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We theoretically consider a junction composed of a ferromagnetic insulator (FI) and a two-
dimensional electron gas (2DEG) with Rashba- and Dresselhaus-type spin-orbit interactions. Using
the Boltzmann equation, we calculate an electric current in 2DEG induced by the inverse Edelstein
when imposing the temperature difference between FI and 2DEG. We clarify how the induced cur-
rent depends on the magnetization direction of FI, spin texture on the Fermi surface of 2DEG, and
temperature. Our result provides an important foundation for an accurate analysis of the inverse
Edelstein effect induced by thermal spin injection.

I. INTRODUCTION

Spin-charge conversion in two-dimensional electron gas
(2DEG) is one of the key ingredients in modern spin-
tronics technology. In a system without spatial inver-
sion symmetry, the spin polarization is generated by ap-
plying a charge current. This phenomenon is called the
Rashba-Edelstein effect (REE) [1–11] or the inverse spin-
galvanic effect [12, 13]. In contrast, its inverse effect,
that is, the generation of charge currents from spin po-
larization, is called the inverse Rashba-Edelstein effect
(IREE) [7, 14, 15] or the spin-galvanic effect [6, 16–21].
These spin-charge conversion phenomena in 2DEG are
now becoming important in the field of semiconductor
spintronics [11, 22–27].

In the last decade, spintronic devices that combine
REE or IREE with standard methods of spintronics
have been under intense investigation. For example,
spin pumping [28–30] caused by ferromagnetic resonance
(FMR) has been used to generate electron spins from an
ferromagnet into an adjacent system. This technique has
been combined with IREE for spin-charge conversion in
various materials [14, 31–58].

Recently, spin-charge conversion using IREE and
thermal-gradient-induced magnon spin current has been
demonstrated in 2DEG at the EuO–KTaO3 heterostruc-
ture [59]. In this experiment, a large spin Seebeck coeffi-
cient was observed in comparison to the standard setup,
i.e., the Pt/YIG heterostructure with the same thickness
for magnetic layer, suggesting a potential application to
spintronics devices. The current generation in this sys-
tem is governed by a spin-momentum locking due to the
strong Rashba spin-orbit interaction originating from the
5d atomic orbit at the tantalum atom [26, 27].
A similar spin-charge conversion due to thermal spin

injection is expected to occur in semiconductor junctions
such as the GaAs–Fe interface, in which two types of
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FIG. 1. (a) A magnetic junction composed of a ferromagnetic
insulator (FI) and two-dimensional electron gas (2DEG).
(b) Coordinate transformation between the laboratory frame
(x, y, z) and the frame (x′, y′, z′) fixed to the spin orientation
in the FI. We define θ as an angle between the spin orienta-
tion and the x axis.

spin-orbit interactions, namely, Rashba and Dresselhaus
spin-orbit interactions coexist [10, 60, 61]. Several stud-
ies on REE and IREE for 2DEG have been performed
in semiconductor heterostructures [20, 62–85] and IREE
combined with spin pumping has begun to be theoret-
ically studied recently [86–89]. However, a microscopic
theory of IREE for thermal spin injection has not been
provided so far.
In this paper, we theoretically discuss IREE induced

by thermal spin injection. We consider a magnetic junc-
tion composed of 2DEG and a ferromagnetic insulator
(FI) as shown in Fig. 1(a). In our work, we set the tem-
peratures of 2DEG and FI as T and T +∆T and explain
the inverse Edelstein effect in the case of ∆T > 0 al-
though our theory can also describe the opposite case.
We introduce the x-y coordinate in the plane of 2DEG
and denote the azimuth angle θ of the spin in FI (see
Fig. 1(b)). To clarify the effect of the spin-momentum
locking, we consider two types of spin-orbit interactions,
i.e. the Rashba and Dresselhaus spin-orbit interactions.
For simplicity, we consider the case that the strength
of these spin-orbit interactions is much larger than the
temperature and energy broadening of electron scatter-
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ing and much smaller than the Fermi energy. We note
that the effect of the spin-momentum locking is most ef-
fective in this condition. For describing non-equilibrium
steady states of 2DEG, we derive the Boltzmann equation
in which interfacial electron scattering at the interface
evolving spin flipping is taken into account in terms of
the collision term. For this magnetic junction, we clarify
how the induced current depends on the azimuth angle
θ of the spin in the FI, the temperature, and the ratio
of the Rashba and Dresselhaus interactions. This study
provides an important foundation for an accurate analy-
sis of the inverse Edelstein effect induced by thermal spin
injection into 2DEG.

II. MODEL

The Hamiltonian for a 2D electron system coupled with
a ferromagnetic insulator is given by the following expres-
sion:

H = Hkin +Himp +HFI +Hint, (1)

where Hkin represents the kinetic energy and spin-orbit
interaction of 2DEG, Himp accounts for impurities in
2DEG, HFI describes the FI, and Hint characterizes the
interface between 2DEG and FI. Detailed explanations
for each term are provided in the subsequent sections. In
the following, we use the laboratory coordinate (x, y, z)
so that the xy plane is parallel to the 2DEG (see Fig. 1).

A. Two-dimensional electron gas (2DEG)

The kinetic term Hkin of 2DEG is expressed as follows:

Hkin =
∑
k

∑
σσ′

c†kσ(ĥk)σσ′ckσ, (2)

ĥk = ξkÎ + α (kyσx − kxσy) + β (kxσx − kyσy) , (3)

where k = (kx, ky) is the two-dimensional wavenumber
of the electrons, σ, σ′ (=↑, ↓) indicates a electron spin,
ξk = ℏ2k2/2m∗ − µ is the kinetic energy measured from
the chemical potential µ, m∗ is the effective mass, I is
a 2 × 2 identity matrix, and σ = (σx, σy, σz) denotes
Pauli matrices. The strengths of the Rashba-type and
Dresselhaus-type spin-orbit interactions are denoted by

α and β, respectively. The matrix ĥk is rewritten as

ĥk = ξkÎ − heff(k) · σ, (4)

where heff(k) denotes an effective Zeeman field acting on
the electrons:

heff(k) = k

 −α sinφ− β cosφ
α cosφ+ β sinφ

0

 , (5)

where we have introduced the polar representation k =
(k cosφ, k sinφ) for the electron wavenumber. By diago-

nalizaing the matrix ĥk, the energy eigenvalue Ekγ and
eigenvector ukγ are obtained as

Ekγ = ξk + γ|heff(k)|, (6)

(ukγ)σ =
C(φ)√

2
δσ,↑ +

γ√
2
δσ,↓, (7)

where γ = ±1 assigns the spin-splitting bandand, C(φ) =

−ĥeff,x(φ) + iĥeff,y(φ), and ĥeff(φ) = heff(k)/|heff(k)| is
a unit vector pointing to the effective Zeeman field. We
note that the spin of the state γ = +1 (−1) points to the

opposite (the same) direction to ĥeff .
We consider impurities in 2DEG whose potential en-

ergy is described by the delta function as v(r) = v0δ(r).
The Hamiltonian of the impurities is written as

Himp =
v0
A

∑
k,q,σ

ρimp(q)c
†
k+qσckσ, (8)

where A is an area of 2DEG, ρimp(q) =
∑

i e
−iq·Ri and

Ri denotes the position of the impurity.

B. Ferromagnetic insulator (FI)

We assume that the spins in the FI are aligned in the
in-plane (xy) direction, as shown in Fig. 1. We define
the azimuth angle of the spin measured from the x axis
as θ (see Fig. 1(b)). Then, the average of the localized
spin in the FI is given as ⟨Si⟩ = (S0 cos θ, S0 sin θ, 0),
where S0 denotes the amplitude of the localized spin. To
apply the spin-wave approximation, we introduce a new
coordinate (x′, y′, z′) in which the x′ axis is taken in the
direction of the spin in the FI. Using this new coordinate,
the Hamiltonian of the FI is given as

HFI =
∑
⟨i,j⟩

J(Sx′

i Sx′

j + Sy′

i Sy′

j + Sz′

i Sz′

j )− hdc

∑
i

Sx′

i ,

(9)

where Si = (Sx′

i , Sy′

i , Sz′

i ) is the spin operator of the FI,
⟨i, j⟩ indicates a pair of neiboring sites, J is the exchange
interaction, and hdc is an external magnetic field. Using
the Holstein-Primakoff transformation, the spin opera-
tors can be expressed with annihilation and creation op-
erators of the magnon as

Sx′−
i ≃

√
2S0b

†
i , (10)

Sx′+
i ≃

√
2S0bi, (11)

Sx′

i = S0 − b†i bi. (12)

The Hamiltonian is rewritten in the leading term with
respect to 1/S0 as

HFI =
∑
q

ℏωqb
†
qbq, (13)

where bq is a Fourier transformation of bi, ℏωq = hdc +
Dq2 is a magnon dispersion, and D is a spin stiffness.
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C. Interfacial exchange interaction

The Hamiltonian for the interfacial exchange interac-
tion is given as

Hint =
∑
q∥,qz

(
TqS

x′+
q sx

′−
q∥

+ T ∗
qS

x′−
q sx

′+
q∥

)
, (14)

where q∥ = (qx, qy) is the in-plane component of the mo-
mentum transfer q = (qx, qy, qz). Here, we assumed con-
servation of the in-plane momentum, which is expected

to hold for a clean interface [90], and sx
′±

q = sy
′

±q ± isz
′

±q

is an Fourier transformation of spin ladder operators for
electrons of 2DEG in the coordinate (x′, y′, z′):

sx
′

q = cos θsxq + sin θsyq, (15)

sy
′

q = − sin θsxq + cos θsyq, (16)

sz
′

q = szq. (17)

Here, saq is the spin operators in the laboratory coordi-
nate:

saq =
1

2

∑
σσ′

∑
k

c†kσ(σa)σσ′ck+qσ′ , (a = x, y, z). (18)

Combining these equations, we obtain

sx
′±

q =
1

2

∑
σσ′

∑
k

c†kσ(σ̂
x′±)σσ′ck±qσ′ , (19)

σ̂x′± = − sin θ σx + cos θ σy ± iσz. (20)

Therefore, the Hamiltoninan for the interface is given as

Hint =
∑

k,q,qz

∑
σσ′

(√
2S0Tq

2
bqc

†
kσ(σ̂

x′−)σσ′ck−q∥σ′ + h.c.

)
.

(21)

III. FORMULATION

A. Boltzmann equation

We follow the method based on the Boltzmann equa-
tion in Ref. [89]. We assume that the spin-orbit interac-
tions are much larger than the temperature and energy
broadening owing to the impurity scattering rate, which
is defined later. We also assume that the spin-orbit inter-
actions are much smaller than the chemical potential µ.
Then, the electronic state of 2DEG is described by a dis-
tribution function f(k, γ) for a uniform steady state [84]
and the Boltzmann equation contains only collision terms
as

0 =
∂f(k, γ)

∂t

∣∣∣∣
int

+
∂f(k, γ)

∂t

∣∣∣∣
imp

, (22)

where the first term in r.h.s is an interfacial collision term
due to spin injection from the FI and the second one is

due to impurity scattering. The 2DEG and FI temper-
atures are set as T and T + ∆T , respectively. Within
the linear response to the temperature difference ∆T , we
consider the modification of the distribution function in
the form [91–93]

f(k, γ) ≃ f0(E
γ
k) +

∂f0(E
γ
k)

∂Eγ
k

Φ(k, γ), (23)

where f0(ϵ) = [exp(βϵ) + 1]−1 is the Fermi distribution
function, β = 1/kBT is inverse temperature, and Φ(k, γ)
denotes the shift of the chemical potential, which is pro-
portional to the temperature gradient ∆T .

B. Impurity scattering

The collision term due to impurity scattering is given
as

∂f(k, γ)

∂t

∣∣∣∣
imp

= Γ(k′γ′)→(kγ)f(k
′, γ′)

− Γ(kγ)→(k′γ′)f(k, γ), (24)

where the transition rate Γ(kγ)→(k′γ′) is given by Fermi’s
golden rule as

Γ(kγ)→(k′γ′) =
2π

ℏ
|⟨k′γ′|ĥimp|kγ⟩|2δ(Ek′γ′ − Ekγ).

(25)

The matrix element ⟨k′γ′|ĥimp|kγ⟩ is given from the
Hamiltonian (8) as

⟨k′γ′|himp|kγ⟩ =
v0
A
ρimp(k

′ − k)Aγ′γ , (26)

Aγ′γ =
∑
σ

(uk′γ′)∗σ(ukγ)σ. (27)

We can proceed in calculation, using the relations,

|Aγ′γ |2 =
1 + γγ′ĥeff(φ) · ĥeff(φ

′)

2
, (28)

and ⟨|ρimp(k)|2⟩imp/A = nimp, where nimp is an impurity
density and ⟨· · · ⟩imp indicates an average with respect to
the impurity position Ri. Finally, we obtain

∂f(k, γ)

∂t

∣∣∣∣
imp

=
2πv20nimp

ℏA
∑
k′γ′

1 + γγ′ĥeff(φ) · ĥeff(φ
′)

2

× (f(k′, γ′)− f(k, γ))δ(Ek′γ′ − Ekγ).
(29)

C. Interfacial scattering

The collision term due to the interface scattering is a
sum of magnon absorption (λ = −) and emission (λ = +)
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processes:

∂f(k, γ)

∂t

∣∣∣∣
int

=
∑
λ=±

[Γλ
(k′γ′)→(kγ)f(k

′, γ′)

− Γλ
(kγ)→(k′γ′)f(k, γ)]. (30)

Let us first consider the magnon absorption process. The
transition rate is calculated by Fermi’s golden rule, after
thermal average with respect to the magnon, as

Γ−
(kγ)→(k′γ′) =

2π

ℏ
|⟨k′γ′|ĥ−

int|kγ⟩|
2Nq

× δ(Ek′γ′ − Ekγ − ℏωq)δq∥,k′−k, (31)

where Nq is the Bose distribution function. The matrix

element ⟨k′γ′|ĥ−
int|kγ⟩ is determined from the first term

of the Hamiltonian (21) as

⟨k′γ′|ĥint|kγ⟩ = Tq

√
2S0

2
δq∥,k−k′A−

γ′γ , (32)

A−
γ′γ =

∑
σ′σ

(uk′γ′)∗σ′(σ̂x′−)σ′σ(ukγ)σ. (33)

Using Eq. (7), we obtain∣∣∣A−
γ′γ

∣∣∣2 = (1 + γ′ĥeff(φ
′) · m̂)(1− γĥeff(φ) · m̂), (34)

where m̂ = (cos θ, sin θ, 0) is a unit vector pointing to the
direction of the ordered spin in FI. Using this factor, the
transition rate is written as

Γ−
(kγ)→(k′γ′)

=
πS0|Tq|2

ℏ

∣∣∣A−
γ′γ

∣∣∣2 Nqδq∥,k′−kδ(Ek′γ′ − Ekγ − ℏωq).

(35)

Here, we note that the transition rate takes a maximum

when γĥeff(φ) · m̂ = −γ′ĥeff(φ
′) · m̂ = 1. This is con-

sistent with the fact that the magnon absorption induces
spin flipping to 2DEG electrons in the opposite direction
to the ordered spin. In a similar way, the transition rate
for the magnon emission process is calculated as

Γ+
(kγ)→(k′γ′) =

πS0|Tq|2

ℏ

∣∣∣A+
γ′γ

∣∣∣2 (Nq + 1)δq∥,k−k′

× δ(Ek′γ′ − Ekγ + ℏωq), (36)∣∣∣A+
γ′γ

∣∣∣2 = (1− γ′ĥeff(φ
′) · m̂)(1 + γĥeff(φ) · m̂), (37)

Thus, we finally obtain the collision term due to the in-
terfacial scattering as

∂f(k, γ)

∂t

∣∣∣∣
int

=
πS0

ℏ
∑

k′,q,γ′

|Tq|2
[
|A+

γγ′ |2Fγγ′(q,k,k′)

− |A+
γ′γ |

2Fγ′γ(q,k
′,k)

]
, (38)

Fγγ′(q,k,k′) = [(Nq + 1)f(k′, γ′)(1− f(k, γ))

−Nqf(k, γ)(1− f(k′, γ′))]

× δ(Ekγ − Ek′γ′ + ℏωq)δq∥,k′−k, (39)

where we have used (A±
γ′γ(φ

′, φ))∗ = A∓
γγ′(φ,φ′).

These collision terms reflect the energy conservation
law through the delta function. We note that the typical
magnon energy relevant to spin injection into 2DEG is
given by kBT , which is assumed to be much smaller than
the spin-splitting energy. Therefore, we can safely neglect
the factor ℏωq in the delta function. In the following, we
employ this quasi-elastic approximation.

D. Solution of the Boltzmann equation

We first rewrite the collision terms with integrals, using

1

A
∑
k′

(· · · ) → 1

2π

∫ 2π

0

dφ

2π

∫
dk′(· · · ). (40)

Assuming that the spin-orbit interactions are sufficiently
smaller than the Fermi energy, the delta function in the
collision term is rewritten as

δ(Ek′γ′ − Ekγ)

=
1

ℏvF
δ(k′ − k(φ′, γ′)− k + k(φ, γ)), (41)

where vF = ℏkF/m∗ is the Fermi velocity, kF is the Fermi
wavenumber in the absence of the spin-orbit interaction,
and

k(φ, γ) = kF − γkF
ℏvF

√
α2 + β2 + 2αβ sin 2φ

= kF − 2πγD(EF)
√
α2 + β2 + 2αβ sin 2φ, (42)

is the wavenumber of the Fermi surface in the direction
of φ for the band γ. In the second equation of Eq. (42),
we have used the fact that the density of state per spin
is given as D(EF) = kF/2πℏvF.
We note that the collision terms become zero for the

thermal equilibrium states (∆T = 0). The collision term
due to impurities is calculated up to the first order of ∆T
as

∂f(k, γ)

∂t

∣∣∣∣
imp

=
Γ

ℏ
∑
γ′

∫
dφ′

2π

k − k(φ, γ) + k(φ′, γ′)

kF

× 1 + γγ′ĥeff(φ) · ĥeff(φ
′)

2
× f0(k, γ)(1− f0(k, γ))[Φ(φ

′, γ′)− Φ(φ, γ)], (43)

where Γ = 2πv20nimpD(EF) is the energy broadening due
to impurity scattering. In a similar way, the collision
term due to interfacial scattering is calculated as

∂f(k, γ)

∂t

∣∣∣∣
int

= ∆β
Γint

ℏ
∑
γ′

∫
dφ′

2π

k − k(φ, γ) + k(φ′, γ′)

kF

× −γĥeff(φ) · m̂+ γ′ĥeff(φ
′) · m̂

2
× I(φ− φ′)f0(k, γ)(1− f0(k, γ)), (44)
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where the tunnel matrix element is assumed to be con-
stant (Tq = T̄ ), the interfacial coupling strength is de-
fined as Γint = 2S0d|T̄ |2AD(EF)/a, and a and d denote
the lattice spacing and the thickness of the FI, respec-
tively. The temperature-dependent factor I(φ) is defined
as

I(φ) =

∫ π

−π

d(qza) ℏω(φ, qz)n(φ, qz), (45)

ℏω(φ, qz) = hdc + 4Dk2F sin2
φ

2
+Dq2z , (46)

n(φ, qz) =
1

eβℏω(φ,qz) − 1
. (47)

Combining Eqs. (22) with (43) and (44), we obtain ana-
lytic solution for Φ(k, γ) as

Φ(φ, γ) =
∆T

T

Γint

Γ

[
2γI1(T )ĥ

T
eff(φ)Mm̂

+
I2(T )

ℏvFkF
heff(φ) · m̂(θ)

]
, (48)

where the superscript T indicates vector transpose and
M is a 2× 2 matrix defined as

M =
1

1−D2

(
1 −D

−D 1

)
, (49)

D =
α2 + β2 − |α2 − β2|

2αβ
= min (β/α, α/β), (50)

and the temperature-dependent factors are defined as

I1(T ) =

∫ 2π

0

dφ′

2π

∫ π

−π

d(qza) ℏω(φ, qz)n(φ, qz), (51)

I2(T ) =

∫ 2π

0

dφ′

2π

∫ π

−π

d(qza) ℏω(φ′, qz)n(φ
′, qz) cosφ

′.

(52)

For a detailed derivation, see Appendix A.

IV. INDUCED CURRENT

In this section, we calculate the current induced by
IREE and thermal spin injection. For reference, we de-
scribe the result for spin accumulation and heat current
in Appendices B and C, respectively.

A. Analytic result

The current in 2DEG induced by thermal spin injection
is written with the distribution function as

j =
e

A
∑
k,γ

v(k, γ)f(k, γ), (53)

where v(k, γ) is a velocity defined as

v(k, γ) ≡ 1

ℏ
∂Eγ

k

∂k
=

ℏk
m∗ +

γ

ℏ
∂heff(k)

∂k
. (54)

Replacing the sum with an integral and using
−∂f0(k, γ)/∂Ekγ ≃ δ(k − k(φ, γ))/ℏvF, the current is
rewritten with Φ(φ, γ) as

j =
ekF

2πℏvF

∑
γ

∫
dφ

2π

k(φ, γ)

kF
v(k(φ, γ), φ, γ)Φ(φ, γ),

(55)

v(k(φ, γ), φ, γ) = vF k̂ +
γ

ℏ
2αβ cos 2φ√

α2 + β2 + 2αβ sin 2φ
φ̂,

(56)

where k̂ = (cosφ, sinφ) and φ̂ = (− sinφ, cosφ) are unit
direction vectors. Substituting Eq. (48), the current is
calculated up to the first order of the spin-orbit interac-
tion as

j =
2ekF

2πℏ2vF
∆T

T

Γint

Γ

(
I1(T )−

I2(T )

2

)(
β −α
α −β

)
m̂.

(57)

This is a main result of our work. For a detailed deriva-
tion, see Appendix D.
Let us discuss the qualitative features of the induced

current. The current depends on the temperature only
through the factor I1(T ) − I2(T )/2 (> 0) in Eq. (57),
while it depends on the direction of the ordered spin,
m̂ = (cos θ, sin θ), in the FI through the last part of
Eq. (57). The latter relation is rewritten as

j ∥ α

(
sin θ
cos θ

)
+ β

(
− cos θ
sin θ

)
. (58)

We also note that the current j(α, β) has a symmetry
relation

jx(α, β) = jy(β, α). (59)

This indicates that the induced current for a certain value
of the ratio α/β can be related to that of its inverse, that
is, β/α.

B. Spin-orientation dependence

Next, we discuss how the induced current j = (jx, jy)
depends on the orientation of the ordered spin m =
(cos θ, sin θ). Figure 2(a) and (b) respectively show jx
and jy as a function of the ratio α/β and the azimuth
angle θ ofm. The current is normalized by j′0 = j0∆T/T ,
where

j0 =
8|e|D(EF)Dk2F

√
α2 + β2

ℏ
Γint

Γ
. (60)

As indicated from Eq. (58), the x- and y-component of
the current is proportional to a trigonometric function of
θ and takes a maximum (a minimum) at a specific value
of θ. The position of the maximum (minimum) changes
as the ratio α/β increases.
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(b)

(a)

A B

A B

C
D

A B

C
D

C D

FIG. 2. Contour plots of the current density j = (jx, jy) of 2DEG induced by thermal spin injection as a function of the
azimuth angle θ of the spin in FI and α/β: (a) jx and (b) jy. The temperatures of FI and 2DEG are taken as T + ∆T and
T , respectively. We set kBT/4Dk2

F = 1 and hdc = 0. The current density is normalized by j′0 = j0∆T/T , where j0 is defined
in Eq. (60). The four right panels show schematic pictures of the Fermi surface modification by thermal spin injection at the
four points, A, B, C, and D, in the contour plots.

We first consider the case where only the Dresselhaus
spin-orbit interaction exists (α/β = 0). For θ = 0 (indi-
cated by A in the contour plot) the current flows in the
−x direction, while for θ = π/2 (indicated by B) it flows
in the y direction. To explain the physical mechanism
of current generation at the points A and B, we show
schematic pictures of the corresponding electron distri-
bution functions in the upper two right panels of Fig. 2.
We first note that the magnon absorption process always
becomes predominant over the magnon emission process,
since the temperature of FI is assumed to be higher than
that of 2DEG. Because the magnon carries spin in the
direction opposite to S, the temperature gradient across
the junction induces spin injection into 2DEG by flipping
conduction electron spins in the direction opposite to the
ordered spin in FI, ⟨S⟩. This spin flipping changes the
distribution function of electrons, depending on the spin
polarization of 2DEG electrons, which is depicted by ar-
rows on the Fermi surface. When the spin in the FI, ⟨S⟩,
points to the +x direction (θ = 0, panel A), spin flipping
toward the −x direction occurs for 2DEG electrons by
magnon absorption at the interface. As a result, the dis-
tribution of electrons in the momentum space is modified
as indicated by the red (blue) region at which the distri-
bution function increases (decreases). Since the shifts of
the Fermi surface are opposite for the two spin-splitting
bands, they are almost canceled. However, the cancela-

tion is not complete since the density of state is larger for
the outer Fermi surface. Therefore, the electrons flow in
the +x direction, resulting in the charge current in the
−x direction. In the same way, we can explain the direc-
tion of the current when ⟨S⟩ points to the +y direction
(θ = π/2, panel B); magnon absorption causes spin flip-
ping of 2DEG in the −y direction, leading to the Fermi
surface modification shown by the red and blue regions
in panel B. This Fermi-surface modification produces the
current in the y direction. We note that the direction of
the current changes clockwise when the direction of ⟨S⟩
rotates counterclockwise.

Next, we consider the case where the two spin-orbit
interactions compete (α/β = 1). For θ = π/4 (the point
C in the contour plot), the spin polarization on the Fermi
surface of 2DEG is always perpendicular to S, leading to
the vanishing current (see panel C in Fig. 2). On the
other hand, for θ = 3π/4 (the point D), spin flipping of
the conduction electrons toward the−S direction induces
Fermi surface modification as indicated by the red and
blue region in the panel D in Fig. 2, resulting in the
charge current in the direction of the azimuth angle π/4.

Thus, the current generation due to the temperature
gradient can be explained intuitively in terms of the
Fermi surface modification depending on its spin polar-
ization.
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C. Other dependence

The temperature dependence of the current is deter-
mined only by the factor I1(T ) − I2(T )/2, as seen in
Eq. (57). By changing the integral variable from qz to
x = βℏω(φ, qz) in Eqs. (51) and (52), we can show that
both I1(T ) and I2(T ) are proportional to T 3/2. There-
fore, when the temperature difference ∆T is fixed, the
current becomes proportional to T 1/2. The exponent of
the temperature dependence depends on the dimension
of the FI through the density of states of magnons. For
example, the current becomes independent of the tem-
perature for a fixed ∆T if we consider a two-dimensional
FI.

Regarding the dependence on α/β, it is notable that
the maximum of the induced current is always propor-
tional to α2 + β2. This means that the current is in-
dependent of the ratio α/β while keeping the amplitude
(α2 + β2)1/2 constant. This behavior is in contrast with
the spin accumulation of 2DEG, which shows divergence
at α/β = 1 (see Appendix B).

V. EXPERIMENTAL RELEVANCE

In comparison with experiments, we should be care-
ful about how the temperature gradient is generated in
a sample. In particular, thermal conductivity due to
phonons, which is not explicitly considered in our work,
largely affects the current generation in 2DEG through
the change of temperature distribution in a sample, which
is difficult to measure. Therefore, it will be difficult
to experimentally observe the temperature dependence
predicted in our work. However, the prediction on the
spin-orientation dependence will be tested experimen-
tally since it is not affected by a detail of the temperature
gradient. We also mention that more information can
be obtained by simultaneous measurement of the present
phenomenon and the inverse Edelstein effect induced by
spin pumping [89].

To clarify the experimental relevance, we roughly es-
timate the current induced by thermal spin injection.
We first consider a junction composed of EuO and
KTaO3 [59]. Using the electron density n ≃ 1014 cm−2,
the mobility µe = 102 cm2/Vs, the effective mass m∗ =
0.52me (me: electron mass) and the lattice spacing
a = 4 Å [59, 94], we obtain Γ = 22meV. When the inter-
facial exchange coupling is roughly estimated as 10meV,
we obtain Γint = 3× 10−2 meV. Using the Rashba spin-
orbit interaction α = 320meVÅ [94], S0 = 7/2, and
D = 10meVÅ2 [95, 96], we obtain j0 = 60µA/mm. Set-
ting ∆T = 1K and kBT = 4Dk2F = 2.5meV, we finally
obtain the current j = 0.2 nA/mm, which is comparable
to the experimental value j ∼ 1 nA/mm [59].
As another example, we consider a GaAs–Fe junc-

tion in which the ratio between the Rashba and Dres-
selhaus spin-orbit interactions can be controlled. Us-
ing n = 1.1 × 1017 cm−3, µe = 3.5 × 103 cm2/Vs [97],

m∗ = 0.067me, S0 ∼ 2 [98], and D = 230meVÅ2 [99],
we obtain Γ = 5meV and Γint = 1.2µeV, assuming the
interfacial exchange coupling of J = 10meV. When
we set α = 100meVÅ [57], β = 0, ∆T = 1K, and
kBT = 4Dk2F = 0.2meV as a rough estimate, we obtain
j = 1.4 pA/mm, which is expected to be in a detectable
range.
In this work, the spin-orbit interactions, kFα and kFβ,

are assumed to be much larger than the temperature
(kBT ), the energy broadening due to impurities (Γ), and
the scattering rate at the interface (Γint), while they are
assumed to be much smaller than the chemical poten-
tial µ. The features of the induced current obtained in
this work are expected to be observed most clearly under
these conditions, for which the spin-momentum locking
is most effective. We speculate that the current will be
induced even if some of the conditions are not satisfied
well. We leave a detailed calculation which covers a wide
range of parameters as a future problem.

VI. SUMMARY

We theoretically examined current generation by the
thermal spin injection into 2DEG with the Rashba and
Dresselhaus spin-orbit interactions. For a magnetic junc-
tion composed of 2DEG and FI, we formulated the elec-
tric current in 2DEG caused by the inverse Edelstein ef-
fect under a temperature gradient between 2DEG and
FI, employing the method of the Boltzmann equation. In
our formulation, a non-equilibrium steady state of 2DEG
is realized by balancing impurity scattering and interfa-
cial electron scattering accompanying spin flipping due to
magnon absorption/emission. In our work, we focussed
on the case that the strength spin-orbit interactions are
much larger than temperature and energy broadening
due to electron scattering. In this situation, the spin-
momentum locking is most effective, and the direction of
the generated current is largely affected by the spin tex-
ture on the Fermi surface, which can be controlled by the
ratio between Rashba and Dresselhaus spin-orbit inter-
actions. We obtained an analytic formula for the current
which can clarify the dependence of the magnetization
of FI, temperature, and spin texture on the Fermi sur-
face. We also showed numerical results for the current
as a function of the azimuth angle of the ordered spin in
FI and the ratio between the two spin orbit interactions.
We found that the direction of the generated current is
consistent with an intuitive explanation by spin flipping
of the conduction electrons due to the magnon absorp-
tion(emission).
Our work will be helpful for an accurate analysis of

the inverse Edelstein effect induced by the temperature
gradient of the sample. Although we considered a sim-
ple 2DEG system with a circular Fermi surface and small
spin-orbit interactions, it can be extended to more com-
plex systems, including effective models obtained from
first-principles calculations. Details of such an extension
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will be discussed in subsequent papers.

ACKNOWLEDGMENTS

The authors thank Y. Suzuki, Y. Kato, and M. Ko-
hda for their helpful discussions. M. Y. was supported
by JST SPRING (Grant No. JPMJSP2108) and JSPS
KAKENHI Grant Number JP24KJ0624. M. M. was sup-
ported by the National Natural Science Foundation of
China (NSFC) under Grant No. 12374126, by the Prior-
ity Program of Chinese Academy of Sciences under Grant
No. XDB28000000, and by JSPS KAKENHI for Grants
(No. JP21H04565, No. JP21H01800, No. JP23H01839,
and No. 24H00322) from MEXT, Japan.

Appendix A: Detailed derivation of Eq. (48)

We first define the part in the Boltzmann equation,
which is independent of Φ(φ, γ), as

F (φ, γ) =
∆β

β

Γint

Γ

∑
γ′

∫
dφ′

2π

k(φ′, γ′)

kF

× −γĥeff(φ) · m̂+ γ′ĥeff(φ
′) · m̂

2
× ℏω(φ− φ′)n(φ− φ′). (A1)

We note that this function satisfy the following symmetry
relation:

F (φ+ π, γ) = −F (φ, γ). (A2)

The Boltzmann equation is rewritten into the integral
equation with F (φ, γ) as

Φ(φ, γ) = F (φ, γ)

+
∑
γ′

∫
dφ′

2π

k(φ′, γ′)

kF

1 + γγ′ĥeff(φ) · ĥeff(φ
′)

2
Φ(φ′, γ′).

(A3)

By iterative substitution of Φ(φ, γ) into the integral of
the l.h.s of Eq. (A3), we can obtain Φ(φ′, γ′) as a se-
ries including multiple angle integrals of F (φ, γ), which
constitute a functional of F (φ, γ). To simplify this func-
tional, we rewrite F (φ, γ) as F (φ, γ) = γF1(φ) + F2(φ),
where

F1(φ) = −∆β

β

Γint

Γ
ĥeff(φ) · m̂

×
∫

dφ′

2π
ℏω(φ− φ′)n(φ− φ′), (A4)

F2(φ) = −∆β

β

Γint

Γ

∫
dφ′

2π
g(φ)ĥeff(φ

′) · m̂

× ℏω(φ− φ′)n(φ− φ′), (A5)

where

g(φ) =
1

ℏvF

√
α2 + β2 + 2αβ sin 2φ. (A6)

Then, Φ(φ, γ) can be expressed as

Φ(φ, γ) = Φ[γF1(φ)] + Φ[F2(φ)]

≡ Φ1(φ, γ) + Φ2(φ, γ). (A7)

In the following, we separately calculate Φ1(φ, γ) and
Φ2(φ, γ). By careful calculation for a series solution of
Eq. (A3), we obtain

Φ1(φ, γ) = γF1(φ)

+ γ

∞∑
n=0

∫
dφ′

2π
ĥT
eff(φ)A

nĥeff(φ
′)F1(φ

′), (A8)

Φ2(φ, γ) = F2(φ)

+ γ

∞∑
n=0

∫
dφ′

2π
ĥT
eff(φ)A

nĥeff(φ
′)g(φ′)F2(φ

′). (A9)

Here, Φ2(φ, γ) can be approximated as F2(φ) up to the
first order of the spin-orbit interaction since the second
term of r.h.s of Eq. (A9) is of higher order. The matrix

Â is defined as

Â =

∫ 2π

0

dφ

2π
ĥeff(φ)ĥ

T
eff(φ), (A10)

where

aaT =

(
a1
a2

)
(a1 a2) =

(
a21 a1a2
a1a1 a22

)
. (A11)

Straightforward calculation of Â gives

Â =

(
1/2 −D/2

−D/2 1/2

)
, (A12)

where D is defined by Eq. (50). Using

∞∑
n=0

Ân = (Î − Â)−1 =
2

1−D2

(
1 −D

−D 1

)
. (A13)

Combining Eqs. (A8) and (A9) with Eqs. (A4) and (A5),
we obtain Eq. (48).

Appendix B: Spin Accumulation

In this appendix, we derive the analytic formula for
the spin accumulation in 2DEG induced by thermal spin
injection. The spin density in 2DEG is defined as

s =
ℏ
2A

∑
k,γ

⟨kγ|σ|kγ⟩f(k, γ)

≃ −ℏD(EF)

∫
dφ

2π
ĥeff(φ)Φ1(φ), (B1)
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where we have used ⟨kγ|σ|kγ⟩ = −γĥeff(φ) and
D(EF) = kF/(2πℏvF). In the second equation, the spin
density is approximated up to the first order of the spin
orbit interaction. Using the result given in Appendix A
and

Â(I − Â)−1 =
1

1−D2

(
1 +D2 −2D
−2D 1 +D2

)
, (B2)

the spin density is calculated as

s = −ℏD(EF)
∆T

T

Γint

Γ

I1(T )

1−D2

(
1 +D2 −2D
−2D 1 +D2

)
m̂(θ).

(B3)

This is a general formula for the spin density in 2DEG.
We note that the spin density has the following symmetry
relation:

s(α, β) = s(β, α). (B4)

Figure 3 shows the spin density of 2DEG induced by
thermal spin injection as a function of θ and α/β, where
the azimuth angle of the spin in FI is defined as m̂ =
(cos θ, sin θ) and the spin density is normalized by

sD ≡ s0∆T

T

√
1 + 6D2 +D4

1−D2
. (B5)

For α/β = 0, the direction of the accumulated spin be-
comes opposite to that of the spin in FI. The same result
is also obtained for α/β = ∞ (see also Eq. (B4). This
result is consistent with an intuitive explanation that the
magnon absorption at the interface induces spin flipping
of electrons in 2DEG in the direction opposite to m (see
also Sec. IVB). On the other hand, for α/β ≃ 1, the
spin density points to the direction of φ = 7π/4 when
π/4 < θ < 5π/4 while it points to that of φ = 3π/4
otherwise. This reflects the fact that the spin polariza-
tion on the Fermi surface aligns in the same direction as
shown in panels, C and D, in Fig. 2. In this situation,
the electrons in 2DEG can receive the spin only in the
direction of this spin polarization.

Finally, let us discuss the dependence of α/β. The
spin density depends on α/β through the factor sD given
in Eq. (B5). It is notable that sD diverges at α/β =
1. This is because spin relaxation is never caused by
non-magnetic impurities when the spin polarization on
the Fermi surface aligns in one direction. This behavior
is in contrast to that of the current; the current does
not show any singularity at α/β = 1. This difference
in behavior near α/β = 1 comes from the fact that the
current is induced after a delicate cancelation between
contributions from the inner and outer Fermi surfaces.

(a)

(b)

FIG. 3. Contour plots of the spin density s = (sx, sy) of
2DEG induced by thermal spin injection as a function of the
azimuth angle θ of the spin in FI and α/β: (a) sx and (b)
sy. The temperatures of FI and 2DEG are taken as T +∆T
and T , respectively. We set kBT/4Dk2

F = 1 and hdc = 0. The
spin density is normalized by sD defined in Eq. (B5).

Appendix C: Heat current

In our formalism, the heat current from the FI into the
2DEG across the junction can be expressed as

Ih =
∑
k,γ

∑
k′,γ′

(Ek′γ′ − Ekγ) Γ(k,γ)→(k′,γ′)

× f(k, γ)(1− f(k′, γ′))

=
2π

ℏ
S0

2
|T̄ |2

∑
k,γ,k′,γ′,q

(−ℏωq)|A+
γγ′ |2Fγγ′(q,k,k′).

(C1)

Within the linear response to the temperature difference
∆T , the heat current is calculated as

Ih =
ΓintAD(EF)

ℏ
∆T

T
I3(T ),

I3(T ) =

∫
dφ′

2π
(ℏω(φ′))

2
n(φ′). (C2)
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We note that Ih is always positive for ∆T > 0 and is
independent of the azimuth angle of m̂.

Appendix D: Detailed derivation of Eq. (57)

As expected from Eq. (55), the current is expressed by
a sum of two contributions as j = j1 + j2, where j1 and
j2 depends on Φ1(φ, γ) and Φ2(φ, γ), respectively Using
the result given in Appendix A, the current j2 is easily
calculated as

j2 =
2ekF
2πℏ

∫
dφ

2π
Φ2(φ)k̂(φ)

=
2ekF

2πℏ2vF
∆T

T

Γint

Γ

I2(T )

2

(
−β α
−α β

)
m̂(θ), (D1)

where we have used∫ 2π

0

dφ

2π

k̂(φ)hT
eff(φ)

kF
=

1

2

(
−β α
−α β

)
. (D2)

On the other hand, j1 is calculated as

j1 =
2ekF
2πℏ

∫
dφ

2π

[
−g(φ)k̂(φ)

+
1

ℏvF
2αβ cos 2φ√

α2 + β2 + 2αβ sin 2φ
φ̂(φ)

]
Φ1(φ)

=
2ekF

2πℏ2vF
∆T

T

Γint

Γ
I1(T )

(
β −α
α −β

)
m̂(θ), (D3)

where we have used Eq. (D2) and

∫
dφ

2π

2αβ cos 2φ

α2 + β2 + 2αβ sin 2φ

φ̂(φ)hT
eff(φ)

kF

=
D

2

(
−α β
−β α

)
. (D4)

By summing up Eqs. (D1) and (D3), we obtain Eq. (57).
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and H. Jaffrès, Spin to charge conversion at rashba-split
srtio3 interfaces from resonant tunneling, Phys. Rev.
Res. 3, 043170 (2021).
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N. Reyren, J.-M. George, and A. Fert, Spin to charge
conversion at room temperature by spin pumping into a
new type of topological insulator: α-sn films, Phys. Rev.
Lett. 116, 096602 (2016).

[45] H. Wang, J. Kally, J. S. Lee, T. Liu, H. Chang, D. R.
Hickey, K. A. Mkhoyan, M. Wu, A. Richardella, and
N. Samarth, Surface-state-dominated spin-charge cur-
rent conversion in topological-insulator–ferromagnetic-
insulator heterostructures, Phys. Rev. Lett. 117, 076601
(2016).

[46] Q. Song, J. Mi, D. Zhao, T. Su, W. Yuan, W. Xing,
Y. Chen, T. Wang, T. Wu, X. H. Chen, X. C. Xie,
C. Zhang, J. Shi, and W. Han, Spin injection and in-
verse edelstein effect in the surface states of topological
kondo insulator smb6, Nat. Commun. 7, 13485 (2016).

[47] J. B. S. Mendes, O. Alves Santos, J. Holanda, R. P.
Loreto, C. I. L. de Araujo, C.-Z. Chang, J. S. Mood-

https://doi.org/10.1103/PhysRevB.70.155308
https://doi.org/https://doi.org/10.1038/nphys551
https://doi.org/10.1088/1361-6641/aa5dd6
https://doi.org/https://doi.org/10.1038/s41928-020-0461-5
https://doi.org/https://doi.org/10.1002/adma.202102102
https://doi.org/https://doi.org/10.1002/adma.202106481
https://doi.org/https://doi.org/10.1002/adma.202106481
https://doi.org/10.1103/PhysRevLett.88.117601
https://doi.org/10.1103/PhysRevLett.88.117601
https://doi.org/10.1103/RevModPhys.77.1375
https://doi.org/10.1103/RevModPhys.89.025006
https://doi.org/10.1063/1.4921765
https://doi.org/10.1063/1.4921765
https://doi.org/https://doi.org/10.1063/1.4919129
https://doi.org/10.1063/1.4915479
https://doi.org/10.1063/1.4915479
https://doi.org/10.1063/1.4976691
https://doi.org/10.1063/1.4976691
https://doi.org/https://doi.org/10.1038/nmat4726
https://doi.org/10.1126/sciadv.1602312
https://doi.org/https://doi.org/10.1038/s41563-019-0467-4
https://doi.org/10.1038/s41586-020-2197-9
https://doi.org/10.1038/s41586-020-2197-9
https://doi.org/10.1103/PhysRevResearch.2.012014
https://doi.org/10.1103/PhysRevResearch.2.012014
https://doi.org/10.1103/PhysRevB.102.144407
https://doi.org/10.1103/PhysRevB.102.144407
https://doi.org/10.1103/PhysRevResearch.3.043170
https://doi.org/10.1103/PhysRevResearch.3.043170
https://doi.org/10.1038/s41578-021-00395-9
https://doi.org/10.1038/s41578-021-00395-9
https://doi.org/10.1103/PhysRevLett.113.196601
https://doi.org/10.1103/PhysRevLett.116.096602
https://doi.org/10.1103/PhysRevLett.116.096602
https://doi.org/10.1103/PhysRevLett.117.076601
https://doi.org/10.1103/PhysRevLett.117.076601
https://doi.org/10.1038/ncomms13485


12

era, A. Azevedo, and S. M. Rezende, Dirac-surface-state-
dominated spin to charge current conversion in the topo-
logical insulator (bi0.22sb0.78)2te3 films at room temper-
ature, Phys. Rev. B 96, 180415(R) (2017).

[48] R. Sun, S. Yang, X. Yang, E. Vetter, D. Sun, N. Li, L. Su,
Y. Li, Y. Li, Z.-z. Gong, Z.-k. Xie, K.-y. Hou, Q. Gul,
W. He, X.-q. Zhang, and Z.-h. Cheng, Large tunable spin-
to-charge conversion induced by hybrid rashba and dirac
surface states in topological insulator heterostructures,
Nano Lett. 19, 4420 (2019).

[49] B. B. Singh, S. K. Jena, M. Samanta, K. Biswas, and
S. Bedanta, High spin to charge conversion efficiency
in electron beam-evaporated topological insulator bi2se3,
ACS Appl. Mater. Interfaces 12, 53409 (2020).

[50] R. Dey, A. Roy, L. F. Register, and S. K. Banerjee, Re-
cent progress on measurement of spin–charge intercon-
version in topological insulators using ferromagnetic res-
onance, APL Mater. 9, 060702 (2021).

[51] H. He, L. Tai, H. Wu, D. Wu, A. Razavi, T. A. Gosavi,
E. S. Walker, K. Oguz, C.-C. Lin, K. Wong, Y. Liu,
B. Dai, and K. L. Wang, Conversion between spin and
charge currents in topological-insulator/nonmagnetic-
metal systems, Phys. Rev. B 104, L220407 (2021).

[52] S. Zhang and A. Fert, Conversion between spin and
charge currents with topological insulators, Phys. Rev.
B 94, 184423 (2016).

[53] J. B. S. Mendes, O. Alves Santos, L. M. Meireles, R. G.
Lacerda, L. H. Vilela-Leão, F. L. A. Machado, R. L.
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alhães Paniago, T. J. A. Mori, J. Holanda, L. M. Meireles,
R. G. Lacerda, A. Azevedo, and S. M. Rezende, Direct de-
tection of induced magnetic moment and efficient spin-to-
charge conversion in graphene/ferromagnetic structures,
Phys. Rev. B 99, 214446 (2019).

[56] H. Bangar, A. Kumar, N. Chowdhury, R. Mudgal,
P. Gupta, R. S. Yadav, S. Das, and P. K. Muduli, Large
Spin-To-Charge Conversion at the Two-Dimensional In-
terface of Transition-Metal Dichalcogenides and Permal-
loy, ACS Appl. Mater. Interfaces 14, 41598 (2022).

[57] L. Chen, M. Decker, M. Kronseder, R. Islinger, M. Gmi-
tra, D. Schuh, D. Bougeard, J. Fabian, D. Weiss, and
C. H. Back, Robust spin-orbit torque and spin-galvanic
effect at the Fe/GaAs (001) interface at room tempera-
ture, Nat. Commun. 7, 13802 (2016).

[58] S. Oyarzún, A. Nandy, F. Rortais, J.-C. Rojas-Sánchez,
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