aps CHCRUS

physics

This is the accepted manuscript made available via CHORUS. The article has been
published as:

Theory of the spin Peltier effect

Y. Ohnuma, M. Matsuo, and S. Maekawa
Phys. Rev. B 96, 134412 — Published 10 October 2017
DOI: 10.1103/PhysRevB.96.134412


http://dx.doi.org/10.1103/PhysRevB.96.134412

Theory of spin Peltier effect

Y. Ohnuma!, M. Matsuo’? and S. Maekawa!

Y Advanced Science Research Center, Japan Atomic Energy Agency, Tokai 319-1195, Japan.
2 Advanced Institute for Materials Research, Tohoku University, Sendai, 980-8577, Japan.

A microscopic theory of the spin Peltier effect in a bilayer structure comprising a paramagnetic
metal (PM) and a ferromagnetic insulator (FI) based on the nonequilibrium Green’s function method
is presented. Spin current and heat current driven by temperature gradient and spin accumulation
are formulated as functions of spin susceptibilities in the PM and the FI, and are summarized by
Onsager’s reciprocal relations. By using the current formulae, we estimate heat generation and
absorption at the interface driven by the heat-current injection mediated by spins from PM into FI.

PACS numbers: 72.20.Pa, 72.25.-b, 85.75.-d

I. INTRODUCTION

In the field of spintronics, inter-conversion between
heat and spin current has attracted considerable atten-
tion and has been studied actively since the discovery of
the spin Seebeck effect! 2. The spin Seebeck effect refers
to the spin-current generation from heat in magnetic ma-
terials®®. The spin Seebeck effect has been observed in
a variety of materials ranging from magnetic metals and
semiconductors to insulators' 3. Recently, the recipro-
cal phenomenon of the spin Seebeck effect, heat gener-
ation from spin current, was reported experimentally®7.
While the spin Peltier effect has been studied using a phe-
nomenological model® 14, its microscopic theory is miss-
ing.

In this study, we formulate a microscopic the-
ory of the spin Peltier effect in paramagnetic metal
(PM)/ferromagnetic insulator (FI) junction systems by
using the nonequilibrium Green’s function method. To
reveal the microscopic mechanism of spin and heat trans-
fer, we perform investigations using the setup shown in
Fig. 1, where electron spins in PM, o, are coupled with
localized spins in F1, S, via the exchange interaction, Jsq.
Let us consider spin accumulation at the interface, dug,
generated by the spin Hall effect!® in PM. Owing to the
exchange interaction, this spin accumulation excites the
localized spins in FI, and then, magnon flows are induced,
accompanying both the spin and the heat.

The outline of the paper is as follows. In Sec. II, a
brief review of the spin-current generation in PM/FT is
given by using the nonequilibrium Green’s function. In
Sec. III, the heat-current generation in PM/FT is derived
following the formalism shown in Sec. II. In Sec. IV, we
estimate the temperature change at the PM/FI interface
due to the spin Peltier effect. In Sec. V, we summarize
our results.

II. SPIN-CURRENT GENERATION AT
MAGNETIC INTERFACE

In this section, we briefly review spin-current genera-
tion in PM/FI by using the nonequilibrium Green’s func-
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FIG. 1. (Color online) Schematic view of the spin Peltier
effect. We consider spin transport in a bilayer structure con-
sisting of a paramagnetic metal (PM) and a ferromagnetic in-
sulator (FI), where the electron spins in PI are coupled with
the localized moments in FI via the exchange interaction Jsq.
The spin accumulation at the interface (dus) is found to be
a driving force of spin and heat current (I° and I?) by us-
ing the nonequilibrium Green’s functions for electron spin x
and magnon G, where T¢ denotes the time ordering on the
Keldysh contour.

tion. The PM/FT interface is modeled using the s—d ex-
change interaction:

Ha=Juy  0i-S;, (1)

i€int

where Jyq, o; and S; represent the coupling constant of
the exchange interaction, Pauli matrices and localized
spin of FI, respectively, and ;. denotes the summa-
tion on the lattice sites at the interface.

The spin current IS is defined by the time derivative
of the z-component of the conduction electron spin in
PM, that is, I® = 3, (9;07), where (---) denotes the
statistical average'®. The Heisenberg equation of motion
for o7 gives® IS = 2Jah 'Re ", ;. (o7 (¢)S; (1)), where
aii = o¥+ic! and S’ijE = S7+4SY. After the perturbative
calculation!™1® of (o7 (¢)S; (t)) up to the second order of



Jsd, the spin current is given by
A
- 2J121(1tRe/1((X§r,thlfr’,wt + X;r,thkr’,wt)a (2)
qkw

we have introduced the shorthand notation
[ &kd3q [T = g2 is given by JZ, =

oo 2m "

where,

quw
(Jsa/R)? Ning, with Niye being the number of sites at
R(<)

the interface. In Eq. (2), xgr.w 18 the retarded (lesser)

component of the transverse spin susceptibility in PM

given bY Xavotr = Jyes ©XP[=id - 31 + iwdt M (r +

dr/2,t+6t;v—Or/2,t — 6t), where Y B (r+6r/2,t + 0t;r —
or/2,t — 6t) and x<(r + or/2,t + dt;r — dr/2,t — Ot)
are defined as xT(r + r/2,t + 0t;r — or/2,t — §t) =
—i6‘(t1 — t2)<[0';.’_1 (tl), 0';2 (tg)]> and X< (I‘+6I‘/2, t+ 5t; r—
or/2,t — 0t) = —i(o} (t1)oy,(t2)), respectively, with
r = (r; +12)/2, 0r = 11 —ro, t = (t1 + t2)/2 and
ot = t1 — to. Gﬁf, )t is the advanced (lesser) compo-
nent of the transverse spin susceptibility in FI, and it is
given by Gﬁi,i))t = [5.5; €xp[—ik - Or + iw&t]GA(<)(r’ +
§r/2,t+0t; v —dr/2,t—6t), where GA(x/ +0r/2, t+6t; 1/ —
dr/2,t — §t) and G<(r' + or/2,t + 0t;v' — dr/2,t — Ot)
are defined as GA(r' + 0r/2,t + 5t;r/ — or/2,t — §t) =
i0(t2 —t1)([S (t1), Sy, (t2)]) and G=(r'+6r/2,t+ot;r' —
or/2,t—0t) = —i(S; (t1)Sy, (t2)), respectively. Here, r is
defined in FI, while r’ is defined in PM. It is noted that
Glfr,wt includes the effect of dynamics of the magnons in
the ferromagnet.

Let us focus on the steady state in terms of time and

spatially uniform interface, where quz)t — qu(f) and

Grere = Gies™-
ansatz'® x5, = 2ilmx [, fI and G, = 2[0mG{, fE into
Eq. (2), with f = f(w/Tp) and f] = f(w/TF) being
the Bose-Einstein distribution functions in PM and FI,
respectively, we obtain the general expression of spin cur-

rent as follows:

q

kw

By substituting the Kadanoff Baym

Equation (3) is a spin-current version of the Meir-
Wingreen formula!?, where J2, corresponds to the tun-
neling probability of the spin current at the interface.
The integration of Iqu over q and that of InGE _ over
k represent the density of states of the transverse spin
fluctuations in PM and FI, respectively. The difference
P — fF plays a crucial role in spin-current generation and
has a non-vanishing value only when the system is out of
equilibrium. In the following, we investigate the effect of
the temperature difference and the spin accumulation at
the interface.

A. Spin current driven by spin Seebeck effect

First, let us consider the spin Seebeck effect! ® that

spin current injection is driven by the temperature dif-
ference 0T between PM and FI, given as 67 = Tp — TF.

The difference between fL and fF is given by

fs =15 = W (4)

Substituting Eq. (4) into (3), we obtain the spin-current
injection due to the spin Seebeck effect as follows®:

I =472 [ Imy2 ImGE féT 5
mt/qkmeqwm kwaT ()

B. Spin current driven by spin accumulation

Now, let us focus on the spin-current injection driven
by the spin accumulation. The expression of spin
accumulation at the interface is given by dus =
2easupnANJo tanh(dy /2Ax) 1920, where ash, pn, AN, Je,
and dyn are the spin Hall angle, electrical resistivity, spin
diffusion length, charge current, and thickness of metal,
respectively. The retarded and the lesser components
of the spin susceptibility in the metal, ng and Xéw, are
modified by the spin accumulation dug as ng%Xg,wMus
and ng—»(; s = 2ilmxgwff+5#s, respectively.

The difference between fF tous and 15 is as follows:

Of dps

- 6
Ow h (6)
Substituting Eq. (6) into (3), we obtain the spin-current
injection driven by spin accumulation as follows:

of 5MS
IS =472, /q Imx % ImG{,—= o (7)

kw

P F
wtdus fw =

Note that Eq. (7) reduces to (S10) in Ref. 21 when we
evaluate spin susceptibility in the metal x(}fw for the non-
interacting electrons.

III. HEAT TRANSPORT MEDIATED BY SPIN
CURRENT

In this section, the heat-current generation in PM/FI
is derived according to the formalism developed in Sec. II.
Following Ref. 22, we define the heat current I injected
into the ferromagnet as the time derivative of the Hamil-
tonian of the ferromagnet H,,, I® = Y icp(OtHy), where
(-+-) denotes the statistical average. The Heisenberg
equation of motion for Hy, gives

1
at‘EIm - E[HmaHsd]- (8)

Substituting Eq. (1) into (8) and taking the statistical
average give the following heat current:

= bd Z O (oi(t) - Si(t)) et 9)

i€int

where we use the Heisenberg equation of motion for local-
ized spin at the interface 9;S; = (ih)~'[S;, Hy] to derive
Eq. (9).



Now we consider the spin wave approximation in the
lowest order of 1/Sy expansion, with Sy being the size of
the localized spins. The time derivative of S7? vanishes be-
cause the z-component of the localized spins S7 becomes
constant. By performing the perturbative calculation up
to the second order of the interfacial interaction Jgq, we
obtain the heat current as

19=2J3Re| hwlxq.G, + XquCiwl-  (10)
qkw

By substituting the Kadanoff Baym ansatz into

Eq. (10), we can rewrite the heat current as
1% =2J2 Re| hwlmxf ImG,(f5 — f5). (11)
qkw

Especially, substituting Eqs. (4) and (6) into (11), we
obtain the interfacial heat current caused by the temper-
ature difference:

of
I =4J2, hwlquwImka 5T

qk

5T, (12)

and that caused by the spin accumulation:

Of dus
I° =42, hwlmxy 4 5 IMGH, = T

qk

(13)

Equations (5), (7), (12), and (13) are summarized by
Onsager’s reciprocal relation

()= (i) (). o

where the transport coeflicients are given by

0
Lll = 4']12nt/ ImxgwImGEwa_fv (15)
qkw w
0
L12 = 4']12nt/ ImxgwImGEw%v (16)
qkw
0
Loy = 4J3, hwlmyf, Imewa—f, (17)
qkw w
0
Loy = 4J32, hwlmyy, Imaﬁw%. (18)
qkw
Substituting the relation wdf/0w = —Tof/OT into

Eq. (17) yields the relation Lis = Loj.

IV. TEMPERATURE CHANGE AT THE
INTERFACE

In this section, we estimate the temperature change
AT due to the spin Peltier effect. At the interface,
magnons are excited and accumulated by the spin Peltier
effect. The energy change AE at the interface is gener-
ated by the accumulation of magnons. Then, the tem-
perature change AT is obtained as AT = AE/Cyy, with
Crr being the heat capacity of the ferromagnet.

Now, we formulate the energy change AFE of the
magnons with the lesser component of transverse spin
susceptibility Gy, . In the spin wave approximation, the
operators of localized spins are given by S;” ~ /2Sa;,
ST ~ /25a!, where a; and a! are the creation and
the annihilation operators of the magnons. Substitut-
ing these relations into the lesser component of trans-
verse spin susceptibility in FI, we obtain Gy (t1,t2) =
—2iSo(al (t1)ax(t2)).
aL(tl)ak(tg) can be interpreted as the number of the

magnons when fo corresponds to t1, the energy change
AF is given by

Because the statistical average of

-1
AE_—
250

ﬁwlm(Glfw - Gys)s (19)
where G5 = 2iImGE, ff is the lesser Green’s function
of the free magnons.

Let us consider a bilayer system composed of the plat-
inum (Pt) and the yittrium iron garnet (YIG). In spin
wave approximation, the retarded component of trans-
verse spin susceptlblhty GE  is given by G = 25 (w —
wi +iaw) ™!, where wy = Ak +~vHy is the d1spersion re-
lation of magnons, with A, v, and Hy being the stiffness
constant, gyromagnetic ratio, and static magnetic field
in YIG, respectively. « is the Gilbert damping constant
of the magnons. After perturbative calculation up to the
second order of Jyq, we obtain the lesser Green’s function
of the magnons at the interface Gy, as follows:

R 3f s

Gr, = Gys —41'M/ Imx 4, ImG
kw kw aw q qu

Equation (20) shows the accumulation of magnons
driven by spin-current injection. Let us consider the rate
equation of the magnons at the interface. Since the num-
ber density of the excited magnons can be derived from
the lesser component of the transverse spin susceptibility

in FI, the rate equation of magnons is written as

Glfw t Gﬁi

G+
S Iy 21
ot Tiew + Lk ( )

where Ty, = (aw)™! is the lifetime of the magnons. In

Eq. (21), the source term IEw is the spin current of a par-
ticular magnon with the wavenumber k and frequency w,
defined as I = 4.J32, Iy Imy 2 ImG{ (0 f /0w)(dpus/h).
In the steady state, where the time derivative of Gy, ,
vanishes (0Gy,, /0t — 0), Eq. (21) reduces to Gy, —
GYS = IY, Tiw, corresponding to Eq. (20).
Substituting Eq. (20) into (19), we obtain the energy
change of the magnons as
h
AE = —I° 22
207 (22)
where I° is shown in Eq. (7).
The spin susceptibility in Pt,
x(}fw = XN(TS}l + Dng? + iw) 718

Xffw is written as
, where 7 and Dy



are the spin-flip time and the diffusion constant of Pt,
respectively. By integrating I° over w in Eq. (22) by
using the relation ImGE ~ —7md(w — wk), we have
AE = —(Nintgs/2)(kT/han)®?(11/72)0ps, where g
is given as g5 = (Jsa/h)*So [, Imx{, w,/(vHo), with
wym being the maximum energy of the magnons es-
timated from the Curie temperature Tc as wy =
kgTc/h. The numerical factors v; and 7, are de-

fined by v = [y do [ dyy/z(y — yo)[A((1 + 2)* +
(ykpTrs/h)?) sinh?(y/2)] "' and ys = [ da/Z[(1+2)2+
(yHo7se)?] 71, respectively. In the factor v, yo and ym
are given by yo = hyHo/kgT and yy = hwn/ksT, re-
spectively.

We examine the experiment in Ref. 7. By using the
parameters of Pt in Ref. 7 as py = 0.48 uf) -m, Ay =
7.3 nm?, j. = 1.0 x 10° A/m?, dy = 5 nm, and agy =
0.013'%, we obtain the spin accumulation at the interface
as dus = 2.3 x 1078 eV. In the case of YIG, where T =
565 K and Hy = 200 Oe, we estimate y; = 0.215 and v2 =
0.285 at room temperature. Combining the values of dug,
~1 and ¥, and o = 107° and g5 = 0.12%, we obtain the
energy change normalized per site of localized spin at the
interface AE/Niyt as AE /Ny = —3.3x107° eV. Taking
Nint = 1.0 x 1011 and CFI = Eplppla%INim, with the
density ppr = 5170 (kg/m?), the lattice constant ap; =
1.24 x 107 m, and the specific heat épr = 570 J/ (kg
K) of YIG, the temperature change is estimated to be
AT = —1 mK, which is consistent with the experimental
result”.

Finally, we mention the temperature change AT when
the ferromagnetic insulator is replaced by a ferromagnetic

metal. The Gilbert damping constant « in a ferromag-
netic metal is, in general, much larger than that in a fer-
romagnetic insulator because of the interaction between
the magnons and the conduction electrons?®. According
to Eq. (22), AT is inversely proportional to a. Therefore,
it is expected that AT in the ferromagnetic metal is sup-
pressed more than that in the ferromagnetic insulator.

V. CONCLUSION

In this study, a microscopic theory of the spin Peltier
effect in a magnetic bilayer structure system consisting
of PM and FI was formulated using the nonequilibrium
Green’s function method. We derived the spin- and heat-
currents driven by temperature gradient as well as by
spin accumulation at the interface in terms of spin sus-
ceptibility and the magnons’ Green’s function. These
currents have been summarized using Onsager’s recipro-
cal relation. In addition, we estimated heat generation
and absorption at the interface due to spin injection from
PM into FI. Our theory will provide a microscopic un-
derstanding of the conversion phenomena between spin
and heat at the magnetic interface.
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