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Dominance of the phonon drag mechanism in the spin Seebeck effect at low temperatures
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The spin Seebeck effect (SSE) consists of the generation of a spin current in a magnetic insulator under
a temperature gradient that is converted into a charge current in an attached thin metallic layer with strong
spin-orbit interaction. The theoretical models proposed to explain the experimental observations of the SSE in the
so-called longitudinal configuration consider that the spin current is entirely produced by the thermal excitation
of magnons in the magnetic material. Here we show that actually, at low temperatures, the SSE is entirely
dominated by a phonon drag mechanism, in which phonons in the heat current generate a spin current by means
of magnon-phonon interaction. The theory explains quantitatively quite well the experimental observations of
Iguchi et al. [Iguchi et al., Phys. Rev. B 95, 174401 (2017)], demonstrating that the SSE in yttrium iron garnet
(YIG)/platinum structures has a pronounced peak at low temperatures following the behavior of the thermal

conductivity in YIG.

DOLI: 10.1103/PhysRevB.108.134407

I. INTRODUCTION

The spin Seebeck effect (SSE) consists of the generation
of a spin current by a temperature gradient in a magnetic
material, that is usually detected electrically by means of the
inverse spin Hall effect in attached metallic contacts. Initially
observed in a Permalloy film with a temperature gradient
applied along the film, in the so-called transverse configu-
ration [1], the SSE was subsequently demonstrated in the
ferrimagnetic insulator Ys;FesO1, (yttrium iron garnet-YIG)
in the same configuration [2]. Shortly after, the SSE was
observed in a YIG slab with an attached platinum strip with
the temperature difference applied across the bilayer structure,
in the so-called longitudinal configuration [3], which became
the standard structure to study the effect. Since then, intensive
studies have been conducted on the SSE to investigate its
detailed properties and elucidate the mechanisms involved
in the generation of the spin currents [4-29], to observe the
effect in other ferro- and ferrimagnetic materials [30-36], to
investigate the effect and explain the mechanisms in antifer-
romagnetic insulators [37-50] and in paramagnets [51-55],
and to develop thermoelectric applications [28,29,31], among
others.

Most experiments for the study of the SSE have been
performed using a junction made of a magnetic insulator and
a paramagnetic metallic layer such as Pt, Pd, W, and Ta, that
is used to convert the spin current generated by the thermal
gradient into an electric current by means of the inverse spin
Hall effect (ISHE). Since YIG/Pt enables driving and efficient
electric detection of spin-current effects, the YIG/Pt junction
is now recognized as a model system for SSE studies. Note
that the theories proposed so far for the SSE in this and
other systems are mainly based on the thermal generation of
magnons at the interface of the junction or in the bulk of the
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magnetic layer, and despite the fact that there is mounting
evidence that phonons may also play an important role in the
SSE [56-61], insufficient effort has been made to present a
full quantitative theory for the effect considering the direct
participation of phonons. However, it is important to call
attention to the fact that the strong enhancement of the SSE
observed in the longitudinal configuration in LaY;FesO,; at
low temperatures was explained qualitatively in Ref. [56]
by a phonon drag mechanism. That paper has served as an
inspiration for the current work.

In this paper, we present a full quantitative theory for the
SSE in a bilayer made of a ferro- or ferrimagnetic insulator
(FMI) and a nonmagnetic metallic (NM) layer under a perpen-
dicular temperature gradient. We show that the phonon current
produced by the thermal gradient generates a magnonic spin
current by means of a phonon drag mechanism mediated by
the magnon-phonon interaction that, at low temperatures, is
orders of magnitude larger than the pure magnonic current.
The theory provides results for the temperature dependence
of the SSE that are in quite good agreement with the experi-
mental data of Iguchi et al. [60]. In Sec. II we review the basic
properties of magnons, phonons, and the magnon-phonon in-
teraction. Section III is devoted to a review of the theory for
the pure bulk magnonic mechanism for the SSE. In Sec. IV,
we develop the theory for the phonon drag contribution to
the spin current and show that it explains quite well the ex-
perimentally measured temperature dependence of the SSE in
gadolinium gallium garnet (GGG)/Pt/YIG/Pt devices. Finally,
Sec. V is devoted to the conclusions.

II. MAGNONS, PHONONS, AND THEIR INTERACTION
IN FERROMAGNETS

In a ferromagnetic insulator, the relevant elementary exci-
tations are magnons and phonons, the quanta of, respectively,
spin waves and elastic lattice vibrations. Actually, YIG is a
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ferrimagnet, but at low temperatures the magnetic properties
are dominated by magnons in the acoustic branch that behave
as ferromagnetic excitations. Here we present some basic
properties of free magnons and phonons, and also of their in-
teraction. We consider a ferromagnetic medium described by a
Hamiltonian containing magnetic, elastic, and magnetoelastic
contributions. The magnetic part consists of the interactions
between individual spins S; at site i with the magnetic field A
(Zeeman interaction), and the exchange interaction between
neighboring spins, that can be represented by the Hamiltonian
[62-66]

Hmag = —8UB ZH . g[ - 2JZ§1 : §i+87 (1)

i,6

where wp is the Bohr magneton, g is the spectroscopic split-
ting factor, and J is the nearest neighbor exchange interaction
parameter between the spin S; and its neighbor at i+ §.
Since the magnons involved in the SSE are away from the
Brillouin zone center, we neglect the long-range dipolar inter-
action between the spins. We treat the quantized excitations
of the magnetic system with the Holstein-Primakoff approach,
which consists of transformations that express the components
of the spin operator in terms of boson operators that create or
destroy magnons [62—66].

In the first transformation, the components of the local spin
operator are related to the creation and annihilation operators
of spin deviation at site i, denoted, respectively, by a; and
a;, which satisfy the boson commutation rules [a;, a;] =4
and [a;, a;] = 0. Using a coordinate system with Z along the
equilibrium direction of the spins, defining S;r =S¥ +iS; and
S = S§¥—iS7}, it can be shown that in first order the relations
between the components of the spin operators and the opera-
tors of spin deviation are S;" = (25)"/%a;, ST = (25)"2a], and
§* = S—ala;. The next step consists of introducing a trans-
formation from the local field operators to collective boson
operators by means of @; = N2 ", ¢*7iq;, where N is the
number of spins in the system, k is the wave vector, and a;z
and ay are the creation and annihilation operators of magnons,
which satisfy the boson commutation rules [a, a;] = Sy and
lax, ax] = 0.

Using the transformations described in the spin Hamilto-
nian one can show that it can be written in a diagonal form
representing noninteracting boson particles [62—66]

H, = hoajay, 2
k

where wy, is the frequency of magnons with wave vector k. For
YIG, it has been shown [66] that the dispersion relation in a
spherical Brillouin zone is given by the approximate equation

wk
oy =yYH 4+ wzp|1—cos — |, 3)
( 2km )

where y = gup/h is the gyromagnetic ratio, wzp is the zone

boundary frequency, and k,, is the value of the maximum wave
number.

To treat the elastic system, we consider that the ferro-

magnetic crystal is a continuous solid, elastically isotropic,

with average mass density p. We also assume that it is a

cubic crystal so that, within the linear approximation, the
relation between the stress tensor and the strain tensor in-
volves only two different elastic constants, cjp and cs4. The
elastic deformations of the solid are expressed in terms of
the vector displacement ii = 7 — 7, where 7 is the initial
position of an atom or of a volume element, and 7 is the
position after deformation. The contributions of the elastic
system to the Hamiltonian arise from the kinetic and potential
energies. Introducing the momentum density conjugate to the
displacement, pdu;/dt, in the linear approximation, the elastic
Hamiltonian can be written as [62-67]

paui 8ui
H = | &rl2——
¢ f r<2 ar ot +

where the elastic constants are written as o = cjp + €44, B =
ca4, for a Cartesian coordinate system chosen with axes lying
along the (100) crystallographic directions. In order to obtain
the collective excitation operators for the elastic system, we
use the canonical transformation,

o al/tl‘ Buj

,3 3”,‘ aui
-, 4
2 Bx,- 3Xj + ) ( )

23xj 8)6]'

(7 1) — E 2 C(IYOM ik-7
w@ 0 =5 ) den®o e, )
ko

R\ /2 _ o
pui(?,r>=<v) Y e ®PL D™, (6)
k.

where ¢;, = %; - é(lz, n) and é(lz, W) are unitary polarization
vectors. We will denote by p = 1,2 the two polarizations
transverse to the wave vector k, and n = 3 the longitudinal
one. Notice that from Hermiticity it follows that Q} = Q"]
and P/ = P",". The quantization of the elastic vibrations
is made through the commutation relations involving u;(7)
and its conjugate momentum density p dii/dt. The only non-
commuting pair is such that [w;(7), pu;(7)] = ihd;j6(F — ¥'),
which leads to [Q}', P})] = ilidg 8,0,

In order to diagonalize the elastic Hamiltonian it is neces-
sary to introduce the canonical transformations,

1/2
po| b +bu) 7
k zpa)pu(k) n—k HnK /s

[ ohw,, (k)]"?
P]g =l|:_p g :| (bLk_pr—k)y (8)

where the new operators satisfy the boson commutation rela-
tions [b,%k, byl = 0,.[1.7#;{,. b:k,] = 8,001k, and are in.terpr.eted
as creation and annihilation operators of lattice vibrations,
whose quanta are the phonons, and

wpu (k) = k[(B + a8,3)/p]"? )

is the frequency of phonons with wave number & and polar-
ization p. With transformations (5)—(8), the Hamiltonian in
Eq. (4) becomes

He =) hwp, (k)b b+ 1/2), (10)
ko
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which represents a system of noninteracting bosons. In terms
of the operators in Egs. (7) and (8), the displacement and the
momentum density operators become

B\ 12
" <2 V) thu(k)w L2l + by, ()

ol \ /2 .
ol = <W> Zzgm(k)wl/z(bT ikr _

Due to the spin-orbit interaction, the elastic displacements
in a magnetic medium are coupled to the spin excitations.
This is what ultimately relaxes the magnetization dynamics
in any magnetic material, gives rise to the magnetostrictive
properties, and also produces the coupling between spin and
elastic waves.

Note that if a spin wave and an elastic wave have frequency
and wave vector close to each other, they become strongly
coupled giving rise to hybrid excitations, called magnetoe-
lastic waves, or magnon-phonon hybrid excitations [62—67].
Magnetoelastic waves with frequency in the microwave region
were first observed experimentally in 1963 in YIG [68] and
soon attracted interest for the study of their properties and
possible applications in microwave devices [68—71]. In recent
years they gained renewed interest with the advent of the field
of spintronics [72-88]. Since in a fixed magnetic field the
crossing of the magnon and phonon dispersion relations oc-
cupies a very small region in the Brillouin zone, the influence
of magnetoelastic waves in the spin Seebeck effect is quite
small and is relevant only in a few experiments [59]. For this
reason, we do not explore here the detailed properties of the
magnetoelastic wave. Instead, as we shall show, the phonon
drag process that dominates the SSE at low temperatures relies
on one-phonon—two-magnon interaction.

The magnetoelastic interaction can be expressed by a phe-
nomenological Hamiltonian, which is a function of the spin S
and the displacement #. For a cubic crystal, with the static field
applied along one of the [100] directions, the lowest-order
term of the interaction Hamiltonian is given by [62-67]

Hye = /d3
2

by
= (SxSyexy +8,8.e,, + Sszeu), (13)

buk —lkl) (12)

b 2 2 2
r?(sx e t+ Sy ey + Sz eZZ)

where

1 8I/t,' auj
¢ =5\ 50 + = (14)

8)6.]' Bx,-

is the strain, and b; and b, are the magnetoelastic interaction
constants. Considering the magnetic field applied in the FMI
film plane in the z direction and the temperature gradient
applied in the y direction, the phonons in the thermal current
have a wave vector in the y direction, so that only strain
components with du;/dy are nonzero. Thus the only terms in
the magnetoelastic that contribute to the one-phonon—two-
magnon interaction is

Hpe = /d3 [217512 (Szaauv) + ?2 (S 8y >] (15)

Pad 12 /

Y=—lny y=0

y—t

FIG. 1. Tllustration of the ferromagnetic insulator (FMI)/normal
metal (NM) bilayer and coordinate axes used to formulate the the-
oretical model for the generation of spin current by the temperature
gradient in the spin Seebeck effect.

The first term in this equation contains the contribution
from longitudinal phonons, while the second one is due to
transverse phonons. Using the transformations from the spin
operators into magnon creation and annihilation operators,
one can show that the second term only leads to the creation
or annihilation of two magnons, which are not of interest here.
Considering only the first term in Eq. (15), corresponding to
longitudinal phonons, the Hamiltonian for one-phonon—two-
magnon interaction gives, after the transformations from the
spin and displacement operators into magnon and phonon
operators,

Hyp= Y (Vo pbgpan,al+V,_bh.ata) Ak +G, — k),

klkq
(16)

1/2
Voy = 2 (VAT 12, (17
P asN \ 2p P~ap

The Hamiltonian (16) represents a process in which a
magnon with wave vector k; (in thermal equilibrium) interacts
with a phonon of wave vector G, in the thermal bath to gener-

where

ate another magnon k by a three-boson process that conserves
momentum and energy. As we shall show in Sec. IV, this is
the process responsible for the generation of a spin current
mediated by phonons.

III. MAGNONIC THEORY FOR THE SPIN SEEBECK
EFFECT IN FERROMAGNETIC INSULATORS

In this section we review the theory for the spin Seebeck ef-
fect considering only the spin current transported by magnons
in a FMI in contact with a NM layer, under a temperature
gradient normal to the plane and with a static magnetic field
H applied in the plane, as illustrated in Fig. 1. We assume
that the FMI has one spin per unit cell, so that there is
only one magnon mode. Note that we consider only the bulk
magnon theory [13,19,44] because it has been shown [89] that
in YIG/Pt, at room temperature, this mechanism completely
dominates the SSE in YIG films with thickness larger than
100 nm.

Our goal here is to calculate the spin current created by
the thermal gradient in the FMI and injected into the NM
layer. The spin current flows into and diffuses in the NM
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layer where it is partially converted into a transverse charge
current by the ISHE [90-92] producing a DC voltage that is
a signature of the SSE. The magnon spin current due to the
thermal gradient across the thickness can be calculated with
Boltzmann and diffusion equations imposing the appropriate
boundary conditions. We choose a coordinate system with the
z axis parallel to the magnetic field H applied in the easy plane
along the easy axis of the bilayer, and the y axis perpendicular
to the plane, as in Fig. 1.

Considering z the equilibrium direction of the spins, the
spin-current density with polarization z carried by magnons
with wave vector k and energy &, = hwy is [7,8,13,19,44]

h

@ny’
where Uy is the magnon velocity, ni(7) is the number of
magnons with wave vector k at a position 7, and ng is

the number in thermal equilibrium, given by the Bose-
Einstein distribution with zero chemical potential ng(ek) =

[efx/ksT — 1]_1. We consider that the temperature 7 of the
magnon system is the same as that of the lattice, since there
is no experimental evidence that they are significantly dif-
ferent [12,93]. Under the influence of external perturbations,
such as thermal gradients, the magnon number ny (7) becomes
nonuniform, and its distribution can be calculated with the
Boltzmann transport and the diffusion equations subject to the
boundary conditions. One approach to this problem consists
of using the concept of magnon accumulation én,,(¥), intro-
duced by Zhang and Zhang [7,8], defined as the density of
magnons in excess of equilibrium,

ot

f d* ke[ (F) — ], (18)

T / d’k[n(ex, 7) — 1y, (19)
and finding the evolution of én,,(¥). The distribution of the
magnon number under the influence of a thermal gradient
can be calculated with the Boltzmann transport equation.
In the absence of external forces and in the relaxation ap-
proximation, in steady state the Boltzmann equation gives
[13,19,44,66]

m(F) — n = =1 - Vig(), (20)

where 1} is the k-magnon relaxation time. In the spirit of linear
response theory, we write the excess magnon number as the
sum of the equilibrium distribution plus a small deviation in
the form [94]

n(F) = nf + ndrrg(P), 1)

where g(7) is a spatial distribution to be determined by the so-
lution of the boundary value problem and A (&) is a function
of the magnon energy. Following [19], we use an expansion
for Li(&x) that in lowest order of energy is chosen to eliminate
the singularity at ¢; = 0, namely,

me(F) = ny + niecg (7). (22)
Using Egs. (20) and (22) in Eq. (18), one obtains a
magnonic spin current with two components, J{y, due to the

thermal gradient, and j:éVn due to the spatial gradient. The
total spin-current density is [19]

Ji = =SiVT — hDyV 81, (), (23)

where

h ex
Si = dkrov?, ————, 24
ST QnyT / o 1y 9

where T is the average temperature, x = &;/kgT is the nor-
malized magnon energy, the integral is evaluated over the first
Brillouin zone,

1
= d® kr v2, nle 25
Gy [ ¢ ok ke 2
is the magnon diffusion coefficient, and
1
Iy = dknley. 26
o ) / L€k (26)

As shown in Ref. [44], the magnon accumulation is pro-
portional to the magnon chemical potential wu,,(7), used to
characterize the nonequilibrium magnon Bose-Einstein dis-
tribution. This explains why Eq. (23) is the same as the one
obtained in the formulation of the theory for the SSE in terms
of the magnon chemical potential [21].

Considering that the magnon accumulation relaxes into
the lattice with a magnon-phonon relaxation time ty,, con-

servation of angular momentum implies that V 'jéw =

—Fién,, [ Tmp. Using this relation in Eq. (23) leads to a diffusion
equation for the magnon accumulation,

Sny,

2
lﬂl

V2sn,, = (27)

where [,, = (DyTmp)"/? is the magnon diffusion length. Con-

sidering the spatial variation only in the y direction, solution
of Eq. (27) gives, for the magnon accumulation,

on,, (y) = Acosh [(y + tem1)/ L] + B sinh [(y + trv1) /D],
(28)

and the corresponding spin-current density calculated with
Eq. (23)is

Dy, .
Jv.(y) = _Z_{A sinh [(y + tev1) /D]

m

+ Bcosh[(y + tpvr)/ln]}- (29)

Thus the total spin-current density in the FMI (—fpyp <
y<0)is

hD,, = .
Js(y) = =SsV,T — I_A sinh [(y + trm1)/ln]

~ PP cosh [+ i)/, (30)
m

where the coefficients A and B are obtained imposing the
boundary conditions at y = —tgyy and y = 0, determined by
conservation of the angular momentum flow that requires
continuity of the spin currents at the interfaces. As shown
in Refs. [19,44], the precessing spins associated with the
magnon accumulation at the FMI/NM interface inject a spin
current into the NM layer by the spin-pumping process given
by

Js(0T) = G5V, T, 31)
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where the coefficients are

Sl

Cs = byp ol (32)
ool

- Y . / dknle?, (33)
2nMly (27)

while glflf is the effective spin-mixing conductance, that takes
into account the spin-pumped and back-flow spin currents
[95], and

_ COSh(l‘FM[/lW,) -1

sinh (temi /1) G

is a thickness factor, such that p ~ 1 for tgy > [, and p = 0
for tevr K L.

Equations (31) and (32) show that the magnonic spin cur-
rent at the FMI/NM interface generated by a thermal gradient
perpendicular to the bilayer plane is proportional to the tem-
perature gradient and to the spin-mixing conductance of the
interface. The spin current Js flowing into the NM layer dif-
fuses with diffusion length Ay, and generates a charge current
density fc = QSH(Ze/h)fs x & by the ISHE [90-92] that pro-
duces a SSE voltage at the ends of the NM layer. The voltage
at the ends of the NM layer is obtained by integrating the
charge current density along x and y and is given by [13,19,44]

2e In
Vssg = RywAy —0sy tanh | — )Jg(0), (35)
h 2N

where Ry, ty and w are, respectively, the resistance, thickness,
and width of the NM layer and Js(0) is given by Egs. (31)—
(34).

The spin Seebeck coefficient is often defined with refer-
ence to the voltage measured in the NM. One disadvantage
of this definition is that the voltage varies with the resistance,
so that two samples made with the same material but with
different NM layer thicknesses have different spin Seebeck
voltage coefficients. As in Ref. [44], we quantify the SSE by
the current spin Seebeck coefficient, Sssg = Issg/V, T, where
Issg = Vssg/Ry is the charge current in the NM layer pro-
duced by the temperature gradient V,T. Thus, with Egs. (31)
and (35), we obtain

SSSE = wi —QSHt h —tN Cg (36)
w an .
N h 2)\.]\/

In order to compare the model for the SSE with experimen-
tal results for a specific FMI, one needs detailed information
on the dispersion relations and relaxation rates for the magnon
modes. They are used to calculate the integrals over the Bril-
louin zone that appear in the relevant parameters, such as the
magnon drift parameter in Eq. (24), the diffusion coefficient
in Eq. (25), and the spin-pumping parameter in Eq. (33).

Yttrium iron garnet is a ferrimagnet with 20 spins per unit
cell, so it has a complicated magnon dispersion relation with
one acoustic mode and 19 optical modes [96]. Since the lowest
magnon optical branch lies above the zone-boundary value,
the calculation of the thermal properties in the presence of
an applied field H at temperatures up to 300 K can be done
approximately considering only the acoustic branch, with a

magnon dispersion given by [93]

wk
oy =yH +wzs| 1 —cos — |, 37
( 2km )

where y = gup/h is the gyromagnetic ratio, g is the spectro-
scopic splitting factor, up the Bohr magneton, wzg the zone
boundary frequency, and k,, is the value of the maximum
wave number assuming a spherical Brillouin zone. Using the
magnon group velocity obtained from Eq. (37), one can show
[19,44] that the coefficient Cs in Eq. (32) becomes

BiBs 1,
(BoBy)'2 P8eit>

where the factor Fpyp depends on material parameters and
universal constants,

Cs = Frmn (38)

1/2
y kgt )2, 2k oz

m

4rMm2/3
and the parameters B in Eq. (38) are given by the integrals

1 X
o T7q e'x
o= [ aagaw(T2) €5
0 2 nq(e* — 1)2

FMI = , (39)

1 x2
2
B =f dqq , (40)
0 er — 1
1
X
B0=/ dqq2 s
0 ex—l
! Tq X
B,=| d zsin2<—>—. 41)
’ fo “ 2 ) e —1)

In Egs. (40) and (41) g = k/k,, is a normalized wave
number and 7, = nx/no is an adimensional relaxation rate,
related to the magnon lifetime by n, = 7o/, where 1 is the
lifetime of magnons near the zone center (k ~ 0). Following
Refs. [13,19,44,66] we use for the magnon relaxation rate an
expression obtained from fits to the calculated rates due to
three- and four-magnon scattering processes,

T
=1. 7.5 x 10°¢)[ —
Ng 0+ (7.5 x 0q)(300>

3 2 (T ?

+ 10° x (7.6q° — 4.9¢q )<300) , 42)
where the relaxation time of the k = 0 mode was taken to be
7o =1/np =5 x 107® s at T = 300 K. The magnon-phonon
relaxation time T, that enters in Eq. (39) has been estimated
in Refs. [13,19,44] to be 1y ~ 10~'2 s based on the value of
the magnon diffusion length /,, &~ 70 nm obtained from the
fit of Eq. (34) to the measured [18] thickness dependence
of the SSE. Note that the value of the magnon diffusion
length varies with the quality of the sample because it depends
strongly on the magnon relaxation rate. Numerical evaluation
of the integrals in Egs. (40) and (41), using Eqgs. (37) and
(42), gives for 300 K the values By = 2.0 x 1074, By = 0.23,
B, =0.16, and B, = 6.9 x 107°. Using these values, and
the following parameters for YIG, 4nM = 1.76 kG, y =
1.76 x 10’ s7'Oe™!, H = 1 kOe, wzp/2m = 7.0 THz, and
ky=17x10"cm™, considering p = 1 for tpyy > [, and
the spin-mixing conductance for the YIG/Pt interface [18,19],
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FIG. 2. (a) Calculated temperature dependence of the spin See-
beck coefficient in YIG/Pt for various YIG film thicknesses fry
relative to the magnon diffusion length /,, (300) at 300 K.

geff = 10" cm™2, we obtain for the coefficient Cs in Eq. (38)
Cs =29 x 10_10 erg/(K cm). With this value and the param-
eters for the Pt layer, Ay = 3.7 nm, sy = 0.05 [91,92], w =
0.2 cm, and ty = 4 nm, we obtain the current spin Seebeck co-
efficient Sssg = Isse/V, T, where Issg = Vssg /Ry, for YIG/Pt
at room temperature, Sssg = 0.17 nA cm/K. Using this value,
we find for the spin Seebeck voltage in YIG/Pt under a tem-
perature gradient of V,7 =200 K/cm and a Pt layer with
typical resistance Ry = 200 2, Vssg = 6.8 uV, which is in
good quantitative agreement with values reported for YIG/Pt
[13,97].

An important signature of a theoretical model for transport
phenomena is the temperature dependence of physical quan-
tities of interest. We have used Eqgs. (36)-(42) to calculate
the temperature dependence of the spin Seebeck coefficient in
YIG/Pt under a magnetic field of H = 1 kOe to compare with
experimental data. We neglect the variation with temperature
of the spin-Hall angle 6sy and the spin diffusion length Ay
of the Pt layer and consider for the magnon relaxation rate
in YIG the dependence given in Eq. (42). Figure 2 shows the
calculated temperature dependence of Sssg for several YIG
film thicknesses relative to the magnon diffusion relaxation
rate decreases faster, so that the voltage increases. At low T
the exponential decrease in the magnon population dominates
so that the overall behavior exhibits the bump at ~100 K,
which is a characteristic feature of our model. This behavior
is in good agreement with the experimental data reported in
Ref. [13].

However, it turns out that, as recently realized, the ex-
perimental result for the temperature dependence of the SSE
in Ref. [13] is incorrect. As pointed out in Ref. [60], the
temperature difference AT across the YIG/GGG sample is
smaller than the temperature difference AT, measured by
the two thermometers, because the temperature drop in inter-
mediate layers introduced for any purpose can be very large
at low temperatures. In the case of the experiments reported
in Ref. [13], very thin GE-varnish layers were used to glue
the YIG sample on the heat bath and on the Peltier module
used to apply the temperature difference. Surprisingly, even
though the thickness of each varnish layer is three orders
of magnitude smaller than the one of the YIG/GGG sample,
the fact that the thermal conductivity of the sample increases
sharply at low temperatures results in the large drop in the

FIG. 3. Illustration of magnon-phonon interaction process by
which phonons in the heat current generate a spin current.

ratio AT /ATy. Thus, actually, the SSE at low temperatures,
instead of following the behavior as in Ref. [13], has a sharp
peak like the one reported in Ref. [60] for YIG. In the
next section we show that at low temperatures, the dominant
mechanism of the SSE is phonon drag, analogously to the
conventional thermoelectric Seebeck effect in semiconductor
silicon [98].

IV. PHONON DRAG MECHANISM FOR THE SPIN
SEEBECK EFFECT

As is well known, the thermal conductivity of insulators
is orders of magnitude larger at low temperatures than at
room temperature, and is dominated by the heat transport by
phonons [99]. Thus phonons in the heat current can generate
a spin current by means of the magnon-phonon interaction
processes. We consider here the process illustrated in Fig. 3,
in which a phonon with wave vector g, in the heat current
interacts with a magnon in thermal equ111br1um with wave
vector ki, to generate another magnon k by a three-boson
process conserving momentum and energy.

The probability per unit time for the number of phonons n,
and the number of magnons 7y to decrease by one unit, and
the number of magnons #n; to increase by one unit in this pro-
cess, calculated by Fermi’s “golden rule” with Hamiltonian
(16), is

Wnk—>nk+1 =

2
T2 Vi mangp g + 1]
ki

X §(wi1 + wgp — i), 43)

where V,,_, is given by Eq. (17) and the sum runs only over
k1 because of the momentum conservation relation k; + Gp =
k. The reverse process by which the number of magnons k
decreases by one unit is calculated in a similar manner, so that
the time rate of change of the phonon number is given by

dnk

— = Wnk%n;mtl

dt - Wnk%nk —1- (44)

Thus we find that the rate of change for the number of
magnons in mode k to increase by means of the three-boson
process is

dn 2
d_tk = ? Z (mep)z[nklnqp(nk +1)
ki

— i (ngy + D(ngp + D08 (wr1 + wgp — ). (45)
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In thermal equilibrium dny /dt = 0, so that we have the following relation for the thermal numbers:

M1y (g + 1) — (g1 + 1) (g, +

D = 0. (46)

When there is a flow of heat or magnon current, the numbers of magnons and phonons are in excess of the thermal equilibrium

numbers, so that following [99] we write
et = figy + Ongy,
so that Eq. (45) becomes

dnk o
dt 2

ng — g + ony,

Ngp = fgp + Sngp, 47

2
— Z Ve p) 2 Gt + 811 (Sngp + figp) (i + Snye + 1) — (g + Sm) iy + Snt + 1)(ngp + gy + DI8(w),  (48)
ki

where §(w) denotes conservation of energy. One can show that Eq. (48) gives

(”k1 +1)(
1) qp

”t" Z(Vm ») [

Now, since the magnon-phonon interaction is small, we
consider that the number of phonons in excess of equilibrium
is much larger than the perturbations in the magnon system,
so in Eq. (43) we neglect dny, and dny in the presence of ny,.
Also, considering energy and momentum conservation, and
replacing the sum by an integral over the Brillouin zone in
the usual way, one can show that at low temperatures Eq. (49)
leads, approximately, to

dnk
v Fypéngp, (50)
where
_ b qu a
ap =
32MSpw,, (21)?

n
X /d3 k(e + 1) 2+qp5(wk1 + Wgp — Wi14gp)-
ap
(51)

Using this result in the time-dependent Boltzmann equa-
tion without external forces [98], we obtain

= 0
a”k()+uk VMHM. (52)
k

apdngp =

In steady state and considering only the phonon contribu-
tion to the magnon spin current, we have

m(F) — nl = Fpdng,t. (53)

Using this result in Eq. (18), we obtain, for the phonon drag
magnonic spin-current density,
72 S 3
Js() = ym / d”kviy Fopdngp . (54)
The goal now is to relate the phonon drag spin current to
the phonon thermal current,

. 1 . .
o=+ Zf(q,,, F)egplap- (55)
qp

where f(g,, 7) is the phonon distribution function. From this
equation one derives [99] the well-known relation

>

Jo = —Ku VT, (56)

+ Dény + _(nqp + 1)dngy + (e + 1)—}5(0)) (49)

Rgp

(

where Ky, is the thermal conductivity. It can be shown that, at
low temperatures, the phonon thermal current is dominated by
phonons in a small width Ag, in wave vector space, centered
in a wave number g, around 2 x 10’ cm~!. Thus the phonon
current can be written approximately as

Jo = Gypong, 57
where
15 2
Gq = ﬁq‘”’Aq”hv‘”" (58)

Thus, with the relation (56), we have

K
Sngp = ———VT. 59)
Gop
So, finally, the phonon drag spin current in Eq. (54) can be
written as

. F,
Js(y) = —B—Kn VT, (60)
qu
where
f f d*k (61)
= VivTk.
Qn) ko

Equation (60) shows that the spin current produced by
the phonon drag is proportional to the thermal conductivity,
as revealed by the measurements of Iguchi et al. [60]. It
also shows that the phonon drag contribution vanishes if the
magnetoelastic interaction b; is null, as expected. Using for
YIG the magnon dispersion relation (37), the parameter B in
Eq. (61) becomes

h a)ZBk

B = —%B,, (62)
4 no
where the coefficient
sin(rg/2)
B, = / ——q’dq (63)
0 nq(T)

is written in terms of dimensionless variables to be evaluated
numerically using the magnon relaxation rate in Eq. (42). For
the evaluation of the parameter F,,, we use a well-known
expression for the § function to write the integral in Eq. (51)
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FIG. 4. Contributions of the calculated temperature dependence
of the SSE voltage in YIG/Pt by the pure magnonic spin current
(dashed dark blue curve), phonon drag spin current (dashed red
curve), and the sum of the two (blue curve).

as
flki@y)
g (ki)

where ¢'(ki(;)) denotes the derivative of the function g(k;)
relative to k; calculated at the root (i) of g(k;) = 0. With the
magnon dispersion relation in Eq. (37), and with the phonon
dispersion w,, = v,p g,, the numerical calculation gives only
one root in the first Brillouin zone, so that

k k
g k) = ZD78 | Gin 29 _ gin 74y +h)
2k, 2k, 2k,

The phonon drag spin current as a function of temperature
is calculated with Eq. (60), using the integrals (63) and (64)
evaluated numerically and the experimentally measured ther-
mal conductivity for YIG reported by Iguchi et al. [60]. Since
K is measured at discrete temperatures from 10 to 300 K, the
integrals are calculated for the same temperatures of the data,
using the parameters for YIG given at the end of Sec. III and
p= 5.2g/cm3, Vpg = 7.21 X 10° cm/s (LA phonons), and
by = 3.5 x 10°erg/cm?>. The values of Agp, qp, and 1o are
adjusted so that the peak value of the spin Seebeck voltage
Vsse agrees with the one measured by Iguchi et al. [60].
The contributions to Vssg/AT from the pure magnonic spin

[ @ wsststen = 3 (64)

}. (65)

current, from the phonon drag spin current and the sum of
them are shown in Fig. 4. The pure magnonic contribution
is calculated as in Sec. III using the value at T = 300 K as
measured in [60] without the correction in the temperature
difference. The sum of the magnonic and phonon drag spin
contributions is in very good agreement with the data reported
in [60]. Clearly, the phonon drag mechanism completely dom-
inates the SSE at low temperatures, where its contribution
is over two orders of magnitude larger than the magnonic
contribution.

V. CONCLUSIONS

In summary, we have presented a full theory for the spin
Seebeck effect in a FMI/NM bilayer under a thermal gradient
applied perpendicularly to the bilayer plane. We have shown
that the SSE voltage is made of two contributions, one due
to the pure magnonic spin current excited in the bulk of the
FMI layer by the thermal gradient, and another due to the
spin current generated by the phonon drag mechanism. At
room temperature the magnonic contribution is very impor-
tant. However, at low temperatures, the SSE is completely
dominated by a phonon drag mechanism, in which phonons
in the heat current generate a spin current by means of the
magnon-phonon interaction. The theory explains very well the
experimental observations of Iguchi et al. [60], demonstrating
that the SSE in yttrium iron garnet (YIG)/platinum structures
has a pronounced peak at low temperatures following the
behavior of the thermal conductivity in YIG.
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