aps CHCRUS

physics

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

Theory of the spin-Seebeck effect at a topological-
insulator/ferromagnetic-insulator interface
Nobuyuki Okuma, Massoud Ramezani Masir, and Allan H. MacDonald
Phys. Rev. B 95, 165418 — Published 13 April 2017
DOI: 10.1103/PhysRevB.95.165418


http://dx.doi.org/10.1103/PhysRevB.95.165418

Theory of the Spin Seebeck Effect at a Topological-Insulator /Ferromagnetic-Insulator
Interface

Nobuyuki Okuma,’ * Massoud Ramezani Masir,? and Allan H. MacDonald?

! Department of Physics, University of Tokyo, Hongo 7-3-1, 113-0033, Japan
2Department of Physics, University of Texas at Austin, Austin, TX 78712, USA
(Dated: March 23, 2017)

The spin-Seebeck effect refers to voltage signals induced in metals by thermally driven spin cur-
rents in adjacent magnetic systems. We present a theory of the spin-Seebeck signal in the case
where the conductor that supports the voltage signal is the topologically-protected two-dimensional
surface-state system at the interface between a ferromagnetic insulator (FI) and a topological insula-
tor (TI). Our theory uses a Dirac model for the TT surface-states and assumes Heisenberg exchange
coupling between the TI quasiparticles and the FI magnetization. The spin-Seebeck voltage is in-
duced by the TI surface-states scattering off the non-equilibrium magnon population at the surface
of the semi-infinite thermally driven FI. Our theory is readily generalized to spin-Seebeck voltages
in any two-dimensional conductor that is exchange coupled to the surface of a FI. Surface state
carrier-density dependent signal strengths calculated using BizTes and yttrium iron garnet (YIG)
materials parameters are consistent with recent experiments.

PACS numbers: 72.20.Pa, 72.25.Mk, 73.20.-r, 75.76.4j

I. INTRODUCTION

The spin-Seebeck effect (SSE),!® in which the spin-
current response to a temperature gradient in a ferro-
magnet gives rise to a voltage signal in an adjacent metal,
has emerged as a central issue of spin caloritronics.%7 In
the case of bilayers?® formed by an insulating ferromag-
net and a non-magnetic metal, for example Pt/yttrium
iron garnet (YIG), the signal is interpreted®* as an in-
verse spin Hall effect (ISHE) voltage associated with
conversion between magnon and electron spin currents
at the normal-metal/ferromagnetic-insulator (FI) inter-
face. The FI is often modeled as a magnon gas® !, with
classical dynamics described by the stochastic Landau-
Lifshitz-Gilbert equation.'? Adachi et al. explained the
SSE by a quantum theory with a temperature difference
between electrons in the normal metal and magnons in
the FI®. Semiclassical theories rest on a description of
the conversion of the magnon spin current generated by
a thermal gradient to the electron spin current® ! at the
FI metal interface.

Recently'3 a spin-Seebeck signal has been measured
at the interface between the topological insulator (TI)
Sb-doped BisTes and YIG. (See Fig. 1). This exper-
iment provides an example of a SSE voltage signal in-
duced in a two-dimensional conductor that is coupled to
the surface of a FI. Since the bulk of the TT does not
support a spin current, it is clear that the SSE voltage
signal generation mechanism must differ from the ISHE
mechanism thought to act in a FI/non-magnetic metal bi-
layer. SSE experiments are normally interpreted in terms
of momentum-averaged quantities such as the total spin
current® ', Because the TI surface-states are coupled
to the FI via exchange interactions, the signal must!3 13
originate from TI surface-state quasiparticles scattering
off the non-equilibrium magnon population at the FI sur-
face. As we show, the spin-Seebeck voltage then depends

on the full momentum non-equilibrium distribution of
magnons evaluated at the FI surface, and not just on the
non-equilibrium magnon density.

In this paper, we present a theory for the SSE ob-
served in a TI/FI bilayer that is based on the semiclassi-
cal transport theory applied to the bulk of the FI and to
the TI/FI interface. We show that the non-equilibrium
magnon population at the FI surface drives a charge cur-
rent at the TI surface. By analyzing the magnon and
electron Boltzmann equations, which well describe non-
equilibrium transport under the static electromagnetic
field and thermal gradient, we obtain an expression of
the electric field induced at the TI surface under open
circuit conditions. Our theory can be easily generalized
to any two-dimensional conductor at a surface of a mag-
netic material, e.g. to graphene on YIG.

The paper is organized as follows. In Sec. II, we solve
the steady-state magnon Boltzmann equation of a semi-
infinite FT in the presence of a thermal gradient oriented
perpendicular to the surface, assuming specular scatter-
ing of magnons, and extract results for the magnon dis-
tribution at the surface. In Sec. III, we consider the
spin-momentum-locked Dirac electrons at the TI surface
and account for exchange coupling to the FI. Using the
non-equilibrium magnon distribution function obtained
in Sec. II, we evaluate the non-zero net rate of transi-
tions in the TT surface-state system induced by scattering
off the FI’s non-equilibrium magnon population and use
it to obtain an expression for the electric field induced
under open circuit conditions. In Sec. IV, we estimate
the typical size of the SSE using materials parameters
appropriate for BisTes and YIG and compare our results
with experimental data. Some related effects in other
hybrid materials are discussed in Sec. V.
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FIG. 1. Schematic illustration of the spin-Seebeck effect in
a topological-insulator/ferromagnetic-insulator (FI) bilayer.
M | ¥ indicates the FI ground-state magnetization direction.
A finite voltage in the z-direction is generated by a vertical
thermal gradient 0,7

II. MAGNON DISTRIBUTION AT THE
SURFACE OF A FERROMAGNETIC
INSULATOR WITH A PERPENDICULAR
TEMPERATURE GRADIENT

In this section, we use the magnon Boltzmann equa-
tion with a specular-reflection boundary condition to cal-
culate the magnon distribution function at the surface of
a FI with a perpendicular temperature gradient. Hence-
forth we set h = kg = 1.

A. DModel of a ferromagnetic insulator

We consider a FI with magnetization in the y-direction
as illustrated in Fig. 1. The low-energy spin excita-
tions of the FI can be described by magnon creation
and annihilation operators (a(z),a’(z)). In the case of
a quantum spin-model with spin Sy degrees-of-freedom
on each lattice site, creation and annihilation opera-
tors can be introduced by the Holstein-Primakoff trans-
formation: SY = Sy — afa, S% +iS* ~ /25, and
5% —iS* ~ /28yat, where S° is a spin-operator compo-
nent. In the following, we neglect magnetic anisotropy.
The Holstein-Primakoff transformation then leads to a
three-dimensional magnon gas with isotropic quadratic
dispersion wy = D|q|* at long wavelengths. Here D is the
spin-stiffness, and q is the three-dimensional magnon mo-
mentum. In terms of magnon operators, the low-energy
effective Hamiltonian for the FI is given by

d3q
Hm = V/ (2#)3wqaj1aq’ (1)

where V' is volume. At low energies, this magnon-gas
model applies equally well to ferrimagnetic insulators like

_5n/(q%7—mazT/7T2)
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FIG. 2. (a) Schematic illustration of specular reflection of
magnons at the FI/TI interface. (b) Total excess magnon
population dn as a function of the ratio of the distance from
the interface |z| to the magnon mean-free-path Ip,.

YIG with a net magnetization due to incomplete cancel-
lation between antiferromagnetically aligned spins.

B. Magnon Boltzmann equation

We now consider the magnon Boltzmann equation in
the presence of a thermal gradient:

on
8—tq + ’quaznq =

on
el 2)
scatt

where ng is the momentum-dependent magnon distribu-
tion function, vy, = 04, wq is the magnon velocity, and
the right-hand-side term is the scattering term. In the
following, we adopt the relaxation time approximation in
which the scattering term is given by

Ong|  __ng—ng(T(2) )
ot scatt Tm 7

where nflo) = (exp(wq/T(x)) — 1)~! is the Bose distribu-
tion function with local temperature T'(z), and 7, is a



magnon relaxation time. The validity of the relaxation
time approximation for the scattering term (3) is dis-
cussed in Sec. V.

For linear response to a temperature gradient, the
Boltzmann equation becomes

ond on
Vq. |f)z (6nq) + 8zT 8; = _T—:a (4)

where dng = ng — néo) is the magnon distribution re-

sponse. In the following, we solve Eq. (4) assuming
specular reflection of magnons at the surface of the FI
z =0, i.e. we assume that a magnon that approaches the
surface from below with momentum (g, q.) is scattered
by the interface into a state with momentum (q,—q.)
(Fig. 2(a)). This approximation neglects diffuse scatter-
ing effects due to surface roughness and does not account
for interactions between the magnon system and the TI
surface quasiparticles. We show later that the presence
of the TT has a negligible influence on the FI magnon
distribution. Eq. (4) is an inhomogeneous first-order
linear differential equation which we solve by integrat-
ing backward along the path followed by the magnon to
reach a given position. For magnons at position z < 0
that have positive (toward the surface) group velocity,
this path does not include reflection whereas for magnons
that have negative (away from the surface), the path in-
cludes specular reflection at an earlier time. In this way
we obtain that for ¢, >0

Bnqo)
5”‘1”7%( z) = _7’m|qu|8 T— oT
377,(0)
5nq”7_qz( 2) = Tin|vg, |0 5T [1 — 2exp ( B |7_ )} )
¢ |Tm
(5)
Note that
Nqy.q- (z=0)= Nqy,—q- (z=0). (6)

Far from the surface, the temperature gradient induces
a magnon current, but because of cancellation between
q. > 0 and ¢, < 0 response, it does not change the
magnon density. Close to the surface, the cancellation is
imperfect. Using Eq. (5), we obtain an expression for
the total non-equilibrium magnon density:

d3
5”(2) = / ﬁ[énQHJZz + 5”‘1”7 Qz]

Tma T H
~ / dt/ dq qtexp( 2D7'mqt)

(7)

In the second approximate version of this integrand, we
have set anq)/aT — 1/wq for |q| < gr = \/T/D, and
to zero for |q| > ¢r. Although this approximate ex-
pression can be integrated analytically, the result is not

particularly transparent. We have plotted the total non-
equilibrium magnon distribution obtained by accurately
integrating Eq. (7) in Fig. 2(b) where we see that a non-
equilibrium magnon population builds up at the surface,
where l,,, = 2Dqr7,, is a characteristic magnon mean-
free-path. In the following sections, we consider the in-
teraction between the non-equilibrium magnons accumu-
lated at the interface and the electrons on the TT surface-
states. We will see that the spin-Seebeck voltage signal
depends not only on the total non-equilibrium magnon
density, but also on its momentum distribution in rela-
tion to the Fermi surface of the TI surface-states.

III. TOPOLOGICAL INSULATOR DIRAC CONE
RESPONSE TO NON-EQUILIBRIUM MAGNONS

In this section, we formulate a semiclassical theory
of the TI’s Dirac cone surface state response to non-
equilibrium magnons. Using an electron Boltzmann
equation with an electron-magnon-scattering collision
term, we are able to obtain an expression of the elec-
tric field generated in the TI surface state system by the
temperature gradient across the FI.

A. Model of the interface

We model'®!® the TI surface-states by a spin-
momentum-locked Dirac Hamiltonian:

_A/ d2k (k).

Ho(k) = vk, Uy—’l)k Gy — pl
= Z €k|k7a k,OL|, (8)
a=+

where A is the system area, (¢,11) are two-component
creation and annihilation spinors for the surface state
electrons, k = (kg,k,) is the two-dimensional electron
momentum, v is the Fermi velocity, p is the chemical
potential, and &; are Pauli matrices that act in spin
space. In the second line, we define projection opera-
tors |k, £)(k,+] = (1 £ d( ) - )/2 for the upper and
lower Dirac bands with energies §k = +wv|k| — p. Here
d(k) = (—sinfg, cosb,0), and 0 is the momentum k
orientation angle.

We assume that the surface state quasiparticles are
exchange coupled to the surface magnetization of the TI:

Hexc = Ja

Ewd(2)01 (z,y)6v(x,y) - S(x),  (9)
where a is the lattice constant of the FI, and J charac-
terizes the strength of the exchange coupling. The mean-
field coupling between the TI quasiparticles and the y-
direction ground state magnetization yields only an irrel-
evant shift in the k,-direction in momentum space which



has no consequence. For small fluctuations in magneti-
zation direction, the remaining interaction Hamiltonian
can be rewritten as an electron-magnon interaction:

J A3 d? kd
a Z/ QH 7/1k.0'z7/}k+qu q (Z:O)

o A3 d2/€d q
—92 / (2m)2(27)2

Hep =

VLo kg al, (2= 0) + h.c,

(10)

where g is the in-plane component of the magnon mo-
mentum, g = —+/250.J/4, and 6* = &, +i6,.

B. Electron Boltzmann equation

We concentrate on physics near the Fermi surface and
ignore interband scattering. As mentioned in Ref. 13
and explicitly proven in Appendix A, the spin-Seebeck
electric field is invariant under a particle-hole transfor-
mation p — —p in the simple Dirac model (see for the

O f d?qdg.
ot 2r)?

[ 10+ |7 ) (wq + & — Eray) [(1

+ (k= ql67"k)*6(wg — & + Er—q,) [(1

=2m¢%a®

where the |(k’|6F|k)|? factors account for the influence
of spin-momentum locking in the Dirac cone on the elec-
tronic transition probabilities associated with magnon
emission and absorption (Fig. 3). This electronic ma-
trix elements can be calculated by observing that the
projection operator |k)(k| = (1 + d(k) - &)/2:

|/ )| = T 6 [ke) (k|6 &) (K]
k

= (1 Fd(k)1+d(K)).  (13)

The non-equilibrium nature of the SSE is captured
by the statistical factors in small square brackets in Eq.
(12), which can be further simplified. In linear response
we can replace fi by féo) in the electron-magnon scat-

tering term. Since the right hand side of Eq. (12) is zero
by detailed balance, when the magnons are also in equi-

- fk')fk'-i-qH 1+ Nq,q- (z=0)) = fi(l
- fk)fk'—qu Nq.q- (Z = 0) - fk(l

exact proof). In the following, we therefore assume that
> 0, drop band indices and include only the conduction
band (k) = |k, +), and & = &), and measure momenta
relative to the new Dirac point after the shift produced
by the interaction with the ground state magnetization
has been applied.

To describe the topological SSE, we consider the lin-
earized Boltzmann equation:

(0)
Obe om0 _ O

ot 0t ot |,

fi

ot ... (11)

where E™ is the induced electric field, vi = (vg,vy) =
v(cos Oy, sinfy), fr is the momentum-dependent electron
distribution function, and f,(co) = (exp(&k/T)+1)"1is the
Fermi distribution function at temperature T'. The terms
on the right-hand-side terms are the electron-impurity
and electron-magnon-scattering collision terms, respec-
tively. The electron-magnon-scattering term can be cal-
culated by using the quantum Fokker-Planck equation,'®
and is given to second order in the electron-magnon in-
teraction by

- fk+Q\|)nQ\|7QZ (Z = 0)]

~ fo-a) 1+ g0 : =0)] |, (12)

librium, the two square-bracket statistical factors can be
replaced by the following two factors:

(fkm - <0>>5nq‘. 0. (2=0),
(fk a k )6nQH7‘Zz(Z:O)7 (14)

With this replacement the electron-magnon scattering
term is replaced explicitly in terms of the non-equilibrium
correction to the magnon distribution function at the in-
terface dng, 4.(2 = 0). Next, the integral over ¢, in Eq.
(5) can be evaluated using the energy conservation o-
functions,

/ -0 |5(wq — X) = 2 / dg:(2Dq.)5(wq — X),
0

— 0o

=20(X — Dlqy*), (15)

to obtain
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FIG. 3. Schematic illustration of magnon emission and ab-
sorption. The solid and dotted circles are constant-energy
surfaces for the conduction band and the arrows indicate
the importance of spin-momentum locking in the Dirac cone.
Magnon emission lowers energy and is accompanied by a 6+
electronic operator whereas magnon absorption increases en-
ergy and is accompanied by a 6~ electronic operator.

Note that the free-integral over g¢,, present because
the three-dimensional magnon system is driving a two-
dimensional electronic system, replaces the usual Fermi’s
golden rule §-function by a step functions.

Since we do not assume any particular property of the
TT surface-states in Eq. (16), our theory applies to any
single-band two-dimensional electron system that is ex-
change coupled to the surface magnetism of a ferromag-
netic insulator, and is simply generalized to multi-band
two-dimensional materials by adding band indices.

C. Induced electric field in the steady-state

We are now in a position to derive an expression for
the electric field induced by the electron-magnon inter-
action in the steady-state. The non-equilibrium trans-
port of the topological insulator surface state can be also
described by the Boltzmann equation'”. For simplicity,
we use a relaxation-time approximation for the electron-
impurity collision term in the steady-state electron Boltz-
mann equation:

R _ ofw , Ok

—eE°™ . Vi = ’
&k Te ot om

(17)

where 0 fr, = fk—f,(co), and 7, is the relaxation time. Since
the spin-Seebeck voltage is measured under open circuit

conditions, it can be evaluated by finding the electric field
strength at which the electric current vanishes:

/(ng])vakéfk =0. (18)

Using Egs. (17) and (18), we find that
2 2 (0)
Efm: /ﬂvz% _e/ﬂvgafk .
e ot |, CERETA

(19)
In deriving Eq. (19), we have appealed to isotropy in
asserting that [ d*kv,v, = 0. Note that E¢™ is indepen-
dent of the electron-disorder scattering time 7.
In the topological SSE for magnetization in the y-
direction, the induced electric field is in the z-direction:
E™ = (E¢™,0). To see this, we rewrite Eq. (13) as

|(k'|6%|k)|? = 4 cos Ok (cos Abg g — 1)
— sin 9k (COS Gk F 1) sin Aok_’k/
+ (1 — cos? O, cos Ab, k), (20)

where Afg » = 0 — 0. The second line on the right
hand side of Eq. (20) does not contribute to Eq. (16) be-
cause the other factors in the integrand are even function
of A k. The term on the third line does not contribute
to the numerator Eq. (19) because its contribution to the
integrand is odd in sinfg or cosf. Similarly the first
line contributes to Eg™ (v; o cosf), but not to Ey™
(vy o sinfg). The electric-field direction predicted by
our theory is consistent with the experimental result'?.

In the following sections, we retain only the first line
on the right hand side of Eq. (20) since the other terms
do not contribute to the final result. For notational con-
venience, we therefore rewrite Eq. (16) as

% = ¢*a®(=27,,0.T) cos O A(vk), (21)

em

where A is a fg-independent function.

IV. NUMERICAL RESULTS

To compare our theory with experiment!3, we compute
the integrals in the numerator and denominator of Eq.
(19). For numerical estimates, we use v = 3.0 x 10°
m/s for the surface state Dirac velocity of BiyTe3!'® and
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FIG. 4. (a) Schematic illustration of the band structure of a BizTes film. The shaded regions labelled VB and CB are the bulk
valence conduction bands, respectively. The surface state Dirac point is much closer to the valence band than to the conduction
band. The thermally electric field at 7" = 300 K is plotted in (b) vs. chemical potential and in (c) vs. electron density. In
the green region (p < T), the results are not accurate since we neglect the inter-band effect. (d) The integrand of Eq. (16) in

arbitrary units for k =

(kr,0) as a function of k’ for chemical potentail u =100 and 200 meV relative to the Dirac point. The

electron-magnon interaction vertex tends to be strongest for transitions between electronic states with opposite momentum.

D =5.0 x 1072! eVm? for the spin-stiffness of YIG'%:20,
The momentum cutoff A of the T1I surface-states is fixed
by setting vA equal to the bulk band gap'® ~ 300 meV,
which yields A ~ 1.5 x 10%/m. (See Fig. 4( )). The spin-
Seebeck signal is proportional to n = 2¢%a37,,0,T /e.

A. Trend vs. carrier density

Since the motivating experiment is performed at room
temperature, we first set 7" = 300 K and examine in Fig.
4(b) the dependence of the spin-Seebeck signal on the
position of the Fermi level. We find a non-monotonic
dependence that is illustrated by plotting the thermally
induced electric field ES™ as a function of the chemical
potential p in Fig. 4(b) and as a function of electron
density n = [d%k/(2m)? ,(co) in Fig. 4(c). The non-
monotonic behavior arises from the momentum distri-
bution of the non-equilibrium magnons combined with
the increase with p in the electronic density-of-states,
which enhances the phase space available for electron-
magnon scattering. To illustrate this anomalous behav-
ior, we plot in Fig. 4(d) the integrand of Eq. (16) for
fixed k = (kp,0), where kp = p/v is the Fermi mo-

mentum, as a function of k¥ = k 4 q. Because the
electron-magnon interaction vertex reverses spins relative
to the magnetization direction, the integrand tends to
be stronger for transitions between electronic states with
opposite momentum directions. At the larger chemical
potential (u = 200 meV) value, large angle scatterings is
suppressed due to the lack of available magnons which is
captured by the step functions and the other part of the
integrand. Suppression by the step function is weaker at
smaller chemical potential (x = 100 meV). Our use of a
momentum cutoff, which crudely captures the less stark
spin-momentum coupling in bulk and higher energy sur-
face state bands, also compete with the density-of-states
effect to produce a maximum spin-Seebeck signal at a
finite chemical potential. Because we neglect the role of
valence band states, our calculations are not accurate at
very small carrier densities (¢ < T). In our calculations
ES™ has its maximum value at n = 6 x 10*2/cm?. In ex-
periment, the electric field at n = 4x10'2/cm? is found to
be ~ 50 times greater than that at n = 2x10*®/cm?. Our
numerical result explains the electric field enhancement
at relatively small electron densities, although our sim-
plified model does not achieve quantitative agreement.
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FIG. 5. (a) Spin-Seebeck electric field EZ™ as a function of p
for various temperatures. The cross marks denote the largest
electric field points for each temperature. (b) Schematic il-
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B. Order of magnitude estimate

In order to estimate the numerical size of the spin-
Seebeck signal at room temperature, we use the follow-
ing typical values for YIG!: Sy ~ 10 and a ~ 10~ %m.
Assuming that the dominant magnon relaxation mech-
anism is related to Gilbert damping of the macroscopic
magnetization at room temperature (see Sec. V A), we
use T, ~ h/acgkpT ~ 1079 112122 where ag ~ 1074
Finally we set the interface exchange coupling to J ~ 1
meV, the same order as for a Pt/YIG interface. From
Fig. 4(b), the maximum value of E¢™/n at room tem-
perature is ~ 3 x 10! s/m3. Using the above values to
estimate 7, we obtain E¢™ ~ 0.9 V/m for 9,7 ~ 5 x 103
K/m, which is of the same order of magnitude as the
experimental value of ~ 0.2 V/m.

C. Temperature dependence of induced electric
field

The p-dependence of EJ™ is plotted for various tem-
peratures in Fig. 5(a). The overall trend is that E$™

increases with temperature because of the increase in
magnon population. The chemical potential at which
ES™ reaches its maximum fiy,qz, decreases with decreas-
ing temperature for T' < 200 K. ftmqr can be roughly
estimated by considering back-scattering contributions,
e.g. k= (kp,0) = k' = (—|K|,0). For each kp, we
define g+ such that

Dq3 =+ (v(qe — kp) — vkp). (22)

Because of the magnon contribution to the final state
energy, the step functions in the integrand of Eq. (16)
both vanish for ¢ — kp < |K/| < ¢+ — kr (See Fig.
5(b)) For |qi _2kF| L kp, g+ ~ 2kF:|:4Dk%/v In this
approximation, the step functions are zero for

ADK?
SIS kp + —F. (23)
v

2
ko — 4Dk3,
v
Since the magnon statistical factors have large values for
krp —T/v < |K/| < kp + T/v, the overlap with the step
functions is large when kp < \/T/4D . Roughly speak-

ing, tmaz 1S expected to be given by

est v 1
—1/ =. 24
Pmax 2 D ( )

According to Eq. (24), us¢t. =100, 140, 170, 200, 220,
and 240 meV for T =50, 100, 150, 200, 250, and 300 K,
respectively, in good agreement with the more accurate
values in Fig. 5(a) for T < 200 K. Eq. (24) cannot ex-
plain the maximum values for T' =250 and 300 K, where
pest s close to vA ~ 300 meV, because these consider-
ations do not account for the Dirac surface state cut-off.

V. DISCUSSIONS
A. The magnon collision integral

We now return to discuss our use of a relaxation time
approximation in the magnon Boltzmann equation (Eq.
(3)). At room temperature, magnon-phonon-scattering
processes dominate relaxation of the magnon distribu-
tion function. Our assumption of a characteristic time
over which any non-equilibrium magnon population will
approach equilibrium when undriven, is consistent with
stochastic Landau-Lifshitz-Gilbert equations'? in which
magnetization relaxation appears in the Gilbert damping
term. (See Sec. IVB.) It is nevertheless important to
distinguish the roles of processes that conserve magnon
number, for example processes in which a magnon and a
phonon exchange energy and momentum, from processes
that do not conserve magnon-number, for example ones
in which magnons are converted into phonons and vice
versa. If the former processes are strongly dominant,
a possibility proposed by Cornelissen et al.!!, the non-
equilibrium magnon distribution can assume a different
form characterized by a local chemical potential. The



change in distribution might have a quantitative influence
on the relationship between the excess magnon popula-
tion at the magnetic-insulator/topological-insulator in-
terface, and hence the topological SEE, and the Gilbert
damping parameter used for our quantitative estimates.
The magnon-phonon conversion processes that we have
in mind in using the relaxation time approximation, cor-
respond to changes in the ground state magnetization
configuration, in response to changes in the lattice. The
momentum-dependence of the relaxation time for these
processes has been investigated in Ref. 23. Although we
ignored momentum-dependence in our simple relaxation
time approximation, its inclusion would not change our
results drastically because the dominant processes for the
spin Seebeck effect have |g| ~ gr.

A less important issue in our theory is our assump-
tion of specular reflection. Because the magnetic-
insultor/topological-insulator interface is often rough, it
would be more realistic to use boundary conditions that
allow for a mixture of specular and diffuse boundary scat-
tering. We make the simpler assumption mainly to avoid
introducing another model parameter whose value is not
accurately known. Because the excess magnon popula-
tion, dng,q., does not depend on the direction of gy,
we do not expect much of an influence of diffuse surface
scattering.

We have also assumed that the influence of electron-
magnon scattering at the surface on the magnon distribu-
tion function is negligible. To justify this approximation,
we now compare the rate of change of total spin due to
magnon-electron scattering with the total magnon relax-
ation rate. The spin injection rate is given by

ot ..,

[ &k dv(k) Of
:/(27r)2 2 8—: ' (25)

em

For an order-of-magnitude estimate, we use the following
approximations:

O(I¢w — &kl — DIk — k') ~ 1, (26)
b — = < K| S ket -, (27)
v v
(0) _ (0)
© _ 0V (& — &) Ofp

Using Egs. (26), (27), (28), and 8" /9, ~ —6(&x), we
can rewrite Eqs. (16) and (25) as

2,3
0k _8mg7a kF(TmTaZT)(S({k)COS O (29)
ot v
0sY 263k (1, T, T)
am 2 (30)

In comparison, the total magnon relaxation rate is

given by
/0 & 6n(z)
qr | |
dz dt dq qt exp ( 2Dqut>
_ 2qT(TmT6 T (31)

972

where we have used Eq. (7) in the second line. Thus,
the ratio of the spin injection rate to the total magnon
relaxation rate is approximately given by

AT

The value of the right hand side of Eq. (32) is ~ 1073
for kp,qr ~ 10° /m. Tt follows that the influence of
the TI on the magnon distribution in the FI is indeed
negligible. Note that the ratio does not depend on the
relaxation time 7,,,, or equivalently, the Gilbert damping
constant ag.

3sy

9r2g%adk?,

2v%qr

(32)

B. Corrections to our simplified model

Although our theory explains the topological SSE qual-
itatively, estimating the correct order of magnitude of the
effect and its carrier-density dependence, it does overes-
timate E™ in comparison to experiment, especially for
large p. There are mainly two possible reasons. First,
both the magnitude and surface-state energy dependence
of the exchange-coupling J is uncertain. Second, the
surface state in experimentally realized topological in-
sulators are not very accurately described by the simple

Dirac electron model. The leading correction?* in Bi,Tes
is a hexagonal warping?®2% correction:
H(k) o (k3 — 3k,k2)6, (33)

This term implies that d(k) has a large out-of-plane com-
ponent for large chemical potentials, which would have
the effect of reducing the SSE strength.

C. Thermal gradient generation in z-direction

Since the origin of the electron-magnon scattering term
is a temperature gradient, we expect that energy currents
will also flow in the topological insulator. In Fig. 6,
we plot A(vk) for various chemical potentials. Because
A(vk) is an asymmetric function with respect to vk =
1, it follows that electron-magnon scattering drives not
only electrical signal but also heat flow. We therefore
predict that the 0,7, applied temperature gradient of
the experimental spin-Seebeck geometry, will induce an
z-direction temperature gradient 0,7.
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FIG. 6. Energy dependence of the factor A which captures
the energy dependence of the Dirac state population response
at a given orientation, as a function of vk for several p values.
These results were calculated at room temperature.

=
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FIG. 7. Schematic illustration of the SSE in a magnetically
doped TT thin film.

D. SSE in a magnetically doped TI

We now generalize our discussion to magnetically-
doped TIs like Cr-doped (Bi Sb)yTe3?™ 3% Cr-doped
BizSe33!, and Mn-doped Big(Te Se)332:33. The anoma-
lous Hall effect in these systems demonstrates robust
magnetic order, at least at very low temperatures. Under
these conditions a magnetic TT under a vertical tempera-
ture gradient (Fig. 7) can be described by a model similar
to that discussed elsewhere in this paper. If the film is
uniformly magnetized, the two surface state systems will
be coupled to the same magnon gas. Because the effec-
tive Hamiltonians of the top and bottom surface states
have different chiralities,

Hlorbottom) (k) — 4 [—vk, 6, + vk, 0, — pi,  (34)

where top (bottom) corresponds to +(—), and the signs of
the magnon accumulation at two surfaces are opposite,
the charge currents generated at top and bottom sur-
faces will have the same sign. We therefore predict that
a transverse voltage will be induced by a vertical tem-

perature gradient in magnetically doped TI thin films.
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Appendix A: Dirac-spinor particle-hole
transformation

We prove here that for an ideal symmetric Dirac cone,
the thermally induced electric field is unchanged under
p — —p. For convenience, we introduce the hole Dirac
spinors (¢, ¢') defined in terms of (¢, 1) as:

(bk = &y1/)T_k7
Oh = V-rdy, (A1)
or equivalently,
$x) = 6,9 (),
ol (@) = ()5, (A2)

This particle-hole transformation is defined such that
the matrix representation of spin density operator is un-
changed:

g

2

g

) (A3)

() = 01(@) | 5] viw) = o'(2) | 5| ()

The electron Dirac Hamiltonian (8) can be rewritten in
terms of (¢, ¢1) as

Pk
H, :/Wd}kﬂe(k)d}k

— (Const.) + / %m,i[—ﬁy—knwik,j
2 ~
= (Const.) +/%¢L[—@H:(—k)&y]¢k

2
= (Const.) + / %gf)}i[—(vkz&y — vkyGy) + pl] o
(Ad)

Eq. (A4) shows that the particle-hole transformation
changes the sign of p and the chirality of the Dirac



Hamiltonian. The form of the electron-magnon Hamilto-
nian (10), on the other hand, does not change under the
particle-hole transformation:

Crdqy gy

_ A T _

Hem = g/ (2#)2(27T)2¢k0 Phta) g (2 =0) + h.c.,
(A5)

since the magnon operators couple not to the charge den-
sity but to the hole spin density that has the same matrix
representation as the electron spin density.

In the following, we consider the electron Dirac Hamil-
tonian with g = —|ug|. This Hamiltonian is equivalent

10

to the hole Dirac Hamiltonian with g = |ug|. The scat-
tering term (16) for this hole Dirac Hamiltonian has the
same magnitude but the opposite sign as that for the
electron Dirac Hamiltonian with p = |ug| due to its op-
posite chirality, while the definition of the electric field
(19) for the hole Dirac Hamiltonian has the opposite sign
as that for the electron Dirac Hamiltonian due to its op-
posite charge. Thus, the induced electric field for the hole
Dirac Hamiltonian with g = |uo| is the same as that for
the electron Dirac Hamiltonian with p = |p|, or equiv-
alently, the induced electric field for the electron Dirac
Hamiltonian is unchanged as puo — —puo.

okuma@hosi.phys.s.u-tokyo.ac.jp

K. Uchida, S. Takahashi, K. Harii, J. leda, W. Koshibae,

K. Ando, S. Maekawa, and E. Saitoh, Nature 455, 778

(2008).

2 K. Uchida, J. Xiao, H. Adachi, J. Ohe, S. Takahashi, J.
Teda, T. Ota, Y. Kajiwara, H. Umezawa, H. Kawai, G. E.
W. Bauer, S. Maekawa, and E. Saitoh, Nature Mater. 9,
894 (2010).

3 K. Uchida, H. Adachi, T. Ota, H. Nakayama, S. Maekawa,
and E. Saitoh, Appl. Phys. Lett. 97, 172505 (2010).

4 T. Kikkawa, K. Uchida, Y. Shiomi, Z. Qiu, D. Hou, D.
Tian, H. Nakayama, X.-F. Jin, and E. Saitoh, Phys. Rev.
Lett. 110, 067207 (2013).

5 D. Qu, S. Y. Huang, Jun Hu, Rugian Wu, and C. L. Chien,
Phys. Rev. Lett. 110, 067206 (2013).

6 G. E. W. Bauer, A. H. MacDonald, and S. Maekawa
(Eds), Spin Caloritronics, Special Issue of Solid State
Communications (Elsevier, 2010).

7 G. E. W. Bauer, E. Saitoh, and B. J. van Wees, Nature
materials 11, 391 (2012).

8 H. Adachi, K. Uchida, E. Saitoh, and S. Maekawa, Rep.
Prog. Phys. 76, 036501 (2013).

9 Steven S. -L. Zhang and S. Zhang, Phys. Rev. B 86, 214424
(2012).

10 Steven S. -L. Zhang and S. Zhang, Phys. Rev. Lett. 109,
096603 (2012).

1., J. Cornelissen, K. J. H. Peters, G. E. W. Bauer, R.
A. Duine, and B. J. van Wees, Phys. Rev. B 94, 014412
(2016).

12°9. Hoffman, K. Sato, Y. Tserkovnyak, Phys. Rev. B 88,
064408 (2013).

13 7. Jiang, C. Z. Chang, M. Ramezani Masir, C. Tang, Y.
Xu, J. S. Moodera, A. H. MacDonald, and J. Shi, Nat.
Commun. 7, 11458 (2016).

14 M. Z. Hasan and C. L. Kane, Rev. Mod. Phys. 82, 3045
(2010).

15 X-L. Qi and S.-C. Zhang, Rev. Mod. Phys. 83, 1057
(2011).

16 D, W. Snoke, Solid State Physics : Essential Concepts
(Pearson/Addison-Wesley, San Francisco, 2009).

17 D. Culcer, E. H. Hwang, T. D. Stanescu, and S. Das Sarma,
Phys. Rev. B 82, 155457 (2010).

18 J. Zhang, C.-Z. Chang, Z. Zhang, J. Wen, X. Feng, K. Li,

M. Liu, K. He, L. Wang, X. Chen, Q.-K. Xue, X. Ma, and

Y. Wang, Nat. Commun. 2, 574 (2011).

[

19 Shinozaki, Phys. Rev. 122, 388 (1961).

S. S.

20 Q. M. Srivastava and R. Aiyar, J. Phys. C 20, 1119 (1987).

21 7. L. Gilbert, IEEE Trans. Magn. 40, 3443 (2004).

223, A. Bender, R. A. Duine, A. Brataas, and Y.
Tserkovnyak, Phys. Rev. B 90, 094409 (2014).

23 A. 1. Akhiezer, V. G. Baryakhtar, and S. V. Peletminskii,
Spin Waves, edited by G. C. J., R. de Bruyn Ouboter,
and D. de Klerk (North-Holland Publishing Company -
Amsterdam, 1968).

24 1. Fu, Phys. Rev. Lett. 103, 266801 (2009).

25 Y. L. Chen, J. G. Analytis, J-H. Chu, Z. K. Liu, S.-K. Mo,
X. L. Qi, H. J. Zhang, D. H. Lu, X. Dai, Z. Fang, S. C.
Zhang, I. R. Fisher, Z. Hussain, Z.-X. Shen, Science 325,
178 (2009).

26 D. Hsieh, Y. Xia, D. Qian, L. Wray, J. H. Dil, F. Meier, J.
Osterwalder, L. Patthey, J. G. Checkelsky, N. P. Ong, A.
V. Fedorov, H. Lin, A. Bansil, D. Grauer, Y. S. Hor, R. J.
Cava, and M. Z. Hasan, Nature 460, 1101 (2009).

2T X. Kou, L. He, M. Lang, Y. Fan, K. Wong, Y. Jiang, T.
Nie, W. Jiang, P. Upadhyaya, Z. Xing, Y. Wang, F. Xiu,
R. N. Schwartz, and K. L. Wang, Nano Letters 13, 4587
(2013).

28 (C.-Z.Chang, J. Zhang, M. Liu, Z. Zhang, X. Feng, K. Li,
L.-L. Wang, X. Chen, X. Dai, Z. Fang, X.-L. Qi, S.-C.
Zhang, Y. Wang, K. He, X.-C. Ma, and Q.-K. Xue, Adv.
Mater. 25, 1065 (2013).

2 (C.-Z. Chang, J. Zhang, X. Feng, J. Shen, Z. Zhang, M.
Guo, K. Li, Y. Ou, P. Wei, L.-L. Wang, Z.-Q. Ji, Y. Feng,
S. Ji, X. Chen, J. Jia, X. Dai, Z. Fang, S.-C. Zhang, K. He,
Y. Wang, L. Lu, X.-C. Ma, and Q.-K. Xue, Science 340,
167 (2013).

30 Y. Fan, P. Upadhyaya, X. Kou, M. Lang, S. Takei, Z.
Wang, J. Tang, L. He, L.-T. Chang, M. Montazeri, G. Yu,
W. Jiang, T. Nie, R. N. Schwartz, Y. Tserkovnyak, and K.
L. Wang, Nature Mater. 13, 699 (2014).

31 X. F. Kou, W. J. Jiang, M. R. Lang, F. X. Xiu, L. He, Y.
Wang, Y. Wang, X. X. Yu, A. V. Fedorov, P. Zhang, and
K. L. Wang, J. Appl. Phys. 112, 063912 (2012).

32 J. G. Checkelsky, Jianting Ye, Yoshinori Onose, Yoshihiro
Iwasa and Yoshinori Tokura, Nature Phys. 8, 729(2012).

33 Y. L. Chen, J. H. Chu, J. G. Analytis, Z. K. Liu, K.

Igarashi, H. H. Kuo, X. L. Qi, S. K. Mo, R. G. Moore,

D. H. Lu, et al., Science 329, 659 (2010).



