i;” as a function of temperature for several different
values of an external magnetic field Hy. Upon lowering the
temperature across ¢ the transverse damping coefficient I'Ji;”
keeps decreasing, in contrast to the behavior of I'S;. This
calculated behavior is consistent with experimental results for
iron [67] and yttrium iron garnet [68], once recalling that
the transverse damping coefficient [T is proportional to the
FMR linewidth near 7¢. Note that the transverse damping
coefficient ' is also responsible for the dc spin pumping
given by Eq. (B17).

InFig. 7, the pumped spin current calculated from Eq. (B17)
is shown as a function of temperature. Upon lowering the
temperature, the pumped spin current is largely enhanced
owing to the shrinking of the linewidth I'J;;” and the increase
of the interface spin conductance g; o qu The overall
temperature dependence looks consistent with an experimental
result of the spin pumping from (Ga,Mn)As into p-type GaAs
reported in Ref. [35]. Note that the dc spin pumping appears
even in the paramagnetic region above 7¢ under a condition
of sizable external magnetic field to obtain the magnetic
resonance, which means that the spin pumping can be driven
by electron paramagnetic resonance (EPR) above T¢.
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