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Theory of the spin Peltier effect
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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 formulas, we estimate heat generation and absorption at the interface driven by the heat-current injection

mediated by spins from PM into FI.
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I. INTRODUCTION

In the field of spintronics, interconversion between heat
and spin current has attracted considerable attention and
has been studied actively since the discovery of the spin
Seebeck effect [1-3]. The spin Seebeck effect refers to the
spin-current generation from heat in magnetic materials [4,5].
The spin Seebeck effect has been observed in a variety of
materials ranging from magnetic metals and semiconductors
to insulators [1-3]. Recently, the spin Peltier effect which is
the reciprocal phenomenon of the spin Seebeck effect, that is,
heat generation from spin current, was reported experimentally
[6,7]. While the spin Peltier effect has been studied using
a phenomenological model [8—14], its microscopic theory is
missing.

In this paper, we formulate a microscopic theory 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 mech-
anism of spin and heat transfer, we perform investigations
using the setup shown in Fig. 1, where electron spins in PM,
o, are coupled with localized spins in FI, S, via the exchange
interaction Jg.

Let us consider spin accumulation at the interface, dug,
generated by the spin Hall effect [15] 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 this paper is as follows. In Sec. II, a brief
review of the spin-current generation in PM/FI is given by
using the nonequilibrium Green’s function. In Sec. I11, the heat-
current generation in PM/FI 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 generation
in PM/FI by using the nonequilibrium Green’s function. The
PM/Flinterface is modeled using the s-d exchange interaction:

Hg=Ja) 0:-S, ey
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where Jy4, 0;, and S; represent the coupling constant of the
exchange interaction, Pauli matrices, and localized spin of FI,
respectively, and ), _; - denotes the summation on the lattice
sites at the interface.

The spin current /5 is defined by the time derivative of the
z component of the conduction electron spin in PM, that is,
IS = = . .p(d07), where (- - -) denotes the statistical average
[16]. The Heisenberg equation of motion for o/ glves [5]
IS = (Jya/H)Re[ Y icim(—i){o F(1)S7(1))], where a =0+
io] and S = S’ £iS;. After the perturbative calculation
[17,18] of (Uf(t)Sf(t)) up to the second order of Jy, the
spin current is given by

J2
I’ = 7’“ Re /k (er ot Okron T er wakr ‘”’) 2
q w

where, we have introduced the shorthand notation
quw [ d*kd®q [ ‘21;’ J2, is given by J2, = (Jsa/h)? Nin,
with N, being the number of sites at the interface. In Eq. (2),

anr(;? is the retarded (lesser) component of the transverse

spin susceptibility in PM given by X(fr(;; = [5.5, SXpl—iq -
8r + iwst xR (r 4 6r/2,t + 8t;r — 8r/2,t — 8t),  where
xR+ 68r/2,t +8t;r — 8r/2,t — 8t) and x=(r+8r/2,t +
St;r —8r/2,t —8t) are defined as xR(r+8r/2,t+
8t;r —8r/2,t — 8t) = —if(t — tg)([a T(n),0,, (2)]) and
x=(r + ér/2,t 4+ §t;r —or/2,t — <St) = —i{o l(tl)ar;(&)),
respectively, with r=(r +nr)/2,ér=r —r,t=
(t1 +1)/2 and 8t =1t —t,. Gﬁr('i,))z is the advanced
(lesser) component of the transverse spin susceptibility
in FI, and it is given by Glfr(fa)), = [5ps; €Xp[—ik - 81 +
iw8t|GAOW + 8r/2,t + 8t;x' — 8r/2,t — 61), where
GA(r' +8r/2,t + 8t;¥ — 8r/2,t — §t)and G=(r' + r/2,t +
St;r —8r/2,t —8t) are defined as GA@ +d8r/2,t+
St;¥' —8r/2,t — 8t) = i0(ty — 1)([S] (1), S, (12)]) and
G=(r' +6r/2,t + 8157 — 8r/2,t — 8t) = —i(S] (1S, (1)),
respectively. Here, r is defined in FI, while r’ is defined in
PM. It is noted that G, ,, 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 er(j,; — X(ff)

and Gﬁr(,il)” — GA(<) By substituting the Kadanoff Baym

ansatz [18] xq, = 2zImX§ Y and Gg, = 2iImGg | fF into
Eq. (2), with fF = f(w/Tp) and fF = f(w/Tr) being the
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FIG. 1. Schematic view of the spin Peltier effect. We consider
spin transport in a bilayer structure consisting of a paramagnetic metal
(PM) and a ferromagnetic insulator (FI), where the electron spins in
PI are coupled with the localized moments in FI via the exchange
interaction Jg. The spin accumulation at the interface (6¢,) is found
to be a driving force of spin and heat current (/¥ and I ¢) by using the
nonequilibrium Green’s functions for electron spin x and magnon G,
where 7 denotes the time ordering on the Keldysh contour.

Bose-Einstein distribution functions in PM and FI, respec-
tively, we obtain the general expression of spin current as
follows:

=G [ mEmGE (- ).
qgko

Equation (3) is a spin -current version of the Meir-Wingreen
formula [17], where J22, corresponds to the tunneling probabil-
ity of the spin current at the interface. The integration of Im X(f

over q and that of ImG .» over k represent the density of states
of the transverse spin ﬂuctuatlons in PM and FI, respectively.
The difference fF — fF plays a crucial role in spin-current
generation and has a nonvanishing 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 [1-5] that spin
current injection is driven by the temperature difference 6T
between PM and FI, given as §T = Tp — Tr. The difference
between fF and fF is given by

P F _ 8f

Substituting Eq. (4) into Eq. (3), we obtain the spin-current
injection due to the spin Seebeck effect as follows [5]:

15 =J2, / IquwImG{fwaf T. 6))
qkw
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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 Sus = 2easyponAn je tanh(dn/2AN)
[19,20], where asy, pN, AN, Jjc, and dy 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, x(fw and x4,

are modified by the spin accumulation 8 s as Xgr, = Xarw-,:s

— R P :
and Xqo — Xq<w+8us = 2lIqu wtops Jorrspus» TESPECtIVELY.
The difference between [} s and ¥ is as follows:

af Sus
p _gF_ Y oM
fw+6/Ls fw dw T (6)

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

of 6
=2 f g Iy ImG, == / : s %
qko

Note that Eq. (7) reduces to (S10) in Ref. [21] when we evaluate
spin susceptibility in the metal chw for the noninteracting
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 /< injected into
the ferromagnet as the time derivative of the Hamiltonian of
the ferromagnet H,, 1° = ZieF(B, H.,), where (- - -) denotes
the statistical average. The Heisenberg equation of motion for

m gives

1
0 Hy = l._h[Hms Hg]. (8)

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

19 = —Ja ) d(oi0) - SitD)ror, ©)
ieint
where we use the Heisenberg equation of motion for localized
spin at the interface 9,S; = (7))~ [S;, Hn] to derive Eq. (9).
Now we consider the spin-wave approximation in the
lowest order of 1/, expansion, with Sy being the size of the
localized spins. The time derivative of S7 vanishes because the
z component of the localized spins S; becomes constant. By
performing the perturbative calculation up to the second order
of the interfacial interaction Jyq, we obtain the heat current as
J2
°= ;“ Re/ ho[Xe,Gro + XqoGCiw]-  (10)
qko
By substituting the Kadanoff Baym ansatz into Eq. (10),
we can rewrite the heat current as

? =7 / holmy g ImGE (f2 — fr). (11)
qko

Especially, substituting Eqs. (4) and (6) into Eq. (11), we
obtain the interfacial heat current caused by the temperature
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difference:
d
? =2 / ha)ImX(ﬁDImGl’fwa—;(ST, (12)
qkw
and that caused by the spin accumulation:
af
? =72 fq . wlmx(wamew%zms. (13)

Equations (5), (7), (12), and (13) are summarized by
Onsager’s reciprocal relation [23]:

I5 _(Ln Ln Sus
(1Q)_<L21 L22)<—5T/T>7 (1

where the transport coefficients are given by

1 B
Ly = J2, / —Imx(wamGl’fw—f, (15)
qkw h
af
Li=J2 ImyR ImGF (-1 =), 16
12 int /qkw quw mGy, T ( )
B)
Ly = J2, / wlmxwamG,’jw—f, 17)
qkow Jw

of
Ly =J2 /q o holmy s InGy, <—T8—T). (18)

Substituting the relation wdf/dw = —Taf/dT into Eq. (17)
yields the relation L, = Lj;.

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 generated by the accumulation
of magnons. Then, the temperature change AT is obtained
as AT = AE/Cg, with Cg being the heat capacity of the
ferromagnet.

Now, we formulate the energy change A E of the magnons
with the lesser component of transverse spin susceptibility
Gy,- In the spin-wave approximation, the operators of local-

ized spins are given by S &~ /250a;, S; ~ «/ZSoal-T, where
a; and aj are the creation and the annihilation operators
of the magnons. Substituting these relations into the lesser

component of transverse spin susceptibility in FI, we obtain
G (t,) = =218 (ali(tz)ak(tl)). Because the statistical aver-

age of al(tz)ak(tl) can be interpreted as the number of the
magnons when #, corresponds to #;, the energy change AFE is
given by

—1
AE = —

25 ) hiolm(Gg, — Gy, (19)

where Gp= = 2iImGE | £ 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 transverse spin
susceptibility Gf is given by Gf = 2Sy(® — wx + iaw) ™,
where wx = AK® + y Hy is the dispersion relation of magnons,
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with A, y, and Hj 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 Jyy, we obtain the lesser
Green’s function of the magnons at the interface Gy as
follows:
JZS af &
Gg, = Gy — za;w‘) /q ImxwamG{fwé$. (20)
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 number 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
Gi,, — G

dGy,
0l — 15, 21
Jt Tko + ko ( )

where T, = (@w)™' is the lifetime of the magnons. In
Eq. (21), the source term Ifw is the spin current of a
particular magnon with the wave number k and frequency
o, defined as I} = J2, fq Imy S ImGR (3 /00)(Spus/h). In

the steady state, where the time derivative of Glfw’l vanishes

(0G, /3t — 0), Eq. (21) reduces to Gy, — Gos = IS 1k,
corresi)onding to Eq. (20).
Substituting Eq. (20) into Eq. (19), we obtain the energy
change of the magnons as
AE = i15, (22)
200
where I3 is shown in Eq. (7).

The spin susceptibility in Pt, Xqu’ is written as
X(fw:XN(rS;l—i—Dqu—i—iw)’l [5], where 7t and Dy
are the spin-flip time and the diffusion constant of Pt,
respectively. By integrating IS over w in Eq. (22) by
using the relation Imew ~ —mé(w — wg), we have
AE = —(Nings/2)(kaT /lion)*(y1 /y2)8 s, where g
is given as g = (Ju/h)’So [ Imxg, /(v Ho), with om
being the maximum energy of the magnons estimated
from the Curie temperature Tc as wy = kgTc/h.
The numerical factors y; and y, are defined by y; =

Jo dx [ dyy/xG =y 411 +x)° + (ykaT /R sinh?

(/D) and oy = [y dey/x(1+x)? + (v Hore)] 7,
respectively. In the factor y»,yy and yy are given by
yo =hy Ho/ksT and yq = hwm/ ks T, respectively.

We examine the experiment in Ref. [7]. By using the
parameters of Pt in Ref. [7] as o =0.48 u2 - m, Ay =
7.3 nm [24], j. =1.0x10° A/m? dy =5 nm, and agy =
0.013 [15], we obtain the spin accumulation at the interface as
dus = 2.3x 10~3 eV. In the case of YIG, where Tc = 565 K
and Hy = 200 Oe, we estimate y; = 0.215 and y, = 0.285 at
room temperature. Combining the values of §ug, y; and y»,
and @ = 1073 and g, = 0.1 [24], we obtain the energy change
normalized per site of localized spin at the interface AE /Ny
as AE/Niy = —3.3%x107% eV. Taking Niy = 1.0x 10! and
Cp = EFIpFIagINim, with the density pp = 5170 (kg/m%),
the lattice constant ap; = 1.24x10™° m, and the specific
heat égr = 570 J/(kg- K) of YIG, the temperature change is
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estimated to be AT = —1 mK, which is consistent with the
experimental result [7].

Finally, we mention the temperature change AT when the
FI is replaced by a ferromagnetic metal. The Gilbert damping
constant « in a ferromagnetic metal is, in general, much
larger than that in a FI because of the interaction between
the magnons and the conduction electrons [25]. According to
Eq. (22), AT is inversely proportional to «. Therefore, it is
expected that AT in the ferromagnetic metal is suppressed
more than that in the FL.

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 susceptibility and the magnons’
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Green’s function. These currents have been summarized using
Onsager’s reciprocal 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
understanding of the conversion phenomena between spin and
heat at the magnetic interface.
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