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Thermal Spin Torque in Double-Barrier Tunnel Junctions with Magnetic
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The thermal spin torque induced by the spin-dependent Seebeck effect in double-barrier tunnel junctions
is derived considering free-electron and tight-binding calculations. We show that in systems comprising
ferromagnetic electrodes and nonmagnetic barriers, the in-plane component of the thermal spin torque
is the dominant term, whereas in junctions comprising nonmagnetic electrodes and ferromagnetic barri-
ers, both components, the in-plane and the out-of-plane, are comparable in magnitude. Moreover, larger
torque amplitudes up to 3 orders of magnitude are obtained in the second system as a result of the spin-
filtering effect; consequently, double-barrier tunnel junctions in the presence of magnetic insulators offer
an enhanced thermal spin-torque mechanism for reliable applications. We propose taking advantage of
quantum resonant tunneling through resonance states below the Fermi level in these structures that can
pave a route toward achieving larger spin-torque efficiencies, even when considering smaller values of the
exchange splitting. Furthermore, we identify the parameters needed to tune efficiently these resonant states.
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I. INTRODUCTION

Over recent years, there has been enormous progress
in spintronics toward realizing the next generation of
high-density nonvolatile memories, logic chips, and mag-
netic sensors with low critical currents and high thermal
stability; however, the nanosize nature of such devices has
rendered them less stable as a result of extensive heating.
To overcome this, the exploitation of undesired thermal
losses to reduce energy consumption has been proposed,
which constitutes, in recent years, the fundamental motiva-
tion for the development of clean and sustainable thermo-
electric functioning devices. This has become the subject
of a field called spin caloritronics [1] that deals, in contrast
to conventional spintronics, with the generation of charge
and spin currents induced by temperature gradients (and
vice versa). Most of the recently uncovered phenomena in
this field are centered around the spin Seebeck (SSE) [2]
and the spin-dependent Seebeck (SDSE) [3] effects. The
former, studied in permalloys [4], magnetic insulators [5],
ferromagnetic semiconductors [6], and Heusler alloys [7],
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originates from collective effects that involve electronic
and magnonic spin currents. It has given rise to impor-
tant phenomena such as thermally induced spin pumping
[8] and thermally induced spin torque [9]. The latter, stud-
ied in magnetic heterostructures, is purely electronic in
nature, i.e., a heat current couples to a charge current
with two parallel spin transport channels and therefore
it involves the thermoelectric generalization of collinear
magnetoelectronics. It has led to important effects such
as Seebeck spin-tunneling [10], magneto-Peltier cooling
[11], the magneto Seebeck effect [12,13], and thermal spin-
transfer torque (TSTT). Note that both SSE and SDSE
give rise to thermal torques. In this work, we focus on
the one arising from SDSE, which, in contrast to the
conventional current-induced case [14], considers a ther-
mally excited spin current to generate a torque. It has been
predicted in metallic spin valves [15], followed by experi-
mental observations on Co/Cu/Co samples [16,17]. Later,
Yuan et al. have shown that considering temperature gra-
dients of 1 K on Ni and Co domain walls is sufficient
to generate TSTT amplitudes comparable with those of
the current-induced case [18], indicating the considerable
potential of thermal spin-transfer torques for spin-based
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memories and energy harvesting. In magnetic tunnel junc-
tions (MTJs), TSTT has been studied by Jia et al. [19],
followed by experimental measurements in Co-Fe-B/MgO
layers [20,21]. Since then, most of the effort has been ori-
ented toward the development of MgO-based MTJs for
thermally induced magnetization dynamics [22,23], which
can have a strong impact in magnetic recording applica-
tions [24]. It has been found that MTJs, in the presence of
thermal gradients, exhibit a strong energy dependence of
the electron transmission due to the existence of interface
resonant states [25,26]. This becomes visible consider-
ing Sommerfeld expansion, where the expectation values
of observable A, 〈〉, in the presence of an external bias
voltage and a temperature gradient read 〈A〉�V ∝ â and
〈A〉�T ∝ ∂Eâ, respectively. The energy derivative in the
thermal case, ∂E , applied on the operator â, gives a strong
indication that band-structure engineering and, in partic-
ular, coherent resonant transport can in principle lead to
enhanced thermoelectric effects. One direction has been
successfully applied in Ref. [27], where the authors have
exploited resonant states at the interfaces of (Fe-Co)/MgO
MTJs in order to enhance the thermoelectric power and
its related thermal spin conductivity. A second direction is
exploited in this work, where we consider double-barrier
structures that give rise to resonant tunneling effects due
to the formation of quantum wells between the barriers.
Two types of systems are studied, (i) double magnetic tun-
nel junctions (DMTJs) and (ii) double-spin-filter tunnel
junctions (DSFTJs). The former comprises ferromagnetic
electrodes and nonmagnetic barriers sandwiched with a
metallic spacer. On the other hand, the latter considers
nonmagnetic electrodes and magnetic barriers. The DMTJ
has been studied in the presence of external bias voltages
[28,29] and soon extended to thermal gradients. Consider-
ing nonmagnetic spacers, Ref. [30,31] has reported TSTT
amplitudes twice as large as that of traditional single-
barrier MTJs, whereas considering ferromagnetic spacers
in Ref. [32], lower temperature gradients have been needed
to switch the magnetic configuration. In both studies, how-
ever, no analytical expressions have been provided. In this
work, we address a similar system and support our find-
ings with analytical calculations. Regarding the DSFTJ,
this is an alternative configuration, with the use of mag-
netic insulators as barriers. In the presence of thick barrier
layers, the electronic transport across the sample is sup-
pressed and the system reduces to a magnonic spin valve,
where the spin Seebeck effect induced by the tempera-
ture difference creates a magnon current that depends on
the relative orientation of the magnetic layers magneti-
zations [33,34]. Magnon-current generation in magnetic
insulators has attracted increasing interest for providing
long-distance propagation of spin information without
Joule heating [35]. It has also led to magnonic spin-transfer
torques in architectures such as magnonic spin valves [36],
domain walls [37,38], and MTJs [39–42]. However, when

considering thin barrier layers, not only does the magnonic
current decrease but also the electronic tunneling current
emerges. This current, in thin magnetic insulators such
as Eu chalcogenides [43–45] or spinel-based materials
[46–51], is driven by the spin-filtering effect, which selec-
tively filters majority carriers due to the spin-dependent
evanescence of the wave function in the barrier [52] and
has been shown to contribute to larger torque amplitudes
compared to conventional MTJs [53]. In the presence of
two magnetic insulators with misaligned magnetizations,
the electronic spin-polarized current generated in one layer
exerts a torque in the second one. This has been studied
in the presence of external bias voltages, either consid-
ering fully insulating junctions [54] or metallic spacers
[55], but has mostly been overlooked in the presence of
thermal gradients. In this work, we address the thermal
case, neglecting the contribution of the magnon current,
which has been shown to be additive [56], and therefore
we focus instead on the electronic transport differences
between DMTJs and DSFTJs. Our results show that the lat-
ter exhibit larger torque amplitudes that can be efficiently
exploited considering coherent resonant tunneling.

II. MODEL

We consider double-barrier tunnel junctions of the form
L/B1/S/B2/R, where L and R denote semi-infinite left and
right leads, B1 and B2 represent the barrier region, and S
is the metallic spacer. Two cases are considered: (i) ferro-
magnetic (FM) leads attached to nonmagnetic barriers (I)
and (ii) nonmagnetic (NM) leads attached to ferromagnetic
barriers (FI), shown in Figs. 1(a) and 1(b), respectively. In
the absence of S, the former reduces to a conventional MTJ
(FM/I/FM), whereas the latter reduces to a single layer
spin-filter tunnel junction (NM/FI/NM). The system is sub-
jected to a thermal difference, i.e., �T = TR − TL, where
TR(L) denotes the temperature on the right (left) lead. The
magnetization vector on R (B2) is fixed along the z axis,
whereas the one on L (B1) is oriented on the x-z plane
with angle θ [see Figs. 1(a) and 1(b)], where we choose
θ = π/2. We calculate the local charge and spin-current
densities, which are denoted as j and J, respectively. For
transport given along y, the spin-current density has three
nonzero components, J x

y , J y
y , and J z

y , where the superscripts
and subscripts refer to the spin and real space, respectively.
Conventionally, these components are related to the appro-
priate spin-torque components [57–59]. In systems made
of ferromagnetic leads attached to nonmagnetic barriers,
we calculate the spin-torque components on the right semi-
infinite ferromagnetic lead; these components, in-plane
(T‖) and out-of-plane (T⊥), estimated per unit area, are
equal to the spin-current density components at the B2/R
interface,

T‖(⊥) = 〈J x(y)
yr

〉. (1)
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FIG. 1. Schematic illustration of our systems. (a) The
tight-binding potential profile of a double-barrier MTJ
(FM/I/NM/I/FM). ε0

� is the averaged on-site energy in �. �L,R
indicates the exchange splitting in the leads, EF is defined at
zero. (b) The free-electron potential profile of a double-barrier
spin-filter junction (NM/FI/NM/FI/NM). EF is the Fermi energy,
U0 + EF is the barrier height, �B is the exchange splitting in the
barrier, ES is the spacer height relative to the leads, and dBi(S)

is the barrier (spacer) width. Both systems are subjected to a
temperature gradient TR − TL.

In contrast, in systems made of nonmagnetic leads attached
to ferromagnetic barriers, these components are calculated
on B2 and therefore we have

T‖(⊥) = 〈J x(y)
ys

〉 − 〈J x(y)
yr

〉, (2)

where ys(r) refers to the position of the S|B2(B2|R) interface
along the transport axis and y = 0 is defined at the center of
the spacer region [see Fig. 1(b)]. In this work, two models
are employed to study the thermal spin-torque compo-
nents: (i) the free-electron model and (ii) the tight-binding
model.

A. Free-electron model

The wave functions in the metallic regions are plane
waves of the form

�σ
�(y) = aσ

� exp(ikσ
�y) + bσ

� exp(−ikσ
�y). (3)

� represents the L, R, or S region and σ =↑ (+1)

or ↓ (−1) is the spin-up or spin-down projection,

respectively. The wave vectors are given by kσ
� =√

(2m/�2)(E⊥ + σ�� − μ�). � is the exchange splitting,
μ is the chemical potential, and m is the mass of the
electron with total energy E = E⊥ + E‖. E‖ = (�2/2m)k2

‖,
where k‖ is the component of the wave vector parallel to
the lead-barrier interface. In the leads, μR(L) = ±eV/2 and
in the spacer, μS = ES, where ES tunes the Fermi level of
the spacer with respect to the leads [see Fig. 1(b)]. In the
absence of a voltage drop, eV = 0, and therefore the wave
functions in the barriers become

�σ
Bi

(y) = aσ
Bi

exp(−qσ
i · y) + bσ

Bi
exp(qσ

i · y), (4)

where qσ
i =

√
(2mB/�2)(Ui − E⊥ − σ�i) is the evanes-

cent wave number. Ui is the height of the ith barrier and
mB is the effective mass of the electron in the barrier. Next,
we explicitly calculate the amplitudes associated with the
wave functions by matching the wave functions and their
derivatives at all interfaces while taking into account the
spinor rotation on L and B1 [60]. The local charge and
spin-current densities are calculated considering

jy = e�
m

∑

σ

�σ∗(y)∂y�
σ(y), (5)

J j
y = i�

2m
[
∂y�

†(y)σj �(y) − �†(y)σj ∂y�(y)
]

, (6)

where σj , with j = x, y, or z, indicates the Pauli com-
ponents matrix and �(y) = [�↑(y), �↓(y)]T is the wave
function of the electron. To calculate the total charge and
spin-current densities, we need to take into account the
contributions originating from the left and right leads;
therefore, considering that the total energy and k‖ are
conserved, we have

〈 jy〉 = Re
[∫ (

j L→R
y fL + jy R→LfR

)
dEdk‖

]
, (7)

〈J j
y 〉 = Re

[∫ (
J j

y
L→RfL + J j

y
R→LfR

)
dEdk‖

]
. (8)

aL→R(R→L) is the expectation value of observable a for an
electron moving from left to right (right to left). fL(R) =
(1 + e(E−μL(R)−EF )/kB(T0±�T/2))−1 is the Fermi-Dirac distri-
bution for electrons from the left (right). T0 = (TR + TL)/2
is the mean temperature, kB is the Boltzmann constant, and
EF is the Fermi energy. Finally, the net spin-torque compo-
nents for DMTJs and DSFTJs are derived considering Eqs.
(1) and (2), respectively.

B. Tight-binding model

The Hamiltonian considered in the present study is
described by the single-orbital simple cubic tight-binding
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Hamiltonian in noncollinear configuration, defined as

Ĥ = ĤL + ĤB1 + ĤS + ĤB2 + ĤR + Ĥint, (9)

where

Ĥ� =
∑

i
(i∈�)

(ε0
�,iĉ

†
i ĉi + ��ĉ†

i σ̂ · m̂
�

ĉi) +
∑

i�=i′
(i,i′∈�)

tĉ†
i ĉi′ .

(10)

� represents the uncoupled left (L), right (R), spacer
(S), or barrier (B) regions. Ĥint = tĉ†

aĉα + tĉ†
bĉα′ + tĉ†

α ĉa +
tĉ†

α′ ĉb defines the coupling with the leads. ĉ†
i = (c†↑

i , c†↓
i ),

where cσ
i (c†σ

i ) annihilates (creates) an electron with
spin σ on site i (∈ �). t is the spin-independent hop-
ping parameter between sites restricted to nearest neigh-
bors and is assumed constant everywhere (t = 1 eV). In
Eq. (10), ε0

�,i = (ε
↓
�,i + ε

↑
�,i)/2 represents the averaged

on-site energy on atomic layer i, �� = (ε
↓
� − ε

↑
�)/2 is

the exchange splitting driven by the magnetization vec-
tor, m̂�, and σ̂ = {σx, σy , σz} is the Pauli matrix vec-
tor. In Ĥint, subscripts α(α′) and a(b) refer to atomic
sites near the L/B1 (B2/R) interface. Figure 1(a) shows
the potential profile where the averaged on-site energies
and exchange splittings are described for the particu-
lar case of a double-barrier tunnel junction of the form
FM/I/NM/I/FM subjected to a thermal difference. We
employ the nonequilibrium Green’s function technique,
where the ferromagnetic leads are treated considering 2 ×
2 semi-infinite Green’s functions and the finite region is
treated by matrix inversion, i.e., ĝ = Î/(E − ĤF). ĝ repre-
sents the Green’s function matrix, Î is the identity matrix,
and ĤF is the Hamiltonian of the finite region, given by
B1/S/B2. In this work, we consider NB = 2, NB being the
number of atomic sites in each barrier. The system is then
coupled through Dyson’s equation [61],

Ĝpq = ĝpq + ĝpa�̂aaĜaq + ĝpb�̂bbĜbq, (11)

where Ĝ(ĝ) is the 2 × 2 coupled (isolated) retarded
Green’s function matrix, subscripts p and q denote atomic
sites in the finite region, and the self-energy terms given
by �̂aa(bb) = t2ĝαα(α′α′) take into account the propaga-
tion of the electron across the barrier-leads interfaces.
Equation (11) is self-consistently solved and analytical
expressions for the coupled retarded Green’s functions,
Ĝpq, are obtained. To evaluate the local spin-current and
charge-current densities, we proceed to solve the quantum
kinetic equation based on Keldysh formalism, which yields
solutions for the 2 × 2 lesser Green’s functions, Ĝ< [61].

Consequently, we have

〈jp ,p+1〉 = e
h

t
4π2 Re

[∫
Tr[(Ĝ<

p+1,p − Ĝ<
p ,p+1) · Î ]dEdk‖

]
,

(12)

〈J j
p ,p+1〉 = t

16π3 Re
[∫

Tr[(Ĝ<
p+1,p − Ĝ<

p ,p+1) · σ̂j ]dEdk‖

]
,

(13)

where e is the electric charge, h is Planck’s constant,
and k‖ is the transverse component of the wave vector.
Finally, the local spin torque at position i is calculated con-
sidering Ti = 〈Ji−1,i〉 − 〈Ji,i+1〉, which reduces to the net
spin-torque components given in Eqs. (1) and (2).

III. ANALYTICAL RESULTS

In this section, we present our analytical results of the
thermocurrent and the thermal spin-current densities in
two types of double-barrier tunnel junctions considered in
this work: (i) FM/I/S/I/FM and (ii) NM/FI/S/FI/NM. We
use Sommerfeld expansion to obtain a qualitative under-
standing of the temperature and energy dependence of the
observables and then we study the thick- and/or large-
barrier regime to understand the underlying mechanism of
the spin-torque amplitudes.

A. Sommerfeld expansion

For symmetric junctions, the operators for the charge-
current and the in-plane spin-current densities are antisym-
metric, i.e., j (L→R)

y = −j (R→L)
y and J x,z(L→R)

y = −J x,z(R→L)
y ,

while that for the out-of-plane spin-current density is sym-
metric, i.e., J y(L→R)

y = J y(R→L)
y . From this observation,

a straightforward application of Sommerfeld expansion
reveals that for symmetric junctions subjected to a temper-
ature difference, the charge and spin-current densities are
given by

〈 jy〉 ≈ ξ(T0�T)

∫
dE‖∂Ejy(EF − E‖), (14)

〈J y
y 〉 ≈ ξ(T2

0 + 1
4 �T2)

∫
dE‖∂EJ y

y (EF − E‖), (15)

〈J x,z
y 〉 ≈ ξ(T0�T)

∫
dE‖∂EJ x,z

y (EF − E‖), (16)

where ξ = m2k2
B/12�4. These equations show that the

thermally driven spin-current density exhibits the same
symmetry against bias as its electrically driven counter-
part, i.e., the in-plane spin-current density is antisymmetric
against the thermal gradient (∝ T0�T), whereas the out-
of-plane spin-current density is symmetric (∝ T2

0 + 1
4�T2).

Moreover, (i) the efficiency of the in-plane spin-current
density increases linearly with the sample temperature
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and (ii) the out-of-plane spin-current density is dominated
by the thermal contribution rather than the thermal gra-
dient (T2

0 � �T2). Consequently, the zero-bias interlayer
exchange coupling, J y

y (�T = 0), is enhanced due to the
thermally activated enhancement of the tunneling elec-
trons and therefore the net spin torque in the absence of
J y

y (�T = 0) is dominated by the in-plane spin-current con-
tribution. Note that this thermal dependence has nothing
to do with the band structure, since both T0 and �T are
very small compared to the Fermi energy. In the presence
of finite ferromagnetic barriers, the contributions from left
to right and right to left are not the same; therefore, as
noted in the following section, the thermal dependence
given by Sommerfeld expansion is not valid; as a result,
the out-of-plane component is no longer symmetric and
its magnitude becomes comparable to that of the in-plane
component due to the spin-filtering effect. For ferromag-
netic leads attached to nonmagnetic barriers, in order to
obtain a perpendicular component much larger than the in-
plane component, one needs to tune the interface resonant
states so that ∂EJ y

y (EF − E‖)/∂EJ x
y (EF − E‖) � T0/�T ≈

102; consequently, the previous work of Jia et al. [19] that
has computed a much larger perpendicular thermal torque
compared to the in-plane component in conventional MTJs
has to be revisited in light of the results presented here.

B. Thick- and/or large-barrier regime

1. Double magnetic tunnel junction

In systems of the form FM/I/S/I/FM with identical bar-
riers, the charge-current density for electrons moving from
left to right (L → R) reads

j (L→R)
y = e�

m
γSj0 (1 + PLPR cos θ) e−2qd, (17)

where d = dB1 + dB2 , dBi being the barrier thickness,

j0 = 16κ4(κ2 + k↑
L k↓

L )(k↑
L + k↓

L )(κ2 + k↑
Rk↓

R)(k↑
R + k↓

R)

(κ2 + k↓2
L )(κ2 + k↑2

L )(κ2 + k↓2
R )(κ2 + k↑2

R )
,

(18)

and

Pν = k↑
ν − k↓

ν

k↑
ν + k↓

ν

κ2 − k↑
ν k↓

ν

κ2 + k↑
ν k↓

ν

. (19)

Pν is the polarization of the νth lead and κ = qm/mB. γS
is the Lorentzian function that captures all the important
physics of resonant tunneling and is given by

γS =
(

kS

κ2 + k2
S

1
sin(kSdS + φ)

)2

, (20)

where φ = tan−1
[
2kSκ/(κ2 − k2

S)
]
. In the absence of the

metallic spacer, its thickness dS = 0 and γS = 1. This

reduces the system to the conventional single-barrier MTJ
with barrier thickness d [60,62]. In the presence of the
metallic spacer, Eq. (20), which represents a significant
finding of this work, reveals that the broadening, the
period, and the position of the resonant peaks are deter-
mined by kS/(κ

2 + k2
S), sin(kSdS + φ), and φ, respectively.

Therefore, it is possible to tune the resonant peaks in dif-
ferent samples through efficient material engineering, such
as varying the spacer thickness or its energy. We now con-
sider the solutions for the spin-current density components
at the B2|R interface:

J x(L→R)
yr

= �2

2m
γSj0PL sin θe−2qd, (21)

J y(L→R)
yr

= �2

2m
γSj0

κ(k↓
R − k↑

R)

κ2 + k↓
Rk↑

R

PL sin θe−2qd, (22)

J z(L→R)
yr

= �2

2m
γSj0 (PR + PL cos θ) e−2qd. (23)

As shown in Eqs. (21) and (22), the ratio J x
yr
/J y

yr is pro-
portional to (κ2 + k↓

Rk↑
R)/κ(k↓

R − k↑
R), suggesting that the

x component of the spin-current density exhibits a larger
amplitude than the y component. It is important to note that
the information about the spin-current density along the
quantization axis, J z

yr
, gives complete information about

the in-plane spin-current density, i.e.,

1
2

[J z
yr
(θ = 0) − J z

yr
(θ = π)] sin θ = J x

yr
. (24)

Equation (24) represents the generalization of the results
given for single-barrier MTJs in Refs. [57–59,62]. The
results for electrons moving from right to left (R → L) can
be obtained from the above expressions by symmetry argu-
ments. Finally, the spin-torque components are calculated
considering Eq. (1).

2. Double-spin-filter tunnel junction

In contrast to DMTJs, where the three components of
the spin-current density are proportional to e−2qd, in sys-
tems of the form NM/FI/S/FI/NM, the y component of
the spin-current density is proportional to the order in the
barrier transmission, e−qσ d, whereas the other two compo-
nents are proportional to e−2qσ d. These results suggest that
in double-barrier spin-filter tunnel junctions, the out-of-
plane component of the thermal spin torque is much larger
than in DMTJs. To understand this, we consider the limit
of identical barriers and obtain

J y(L→R)
ys

= 2�2

m

∑

σ

σ
γ σ

L kLκ
σ2(κ↓ − κ↑)

k2
L + κσ2

sin θe−qσ d,

(25)
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J y(R→L)
ys

= 2�2

m

∑

σ

σ
γ σ

L kRκσ2(κ↓ − κ↑)

k2
R + κσ2

sin θe−qσ d,

(26)

and

J y(L→R)
yr

= J y(L→R)
ys

e−d(q↑+q↓)/2, (27)

J y(R→L)
yr

≈ �2

m
γRPBkR(κ↓ − κ↑) sin θe−d(q↑+q↓)/2. (28)

PB = [(κ↓2 − κ↑2)(κ↓κ↑ − k2
R)]/[(κ↓2 + k2

R)(κ↑2 + k2
R)]

and γ σ
L(R) is defined in Ref. [63], which reduces to Eq.

(20) when κ↑ = κ↓, i.e., lim�B→0 γ σ
L(R) = γS. The above

expressions show that electrons not tunneling through both
barriers give rise to lower-order contributions that are not
present in DMTJs. Moreover, whereas Eqs. (25) and (26)
show a symmetric contribution to the torque at the S|B2
interface, Eqs. (27) and (28) show, in contrast, a nonsym-
metric contribution at the second interface that is driven by
the spin-dependent reflection of the electrons flowing from
right to left.

IV. NUMERICAL RESULTS

In this section, we present our numerical results of the
thermal spin-torque components in double-barrier tunnel
junctions having the general form L/B1/S/B2/R. Previ-
ously, we have shown analytically that the amplitude of the
perpendicular spin-current density in systems made of non-
magnetic leads in contact with magnetic barriers (DSFTJs)
is expected to be much larger than in systems made of
ferromagnetic leads in contact with nonmagnetic barriers
(DMTJs). Moreover, the latter are shown to have a net
spin torque dominated by the in-plane component. Here,
we exploit the numerical advantages to perform system-
atic studies of the thermal spin-torque components as a
function of the spacer thickness and the thermal difference.
We address the tight-binding results for two regimes. In
one case, we consider ferromagnetic materials with low
exchange-splitting values, � = 0.5 eV; this is referred to,
in the present work, as the low-band-filling (LB) regime.
In the second case, we consider ferromagnetic samples
where the contribution to the transport of minority car-
riers is negligible. In ferromagnetic metals, this is called
a half-metallic system, whereas in magnetic insulators,
this gives rise to an idealized spin-filtering effect with
100% spin polarization. For simplicity, we term this sec-
ond case the one-band-filling (OB) regime and consider an
exchange splitting of � = 1.5 eV. We then study the free-
electron model to capture the spacer thickness dependence
for different values of ES. In Fig. 2, we present the former
results, where we describe the thermal spin-torque compo-
nents for DMTJ and DSFTJ structures as a function of the
thermal difference. For the perpendicular component, the

zero-bias contribution, T0
⊥, is subtracted. In both systems,

similar parameters are considered, as noted in the caption
of Fig. 2. As shown, DSFTJ structures exhibit larger torque
amplitudes compared to DMTJs. In particular, for similar
parameters of the exchange splitting, T⊥ − T0

⊥ in DSFTJs
can be 3 orders of magnitude larger than in DMTJs. This
result is understood considering Eqs. (22) and (25), where
we have T⊥(DMTJ) ∝ e−2qd � T⊥(DSFTJ) ∝ e−qσ d. In
terms of the torque efficiencies, denoted by T⊥ − T0

⊥/jy ,
these results remain unchanged [see the inset in Fig. 2(b)].
It is important to remark upon the behavior of T‖ and
T⊥ − T0

⊥ as a function of �T. T‖ exhibits monotonic
behavior. In DSFTJs, it has the same symmetry for both
regimes, LB and OB; however, in DMTJs, for a given ther-
mal difference sign, it changes sign for each regime [see
Fig. 2(a)]. This behavior is understood considering single-
barrier junctions and has been explained in Ref. [53].
There, the authors have shown that in MTJs the sign of T‖
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FIG. 2. The thermal dependence of the nonequilibrium (a)
in-plane, T‖, and (b) out-of-plane, T⊥ − T0

⊥, spin-torque compo-
nents for DMTJ (red) and DSFTJ (black) structures in units of
neV/�, where � denotes the interfacial unit area. The relative
angle of the magnetic vectors is set to θ = π/2 and the mean
temperature is T0 = 300 K. The insets refer to the spin-torque
efficiencies in units of h/e. In DMTJs, we have ε

↑(↓)
B = 7 eV and

then (i) for LB, ε
↑(↓)
L,R = 4(5) eV and (ii) for OB, ε

↑(↓)
L,R = 4(7)

eV. In DSFTJs, we have ε
↑(↓)
L,R = 4 eV and then (i) for LB,

ε
↑(↓)
B = 7(8) eV and (ii) for OB, ε

↑(↓)
B = 7(10) eV. In all cases,

ε
↑(↓)

S = 5 eV. Note that in both systems the LB regime is defined
considering � = 0.5 eV, whereas the OB regime is defined con-
sidering a larger exchange splitting (� = 1.5 eV). In (b), the
torque amplitudes and the torque efficiencies for DMTJs are
multiplied by 100 and 10, respectively, to fit into the graph.
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is determined by the polarization factor, whereas in SFTJs
no sign reversal is expected as a result of the spin-filtering
effect. T⊥ − T0

⊥, in contrast, becomes an even function in
DMTJs but is nonsymmetric in DSFTJs [see Fig. 2(b)].
This is understood considering Eqs. (27) and (28), where
we show that a finite magnetic insulating barrier breaks
the symmetry due to a greater contribution from the spin-
dependent reflection. Overall, our results show that for
similar parameters, the electronic transport in DSFTJs
gives rise to a greater thermal torque efficiency compared
to DMTJs. Note, however, that the in-plane component,
T‖/jy , is comparable in magnitude for both types of sys-
tems in the OB regime. Moreover, if we decrease the
exchange splitting in the ferromagnetic barriers (from OB
to LB), the spin-torque amplitudes in DSFTJs remain
larger than in DMTJs, even if the latter preserves a large
splitting value in the half-metallic regime (OB), suggest-
ing that conventional ferromagnetic insulators with low
exchange, such as Eu chalcogenides or spinel-based mate-
rials, may give rise to thermal torques that are larger than in
DMTJs. Whereas the in-plane torque dominates in DMTJs,
in DSFTJs, both components, in-plane and out-of-plane,
are comparable in magnitude and therefore T⊥ cannot be
neglected. In DSFTJs, a more realistic device may require
a ferromagnetic metal to couple one magnetic insulator.
Although not shown here, inclusion of a ferromagnetic
metal in a DSFTJ structure enhances the torque ampli-
tudes; however, this enhancement is minimal, as the driven
mechanism of the tunneling process is the spin filtering in
the barriers. We now proceed to study the thermal spin-
torque efficiencies as a function of the spacer thickness for
different values of ES. Instead of using the discretized tight-
binding model, we consider the free-electron model to
better capture the resonance-tunneling mechanism, which
is driven by Eq. (20) in DMTJs and Ref. [63] in DSFTJs.
We take into account realistic parameters as stated in Refs.
[54] and [55], i.e., our DSFTJ system considers EuO-like
ferromagnetic barriers with an exchange splitting of 0.5
eV, whereas the DMTJ structure is adjusted to resemble
Fe/MgO MTJs with an exchange splitting of 1.96 eV. The
former is the usual DSFTJ in the LB regime discussed
with the tight-binding model. The latter is also in the same
regime but with a larger exchange splitting and therefore
the spin-torque amplitudes are expected to be smaller than
those of a half-metallic system but larger than those of the
LB system discussed previously. It is important to note
that the free-electron model, properly speaking, does not
describe a ferromagnetic insulator, because in this case
the ferromagnetism in, for example, EuO arises from the
4f localized states and therefore a multiband analysis is
required [64]. However, in the context of the transport
modeling, highly conductive itinerant electrons are mainly
s-d spin-polarized and therefore focusing on these bands
above the Fermi level in the insulating region is a good
approximation from a qualitative standpoint [43–45]. For
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FIG. 3. The spacer-thickness dependence of the nonequilib-
rium (a) in-plane, T‖/jy , and (b) out-of-plane, (T⊥ − T0

⊥)/jy ,
thermal spin-torque efficiencies in units of h/e for DMTJ (red)
and DSFTJ (black) structures. Three values of ES are consid-
ered; 0, 1.0, and −1.0 eV. The relative angle of the magnetic
vectors is set to θ = π/2. EF = 2.62 eV, U = EF + 0.8 eV,
m = 9.1 × 10−31 kg, mB = 0.4 m, �T = 50 K, and T0 = 300
K. In DMTJs, � = 1.96 eV, and in DSFTJs, � = 0.5 eV. The
blue circles in the upper panel denote the case ES = 0 eV and
dS ∼ 0.9 nm.

simplicity, the thermal spin-torque components are calcu-
lated considering the relative orientation of the magnetic
vectors to be perpendicular to each other. Note, however,
that in DSFTJs, γ σ

L(R) also depends on θ ; therefore, in such
systems, the maximum values of the torques are slightly
shifted from θ = π/2. In Fig. 3, we are more interested
in studying the relative differences between DMTJs and
DSFTJs. As shown, due to the quantum resonance, the in-
plane and the out-of-plane thermal spin-torque efficiencies
can be, respectively, one order and 3 orders of magnitude
larger in DSFTJs than in DMTJs. Note that in Fig. 2, a sim-
ilar conclusion is obtained when comparing systems with
similar exchange-splitting values. In this case, we show
that even if we take a much smaller exchange value in
DSFTJs, due to the presence of quantum resonance, one
can obtain larger thermal spin-torque efficiencies when
considering ferromagnetic insulators. An important fea-
ture in DMTJs is that these efficiencies change sign as
we tune dS or ES. In contrast, in DSFTJs the efficiencies
do not experience a sign reversal as a result of the spin-
filtering process. To connect these results to experiments,
in Table I we compare our double-barrier systems with a
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single-barrier MTJ used for spin-transfer-torque magnetic
random-access memory (STT MRAM) applications. In
particular, we choose double-barrier junctions with ES = 0
eV and dS ∼ 0.9 nm, which correspond, for the parameters
given here, to the largest in-plane torque efficiencies [see
Fig. 3(a), blue circles]. The single-barrier MTJ is chosen
with parameters similar to the DMTJ. In all cases, we keep
the same barrier width, i.e., dB = dB1 = dB2 = 0.5 nm,
where dB is the barrier width of the MTJ. As noted in Ref.
[24], an in-plane torque of 0.02 μeV/Å

2
can be sufficient

to induce switching of the storage-layer magnetization.
This is possible in single-barrier MTJs considering a volt-
age drop that gives rise to a pure charge-current density
on the order of 105 − 106 A/cm2 (see Table I, first row).
However, when considering instead a thermal difference
that gives rise to an equivalent charge-current density, the
thermal torque generated is small and not enough for data-
storage applications (see Table I, second row). Note that
these results depend strongly on the parameters chosen,
and in this case one may expect that thermal torques are
not suitable to replace spin-transfer torques. Nonetheless,
if we take into account double-barrier junctions and keep
the same thermal difference, we obtain a dramatic enhance-
ment of the spin-torque amplitude (see Table I, third and
fourth rows). In particular, the in-plane thermal spin torque
in DSFTJs can be one order of magnitude larger than the
amplitude needed for magnetization switching, suggest-
ing that DSFTJ structures are more efficient than MTJs.
To better quantify this efficiency, in thermal systems, we
should be interested in minimizing the heat current while
maximizing the Seebeck coefficient. To minimize the heat
current, lower temperatures or larger effective masses can
be considered [65]. In DSFTJs, due to a larger spin-
torque amplitude, lowering the mean temperature of the
system, for example, would still give rise to spin torques
that are sufficient for magnetization switching, which is
not the case when considering DMTJs or MTJs (see
Table I). Therefore, DSFTJs offer a better flexibility for
tuning parameters in data-storage applications. Regard-
ing the Seebeck coefficient, in Ref. [66] the author has

TABLE I. Typical values of the charge current density, in-plane
torque, and the in-plane torque efficiency for an MTJ, DMTJ, and
DSFTJ subjected to a temperature difference of 50 K compared to
a reference system of an MTJ subjected to an equivalent voltage
drop of 0.886 meV. In all cases, the barrier width is set at 0.5 nm,
ES = 0 eV, and dS = 0.9 nm, while all other parameters are the
same as in Fig. 3.

System je (A/cm2) T‖ (μeV/Å
2
) T‖/je (h/e)

MTJ (0.886 meV) 0.5 × 106 0.038 ∼ 0.03
MTJ (50 K) 0.5 × 106 0.003 ∼ 0.002
DMTJ (50 K) 0.6 × 106 0.017 ∼ 0.01
DSFTJ (50 K) 1.0 × 106 0.17 ∼ 0.06

shown that in DSFTJ structures, this coefficient increases
by 2 orders of magnitude compared to single-barrier MTJs.
Although in this work we use different parameters, due to
the resonant states present in the system, a similar enhance-
ment is expected. Consequently, our results suggest a
larger figure of merit in DSFTJ structures compared to
DMTJs and single-barrier MTJs. However, it is important
to note that the contribution to the thermal conductance
is made not only by electrons but also by phonons, and
therefore in systems where the heat transport by phonons is
important, the figure of merit decreases. In this sense, fur-
ther studies to quantify these contributions are needed, as
has been done in Ref. [67] for half-MTJs. Nonetheless, in
heterostructures composed of different materials, the trans-
port of heat by phonons is partially blocked and we expect
that this contribution will not be significant.

V. CONCLUSIONS

In this work, we have shown that double-barrier tunnel
junctions in the presence of magnetic insulators (DSFTJs)
offer an enhanced thermal spin-torque efficiency compared
to DMTJs for reliable applications. For the parameters
chosen, related to realistic samples used in experimen-
tal measurements, such as EuO-based spin-filter tunnel
junctions and Fe/MgO-based MTJs, the in-plane and out-
of-plane components of the thermal spin-torque efficiency
become, respectively, one order and 3 orders of magnitude
larger in DSFTJs. Moreover, as a result of the quantum
resonance in the system, these values are tuned by either
varying the thickness of the spacer or its energy relative
to the leads. The latter approach may be used efficiently
considering impurity doping [68]. Whereas in DMTJs,
the out-of-plane component of the thermal spin torque
can be neglected, in DSFTJs, both components, in-plane
and out-of-plane, are comparable in magnitude. We also
study a half-metallic DMTJ structure and show that even
when considering this type of system, the amplitude of the
thermal spin torque remains larger in DSFTJs and this dif-
ference keeps increasing as one increases the exchange
splitting in the ferromagnetic barriers. Finally, we have
shown that the in-plane torque amplitude in DSFTJs can
reach values that are one order of magnitude larger than the
amplitude needed for magnetization switching. Consider-
ing the recent progress in observation of quantum resonant
tunneling in magnetic tunnel junctions with two or more
barriers [69,70], these findings may open up avenues for
exploring various kinds of ferromagnetic insulators with
larger exchange splittings and higher transition temper-
atures, which can lead to more efficient devices in the
absence of external currents.
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