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Spin-Seebeck effect on the surface of a topological insulator due to nonequilibrium
spin-polarization parallel to the direction of thermally driven electronic transport
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We study the transverse spin-Seebeck effect (SSE) on the surface of a three-dimensional topological insulator
(TI) thin film, such as Bi2 Se3 , which is sandwiched between two normal metal leads. The temperature bias
T applied between the leads generates surface charge current which becomes spin polarized due to strong
spin-orbit coupling on the TI surface, with polarization vector acquiring a component Px  60% parallel to the
direction of transport. When the third nonmagnetic voltage probe is attached to the portion of the TI surface
across its width Ly , pure spin current will be injected into the probe where the inverse spin Hall effect (ISHE)
converts it into a voltage signal |VISHE |max /T  2.5 μV/K (assuming the SH angle of the Pt voltage probe and
Ly = 1 mm). The existence of predicted nonequilibrium spin polarization parallel to the direction of electronic
transport and the corresponding electron-driven SSE crucially relies on orienting quintuple layers (QLs) of Bi2 Se3
orthogonal to the TI surface and tilted by 45◦ with respect to the direction of transport. Our analysis is based on
the Landauer–Büttiker-type formula for spin currents in the leads of a multiterminal quantum-coherent junction,
which is constructed by using nonequilibrium Green function formalism within which we show how to take into
account arbitrary orientation of QLs via the self-energy describing coupling between semi-infinite normal metal
leads and the TI sample.
DOI: 10.1103/PhysRevB.89.195418
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I. INTRODUCTION

The spin-Seebeck effect (SSE) is a recently observed phenomenon where spin current or spin accumulation is induced
by a temperature gradient applied across a ferromagnetic
material [1,2]. At first sight, the SSE appears to be a counterpart
of the traditional charge-Seebeck effect (CSE) where the
temperature gradient across a conductor induces electrical
current (in closed circuits) or voltage (in open circuits).
However, the SSE has been observed in a surprisingly wide
range of materials, including ferromagnetic insulators where
the CSE does not exist [1,2].
In the so-called transverse SSE measurement geometry,
illustrated in Fig. 1, a temperature gradient applied longitudinally over a strip of magnetic material induces a spin signal
detected by measuring voltage VISHE generated via the inverse
spin Hall effect (ISHE) in the nonmagnetic metallic probe
(such as Pt) attached on top of the strip across its width. The
voltage signal VISHE is found to be approximately linear (in
ferromagnetic metals and insulators [2]) or a hyperbolic sine
(in ferromagnetic semiconductors [3]) function of the probe
position in the longitudinal direction over the length of several
millimeters. Since this is surprisingly long when compared
to the usual electronic spin-dependent length scales, recent
theories of the SSE have focused on the interplay of magnons
and phonons out of equilibrium [4].
On the other hand, the role of spin-polarized conduction
electrons in SSE generation has been much less explored.
The need for this has been prompted by the very recent
experimental [5] unveiling of “giant” VISHE (up to a thousand
times larger than observed in measurements on magnetic
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FIG. 1. (Color online) Schematic view of the three-terminal junction where a thin film of Bi2 Se3 is attached to two nonmagnetic
metallic leads kept at different temperatures T1 > T2 . The SSE voltage
signal VISHE is measured across the edges of the third nonmagnetic
metallic lead attached to the top TI surface a function of its position
along the x axis. This lead acts as voltage probe attached to a
macroscopic reservoir at potential V3 to ensure zero net charge current
through it. We orient quintuple layers of Bi2 Se3 at an angle of 45◦
with respect to the direction (x axis) of electron propagation on the
TI surface that is orthogonal to these layers.

materials [2]) in the transverse SSE setup where a nonmagnetic
semiconductor InSb was placed in a large longitudinal (parallel
to the temperature gradient) external magnetic field. Aside
from the magnitude of VISHE , which is speculated to arise in the
interplay of spin-orbit coupling (SOC) and enhancement of the
phonon drag contribution to both the spin- and charge-Seebeck
coefficients for electrons pushed into the ultraquantum limit
by the applied magnetic field, another puzzle for SSE theories
posed by Ref. [5] is that VISHE did not change sign under the
reversal of the magnetic-field direction.
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FIG. 2. (Color online) The components (Px ,Py ,Pz ) and the magnitude |P| of the spin-polarization vector of charge current outflowing
into lead 2, after unpolarized charge current is injected from lead 1 into
the two-terminal version of the junction in Fig. 1. These are plotted
vs (a) the Fermi energy EF and (b) the length Lx of the TI film.
The linear response charge conductance of the same two-terminal
junction is shown vs (c) the Fermi energy and (d) the inverse length
1/Lx .

Here we show that basic phenomenology of the experiment
in Ref. [5] can be recreated without applying any external
magnetic field. The role of the magnetic field was to spin
polarize electrons in the direction of transport (by means of
Zeeman splitting, further amplified by SOC in InSb), as well
as to confine their spatial motion so that electrons spiral in
the yz plane (with cyclotron orbits that are quantized into
Landau levels) as they translate along the x axis. In order to
generate the same spin polarization along the electron transport
direction, we employ a thin film of a recently discovered threedimensional topological insulator (3D TI) material, such as
Bi2 Se3 assumed here, which is attached to three normal (i.e.,
nonmagnetic) metal (N) leads, as illustrated in Fig. 1.
The 3D TI materials [6] possess a usual band gap in
the bulk, while hosting metallic surfaces whose low-energy
quasiparticles are massless Dirac fermions with spins locked
to their momenta due to strong Rashba-type SOC [7]. In
particular, Bi2 Se3 realization of TI is a strongly anisotropic
material composed of quintuple layers (QLs) of Bi and Se
atoms, where one QL consists of three Se layers strongly
bonded to two Bi layers in between [6]. While Bi2 Se3 is always
unintentionally n-type doped by Se vacancies, charge carriers
in the bulk of films of thickness 10 nm can be completely
removed by a gate electrode [8].
One of the key effects [9–12] that 3D TIs bring into
spintronics is nonequilibrium spin density in the direction
transverse to injected unpolarized charge current, which is
much larger [11] than in the case [13–15] of two-dimensional
electron gases (2DEGs) with the Rashba SOC. Our first
principal result [see Figs. 2(a) and 2(b)] demonstrates that
additional component of nonequilibrium spin density and
polarization can be induced in the direction parallel to injected
charge current, on the proviso that QLs are oriented as shown

FIG. 3. (Color online) (a) The SSE signal VISHE /(Ly T ) as a
function of the position of N lead 3 in Fig. 1 displaced between the
contacts with N leads 1 and 2 sandwiching TI samples of length
Lx = 100a or Lx = 200a. (b) Dependence of |VISHE |max /(Ly T ) on
the Fermi energy EF . (c) Voltage V3 Ly /T applied to N lead 3 in
order to bring the net charge current I3 ≡ 0. (d) Conventional charge
and spin-dependent Seebeck coefficients vs EF for the two-terminal
version of the junction in Fig. 1.

in Fig. 1. Our second principal result [see Figs. 3(a)–3(c)]
shows that this indeed makes possible a nonzero SSE signal in
the three-terminal geometry of the junction depicted in Fig. 1.
The paper is organized as follows: In Sec. II we employ
the nonequilibrium Green function (NEGF) formalism [16]
to obtain the Landauer–Büttiker-type (LB-type) formula for
spin currents in the leads of a multiterminal quantum-coherent
junction driven by both voltage bias and temperature bias in the
linear-response regime. Section III explains our Hamiltonian
model for the TI film, as well as the construction of the retarded
GF for an open system TI + semi-infinite N leads where the
orientation of QLs shown in Fig. 1 is taken into account through
the self-energy entering the retarded GF. In Sec. IV we analyze
the spin-polarization vector of the charge current, as well as
charge conductance, for a TI film attached to two N leads. In
Sec. V we predict the magnitude of the voltage signal generated
across the third N lead in the three-terminal junction depicted
in Fig. 1, while also contrasting its features with those of
conventional charge and spin-dependent Seebeck coefficients
that would be measured between terminals 1 and 2 in Fig. 1.
We conclude in Sec. VI.
II. SPIN CURRENTS IN MULTITERMINAL
QUANTUM-COHERENT CONDUCTORS DRIVEN
BY VOLTAGE AND TEMPERATURE BIASES
↑

↓

We use the same units for the total charge Ip = Ip + Ip
↑
↓
and total spin IpSα = Ip − Ip currents flowing through lead p,
which are constructed from spin-resolved charge currents Ipσ
with the spin quantization axis for σ = ↑,↓ chosen along eα .
There has been a lively debate [17,18] in the literature on the
proper derivation of the multiterminal LB-type formula [19]

195418-2

SPIN-SEEBECK EFFECT ON THE SURFACE OF A . . .

PHYSICAL REVIEW B 89, 195418 (2014)

which connects spin current IpSα flowing through the semiinfinite ideal (i.e., charge- and spin-interaction-free) metallic
lead p attached to a quantum-coherent conductor due to
voltages Vp applied at the external macroscopic reservoirs into
which the leads terminate at infinity. The debate was spurred by
one of the early derivations [20], using the traditional scattering
matrix framework [19], which predicted unphysical IpSα = 0
in equilibrium Vp = const.
Here we derive LB-type formula for spin currents driven by
both voltage and temperature biases. We bypass the issue of
unphysical equilibrium total spin currents [17,18] by starting
from the outset from a general NEGF-based expression for
spin current in lead p:

e
>
>
<
IpSα =
dETr{σ̂α [ <
p (E)G (E) −  p (E)G (E)]}. (1)
h
This is actually the difference of spin-resolved charge currents
given by the well-known Meir–Wingreen formula [16], where
(σ̂x ,σ̂y ,σ̂z ) is the vector of the Pauli matrices. The two fundamental objects of the NEGF formalism—the retarded G(E)
and the lesser G< (E) = G(E) < (E)G† (E) GFs—describe
the density of available quantum states and how electrons
occupy those states, respectively [16].
In the elastic transport regime 
the lesser self-energies,
<
<
<
p (E) = ifp (E) p (E) and  =
p  p (E), are expressible in terms of the retarded self-energies  p (E) using
 p = i[ p (E) −  †p (E)] and fp (E) as the Fermi distribution
of electrons within the reservoirs. This makes it possible to
rewrite Eq. (1) for the total spin current in lead p as

e
IpSα =
dETr[σ̂α  q (E)G(E) p (E)G† (E)]
h q
× {fp (E) − fq (E)}.

be applied to convert this lead into a voltage probe employed
in SSE experiments.
Using the spin-dependent transmission function T21α (E) =
Tr[σ̂α  2 (E)G(E) 1 (E)G† (E)] of the two-terminal version
of the junction in Fig. 1, we can compute the following
integrals [21,22]:

1 ∞
∂f
α
Kn (μ) =
dET21α (E)(E − EF )n −
, (5)
h −∞
∂E
which yield the three spin-dependent Seebeck coefficients
α
= K1α /(eT K0α ) for the chosen Pauli matrix σ̂α , or
Sspin
the charge-Seebeck coefficient Scharge = K1 /(eT K0 ) when
σ̂α → σ̂0 .
III. HAMILTONIAN AND RETARDED GREEN FUNCTION
FOR MULTITERMINAL
TOPOLOGICAL-INSULATOR-BASED JUNCTIONS

The junction in Fig. 1 is modeled on the simple cubic lattice
with lattice spacing a, which is assumed to be periodically
repeated in the y direction. The TI thin film has finite length
Lx , while it is sufficiently thick, Lz = 30a, to ensure no
coupling between the top and the bottom metallic surfaces
which penetrate as evanescent states into the bulk of the TI
film and whose overlap would open a minigap at the Dirac
point (DP) in ultrathin films [23]. The TI thin film is described
using the minimal tight-binding Hamiltonian with four orbitals
per site [24]:
 †
HTI =
cn,ky [M0 + C1 + Ty eiky a + T†y e−iky a ]cn,ky
n,ky

+

Note that the usual expression [19] for the total charge current
Ip in lead p is the same as Eq. (3), except that σ̂α → σ̂0 where
σ̂0 is the unit 2 × 2 matrix.
Applying Eq. (3) to the three-terminal junction in Fig. 1
gives
3 
e 2 Ly 
IpSα =
dEdky Tr[σ̂α  q (E)G(E) p (E)G† (E)]
2π h q=1



∂f E − EF
(Tp − Tq ) − (Vp − Vq ) ,
(4)
×
∂E
eT
where we use T1 > T2 , T3 (x) = T1 − x(T1 − T2 )/Lx , and
V1 = V2 = V3 . By imposing the condition Ip = 0 in one of
the leads, such as lead p = 3 in Fig. 1, the linear system of
equations in Eq. (4) can be solved to find voltage V3 that has to

†

cn,ky Tα cn+eα ,ky + H.c. ,

(6)

n,ky ,α=x,z

(2)

By expanding fp (E) − fq (E) to linear order in Tp − Tq and
Vp − Vq , we finally get the desired multiterminal LB-type
formula for spin current driven by both temperature and
voltage biases in the linear-response regime:

e2 
IpSα =
dETr[σ̂α  q (E)G(E) p (E)G† (E)]
h q



∂f E − EF
(Tp − Tq ) − (Vp − Vq ) .
×
(3)
∂E
eT



where Tα = B σ̂z ⊗ σ0 − iAσ̂x ⊗ σ̂α /2, M0 = (M − 6B)σ̂z ⊗
σ̂0 , σ̂0 is the unit 2 × 2 matrix, and 1 = σ̂0 ⊗ σ̂0 . Here, cn,ky =
(ĉ+↑ ,ĉ+↓ ,ĉ−↑ ,ĉ−↓ )T annihilates electrons in different orbitals
on site n with the transverse momentum ky . The numerical
values of the parameters are chosen to be M = 0.3 eV, A =
0.5 eV, and B = 0.25 eV. The bottom of the band of TI is
shifted by C = 3.0 eV.
When applying the in-plane external magnetic field Bx , the
Zeeman term changes to M0 → M0 + σ̂0 ⊗ σ̂x where  =
g μB Bx . We also apply an additional Zeeman term σ̂0 ⊗ σ̂z
with  = 0.5 eV to the bottom TI surface in order to split its
Dirac cone and block current through it.
The semi-infinite N leads made of nonmagnetic metallic
material are described by a tight-binding Hamiltonian with a
single orbital per site:

†
HN =
εn,ky ĉnσ,ky ĉnσ ,ky
n,σ,ky



−γ

†

ĉnσ,ky ĉn+eα ,σ,ky + H.c. .

(7)

n,σ,ky ,α=x,z
†

where the operators ĉnσ (ĉnσ ) create (annihilate) electrons with
spin σ on site n with the transverse momentum ky . The kinetic
energy εn,ky = −2γ cos ky a is equivalent to an increase in the
on-site energy, and the nearest-neighbor hopping is set at γ =
1.0 eV.
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coupling matrices for each N lead p = 1–3 as
τp =

FIG. 4. (Color online) The equilibrium expectation values of the
spin operator for surface-state electrons on the Bi and Se sublattices
as a function of the in-plane momentum p = (px ,py ). The Bi2 Se3
crystal is assumed to fill the half-space z < 0, so that its infinite
surface in the xy plane is orthogonal to its QLs that
√ are also oriented
perpendicularly to the unit vector n = (ex + ey )/ 2, as illustrated in
Fig. 1.

The evaluation of Eq. (4) relies crucially on the construction
of the proper coupling matrix τ between ĤTI in Eq. (6)
and ĤN in Eq. (7) since τ enters into the retarded GF.
For example, the Hamiltonian of the composite system
semi-infinite-N–lead-1 + TI-thin-film is given by

HN
τ1
HN+TI =
.
(8)
†
τ 1 HTI
The retarded GF of the TI film alone, viewed as an open
quantum system, is defined by [16,19]
G(E) = [E − HTI −  1 (E)]−1 .

(9)

Here the retarded self-energy introduced by the semi-infinite
N lead 1 is
†

 1 (E) = τ 1 · g(E) · τ 1 ,

(10)

and (η is positive infinitesimal)
g(E) = [E + iη − HN ]−1 ,

(11)

is the retarded GF [16,19] of N lead 1. The same procedure
would be repeated when more than one N lead is attached to
the TI thin film to get
G(E) = [E − HTI −  1 (E) −  2 (E) −  3 (E)]−1 ,

(12)

for the three-terminal junction in Fig. 1.
The conventionally assumed identical orientation of spin
(i.e., expectation value of the spin operator) on Bi and Se
sublattices, where spin on both sublattices follow “helical”
texture shown in Fig. 4 for Bi sublattice, is valid only on
the (111) surface of the TI crystal that coincides with the
plane of the QL. For a TI surface other than (111), the spin
operators for electrons residing on the Bi and Se sublattices
are inequivalent [25]. Nevertheless, for interpreting spin- and
angular-resolved photoemission spectroscopy (spin-ARPES)
experiments [6] or for attaching the TI sample to N leads,
where photoelectrons or electrons injected or absorbed from
N leads do not carry a sublattice index, it is advantageous to
select the standard relation between the Pauli matrices and the
spin operator: Ŝ = σ̂ /2.
The spinors uBi and uSe associated with each sublattice
when inequivalent spin operators are used have to be unitarily
transformed [25] to uBi → uBi and uSe → i(σ̂ · n)uSe . Here
n is the unit vector normal to the QL. This specifies 2 × 4

tBi
0

0
tBi

inz tSe
(inx − ny )tSe

(inx + ny )tSe
.
−inz tSe

(13)

For the setup in Figs. 1 and 4 we use n = (110) in Eq. (13).
In addition, the hopping parameters between orbitals in the
N leads and those on the Bi or Se sublattice are chosen as
tBi = 0.4 eV for leads 1 and 2;, tBi = 0.45 eV for lead 3,
tSe = 0.8 eV for leads 1 and 2, and tSe = 0.9 eV for lead 3.
IV. NONEQUILIBRIUM SPIN POLARIZATION
IN TWO-TERMINAL TOPOLOGICAL-INSULATOR-BASED
JUNCTIONS

When unpolarized charge current is injected from N lead
1, the ensemble of outgoing spins in N lead 2 of the N1 /TI/N2
two-terminal junction is characterized by the spin-density
out
matrix ρ̂spin
= 12 (1 + P · σ̂ ) whose polarization vector is given
Sα
by Pα = Ip /Ip for such a setup. We first demonstrate in
Fig. 2(a) that an unpolarized charge current injected from N
lead 1 into the top surface of a two-terminal junction (i.e., when
the third N lead in Fig. 1 is removed) will exit into N lead 2
with nonzero spin-polarization vector P = (Px ,Py ,Pz ) which
includes a component Px = 0 in the direction of transport.
Since Dirac fermions on the opposite surfaces of the TI have
opposite chiralities, which generates opposite spin polarization
for currents flowing through the top and bottom surface that
would cancel in the total current in N lead 2, we block transport
through the bottom surface by introducing an energy gap into
its Dirac cone (e.g., due to coating by magnetic film [26]),
as explained in Sec. III. Figure 2(b) reveals that current
spin-polarization is established on a very short length scale
of 10 lattice spacings, so that this mechanism can operate
near or under the contacts with N leads even in the presence
of inevitable spin or charge dephasing mechanisms (the spin
dephasing time for the in-plane spin components on the surface
of the TI is the same as the momentum relaxation time [9]).
Although the g factor in the Zeeman term −g μB Bx σ̂x
introduced by the external magnetic field applied parallel to
the top and bottom surfaces of Bi2 Se3 is renormalized [7] to
g = 23 due to strong SOC effects [27], changing its sign
Bx → −Bx has virtually no effect on the spin-polarization
vector governed by the strong surface SOC. For example,
Px = 0.605 (at EF = 3.04 eV selected for illustration) in
zero magnetic field Bx = 0 is virtually indistinguishable from
Px = 0.609 at large external magnetic field Bx = −10 T
applied opposite to the direction of electron transport. Thus, the
same mechanism—momentum-dependent effective magnetic
field associated with SOC which is much stronger than any
external one—can be invoked to explain why VISHE did not
change sign upon reversing Bx → −Bx in the experiment of
Ref. [5]. This requires that a 2D hole gas (see Fig. 1 in Ref. [5])
formed at the interface between Pt probe and InSb has SOC
with a component of its effective magnetic field pointing in the
direction of transport (as it would be the case in the presence
of the Dresselhaus SOC [7]).
At first sight, the surface of the 3D TI is expected to spin
polarize charge current in the transverse direction only [9–12],
Py = 0 while Px = Pz = 0. This is due to the fact that the
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Dirac-cone energy-momentum dispersion on the surface of
the TI and spin-orthogonal-to-momentum locking within it,
as observed in spin-ARPES experiments [6], is routinely
described by an effective 2D Hamiltonian [6,24] taking the
form of the massless Rashba model [7], Ĥ = vF (σ̂ × p̂) · ez .
Here, vF is the Fermi velocity, p̂ = (p̂x ,p̂y ) is the momentum
operator in 2D, and σ̂ = (σ̂x ,σ̂y ,σ̂z ) is the vector of the
Pauli matrices. Thus, when charge current flows on the TI
surface longitudinally, this Hamiltonian predicts induction of
nonequilibrium transverse spin density [9–11] Sy and the corresponding spin-polarization Py = 0 of the current outflowing
into the attached N leads [12]. This effect is the counterpart
of the one predicted long ago [13,14] and observed in recent
experiments [15], for the Rashba spin-split 2DEGs, except
that Sy on the TI surface is larger by a factor vF /α  1 (the
Rashba SOC term in 2DEGs is given by [7] α(σ̂ × p̂) · ez /).
However, such a conclusion is an artifact of a naı̈ve
identification of σ̂ operator with the true electron spin, which
becomes invalid when the TI surface does not coincide with
the QL plane [25]. Since low-energy Hamiltonian models [24]
of Bi2 Se3 operate with the pseudospin degree of freedom
describing states with support on the Bi and Se sublattices,
the attachment of the TI thin film to semi-infinite N leads
that inject or absorb electrons carrying real spin requires the
proper interpretation of their mutual coupling when studying
spin-dependent electron transport. Aligning QLs of Bi2 Se3
perpendicularly to the infinite TI surface in the xy plane,
and at an angle of 45◦ with respect to the yz plane, will
generate a difference in spin textures on the two sublattices
shown in Fig. 4. This motivates our proposal for the junction
setup in Fig. 1, where longitudinal spin polarization [Px = 0
in Figs. 2(a) and 2(b)] is driven by the surface-state electrons
on the Se sublattice. This emerges in addition to the amply
studied (in the diffusive regime [9–11] or in the ballistictransport [12] regime) transverse nonequilibrium spin density
and polarization [Py = 0 in Figs. 2(a) and 2(b)] that is
predominantly generated by the Bi sublattice. Note that Pz
component in Fig. 2(a) and 2(b) remains nonzero even if both
surfaces are open for transport, or if the cross section in the
yz plane becomes infinite, since it originates from electrons
tunneling through the bulk of the TI.
Figure 2(c) plots the linear-response conductance G =
limVb →0 I2 /Vb of the TI thin film attached to two N leads as a
function of the Fermi energy EF when small bias voltage Vb =
V1 − V2 drives charge current I2 . The G vs EF dependence
exhibits a V shape (slightly asymmetric due to the attached
N leads) familiar from graphene [28,29], with a minimum
conductivity σ = GLx /Ly reached at the DP located at
EF = 3.0 eV. Even though the density of states vanishes at
the DP so that σ should apparently approach zero at the DP,
for this ballistic junction it remains nonzero due to evanescent
wave functions injected by the metallic N leads. While they
are similar to the well-known metal-induced gap states in
metal-semiconductor junctions, such states typically penetrate
only a few atomic lengths into the semiconductor where the
depth of penetration decreases with increasing band gap. On
the other hand, evanescent states in N/TI junctions penetrate
a much longer distance due to the zero-energy gap at the DP,
as observed also in N/graphene junctions [30]. Figure 2(d)
β
shows accidental (β ≈ 1) Ohmic scaling G ∝ Ly /Lx (for

Ly /Lx  1) at the DP, so that evanescent mode quantum
transport in N/TI or N/graphene junctions is termed [29]
“pseudodiffusive.”

V. VOLTAGE SIGNAL OF SPIN-SEEBECK EFFECT IN
THREE-TERMINAL TOPOLOGICAL-INSULATOR-BASED
JUNCTIONS

When the third N lead, assumed to be made of a heavy
metal with sufficiently large [31] SH angle θSH , is attached
to the top surface of the TI, as shown in Fig. 1, spin current
I3Sα will be injected into it. Besides using temperature bias
T = T1 − T2 = 2 K at the average temperature T = (T1 +
T2 )/2 = 50 K to drive the SSE, we also apply voltage V3 to the
macroscopic reservoir (attached to N lead 3 at infinity) in order
to ensure that net charge current through it remains zero I3 ≡ 0
and I3Sα = 0 is pure. The profile of V3 across the TI thin film is
plotted in Fig. 3(c). We assume that the reservoir temperature
T3 (x) = T1 − x(T1 − T2 )/Lx decreases linearly as N lead 3 is
displaced between the contacts of TI film with N lead 1 and 2.
The central quantity in the theories [4] of the transverse
SSE is the I3Sx component of the pure spin current injected
into N lead 3, which we compute per lattice spacing a because
of assumed periodicity of system in Fig. 1 in the y direction.
Since I3Sx carries spins pointing along the x axis, the ISHE
mechanism illustrated in Fig. 1 will accumulate charges on
the opposite edges of N lead 3 in the transverse direction.
These generate the electric field EISHE and the corresponding
y
Pt Sx
voltage signal [4] VISHE = EISHE Ly = θSH
I3 eρ Pt /W . To
facilitate comparison with experiments [3,5], Fig. 3 plots
VISHE /(Ly T ) which has the same units (after multiplying
the results in Fig. 3 by Ly ) as the conventional charge-Seebeck
coefficient Scharge = −(V1 − V2 )/(T1 − T2 ) measured [28]
on two-terminal junctions. For this purpose, we assume that
I3Sx is converted into VISHE via the ISHE operating within N
lead 3 of width W = 6a which is made of Pt with resistivity
Pt
ρ Pt = 105 n m and with putative [31] SH angle θSH
= 0.08.
The dependence of VISHE /(Ly T ) on the position of N
lead 3 shown in Fig. 3(a) is asymmetric, thereby exhibiting a
fundamental property of the transverse SSE where its signal
changes sign between cold and hot ends of the sample [2,3,5].
The maximum signal |VISHE |max /(Ly T ) is reached around
the sample edges and is independent of length Lx , as shown in
x
Fig. 3(a). Unlike the spin-dependent Seebeck coefficient Sspin
plotted in Fig. 3(d), which quantifies spin current injected
into N lead 2 due to the temperature bias applied to the twoterminal version of the junction in Fig. 1, |VISHE |max /(Ly T )
vs EF within the bulk gap of the TI plotted in Fig. 3(b) is
unrelated to the conventional CS coefficient Scharge . Note that
x
and Scharge in Fig. 3(d) exhibit the same dependence
both Sspin
on EF as Scharge measured on graphene [28]. This is due to the
fact that electron- and hole-like transport contribute to these
x
coefficients of opposite sign, so that Sspin
= Scharge ≡ 0 exactly
at the DP while reaching their maximum absolute value few
kB T away from it.
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VI. CONCLUDING REMARKS

In conclusion, we predict that thermally driven charge
current on the surface of 3D TI thin film, realized using
Bi2 Se3 whose QLs are oriented at an angle of 45◦ with respect
to the direction of transport while being perpendicular to
the TI surface (see Fig. 1), will become spin-polarized due
to strong surface SOC. In addition to amply studied [9–12]
nonequilibrium transverse spin polarization on the TI surface
parallel to QLs, for the orientation of QLs we propose in
Fig. 1, the spin-polarization vector will acquire an additional
component parallel to the direction of charge transport which
is generated by the Se sublattice. This makes it possible
to recreate the phenomenology of the electron-driven SSE
recently observed in InSb [5], but in the absence of any
external magnetic field. The predicted magnitude of the SSE
signal shown in Figs. 3(a) and 3(b) can be translated into an
experimentally measurable voltage by multiplying it by Ly
and T , e.g., |VISHE |max  5 μV if we assume Ly = 1 mm,
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