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We investigate the thermoelectric properties of Fe/MgO/Fe(001) magnetic tunnel junctions
(MTJs) by means of the linear-response theory combined with a first-principles-based Landauer-
Büttiker approach. We find that the Seebeck coefficient of Fe/MgO/Fe(001) MTJs strongly depends
on the barrier thickness and the tetragonal distortion. A compressive tetragonal distortion of the
in-plane lattice parameter in the MTJs provides interface resonant states just above the Fermi en-
ergy. This causes resonant tunneling in the MTJs and significantly enhances the Seebeck coefficient
when the thickness of the MgO barrier is around 1 nm (four or five atomic layers of MgO). More-
over, an extensive tetragonal distortion of the in-plane lattice parameter pushes the interface states
away from the Fermi energy, leading to a reduction of the Seebeck coefficient. Furthermore, we find
that the interface resonant tunneling enhances the power factor of the MTJs for the compressive
distortion. These results indicate that control of the barrier thickness and the tetragonal distortion
will be effective for maximizing the thermoelectric properties of MTJs.

I. INTRODUCTION

Since initial observations of the spin Seebeck effect
[1–4], the conversion between spin and heat currents
has been actively investigated, which has opened up
an emerging research area called spin caloritronics [5].
This area encompasses novel thermoelectric phenomena
in various magnetic systems ranging from bulk magnets
to magnetic tunneling junctions (MTJs).
The heat-to-charge current conversion, namely, the

Seebeck effect, in MTJs has been recently investigated
both experimentally [6–16] and theoretically [17–26], in
which most studies have considered the tunnel magneto-
Seebeck (TMS) ratio [27], the thermoelectric analog of
the tunnel magnetoresistance ratio. MTJs with a large
Seebeck effect have potential not only to produce a large
TMS ratio, but also to realize various applications such
as thermal energy harvesting, thermoelectric cooling in
nanoscale spintronic devices [27], and scanning Seebeck
tunneling microscopy [28, 29].
According to the linear-response theory, a large See-

beck effect can be obtained through an asymmetric en-
ergy dependence of the electronic transport with respect
to the Fermi energy [30]. In MTJs, electronic struc-
tures not only in the bulk electrode but also in the in-
terface can provide an asymmetric energy dependence of
the tunneling conductance. For example, recent theo-
retical studies [22, 24] have tried to understand the See-
beck effect in MTJs from the density of states (DOS)
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of ferromagnetic electrodes. In particular, Boehnke et

al. [13] have investigated various ferromagnetic materi-
als for electrodes in MTJs that have a preferable DOS
for a large Seebeck effect. They have experimentally ob-
served a relatively large Seebeck effect in MTJs such as
Co2FeAl/MgO/CoFeB and Co2FeSi/MgO/CoFe.

While these investigations have focused only on the
bulk electronic structure of the ferromagnetic electrode,
the interface property is also an important factor for
the Seebeck effect in MTJs. For example, the interfa-
cial termination has been found to affect the Seebeck
effect in MTJs [18, 23, 24]. Furthermore, Jia et al. [25]
have reported that the interface resonant tunneling sig-
nificantly changes the energy dependence of the tunnel-
ing conductance. They have calculated the Seebeck co-
efficient of Fe/MgO/Fe(001) MTJs, which are known to
exhibit interface resonant tunneling due to the large DOS
of minority-spin states at the interface [31–33]. While the
enhancement of the Seebeck coefficient due to the inter-
face resonant tunneling has been pointed out, detailed
properties of the interface resonant tunneling have not
been discussed in their work [25]. In particular, it is
expected that the interface resonant tunneling strongly
depends on the structural parameters of MTJs, such as
the barrier thickness and lattice distortion.

In the present work, we theoretically investigate the
Seebeck effect in the Fe/MgO/Fe(001) MTJ by using the
linear-response theory combined with a first-principles-
based Landauer-Büttiker approach while changing the
barrier thickness and the tetragonal distortion of the
in-plane lattice parameter. Since the lattice mismatch
between bcc Fe and MgO is 4%, the Fe/MgO/Fe(001)
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FIG. 1. Supercells of the
Fe(7ML)/MgO(nML)/Fe(7ML)(001) MTJ with an (a)
odd and (b) even number of MgO layers. The atomic
configuration at the right interface is different between the
two cases.

MTJ has a tetragonal distortion depending on the in-
plane lattice constant. Such a distortion is expected to
change the interfacial electronic structures and to affect
the interface resonant tunneling. Here, we use the fol-
lowing two kinds of in-plane lattice constants: one is
the experimental value of the lattice constant of bcc Fe
(a = aFe = 2.866 Å) and the other is that of MgO

(a = aMgO/
√
2 = 2.987 Å). These compressive and ex-

tensive tetragonal distortions of the in-plane lattice pa-
rameter can be potentially realized in experiments by
changing the material of the buffer layer or thickness of
the ferromagnetic electrode. For example, the in-plane
lattice constant of the Fe/MgO/Fe(001) MTJ might ap-
proach that of bcc Fe by increasing the thickness of the
Fe electrode. We found that these in-plane lattice distor-
tions significantly influence the energy difference between
bonding and antibonding states of interfacial Fe atoms
around the Fermi level and affect the Seebeck coefficient
of the MTJs. Furthermore, we found that the interface
resonant tunneling also enhances the power factor of the
MTJ for the compressive distortion.

II. CALCULATION PROCEDURE

A. Model

We prepared supercells of
Fe(7ML)/MgO(nML)/Fe(7ML)(001) MTJs for sev-
eral numbers of MgO layers n (from n = 3 to n = 12)
and for two kinds of tetragonal distortions, namely,
the compressive tetragonal distortion of the in-plane
lattice parameter (a = aFe = 2.866 Å) and the extensive
tetragonal distortion of the in-plane lattice parameter
(a = aMgO/

√
2 = 2.978 Å). Since stable interface struc-

tures are required for correct estimation of the Seebeck
coefficient, we carried out the structural optimization
for each supercell by using the density-functional theory
(DFT) combined with the generalized gradient approx-
imation for exchange-correlation energy [34], which
was implemented in the Vienna ab-initio simulation
program (VASP) [35, 36]. The details of the structural
optimization are given in our previous work [37]. A
15× 15× 1 k-point mesh was used in the Brillouin-zone
integrations for all the supercells. As a result of the
calculations, we found that the interface distances were
approximately 2.2 Å for the compressive distortion
(a = aFe = 2.866 Å), and 2.1 Å for the extensive

distortion (a = aMgO/
√
2 = 2.978 Å). The difference in

the interface distance between the two cases significantly
affects the interface resonant tunneling and the Seebeck
effect in MTJs.

B. Calculation of thermoelectric parameters

The electric current in MTJs is given by the Landauer-
Büttiker formula [38] as

I =
e

h

∫

dE τ(E)[fL(E)− fR(E)], (1)

where e(> 0) is the elemental charge, h is the Plank
constant, τ(E) = τ↑(E) + τ↓(E) is the total transmit-
tance in the MTJ with τ↑(E) [τ↓(E)] being the transmit-
tance in the majority-spin (minority-spin) channel, and
fL(R) = [1+eβL(R)(E−µL(R))]−1 is the Fermi function with

the inverse temperature βL(R) = (kBTL(R))
−1

and the
chemical potential µL(R) of the left (right) Fe electrode.
Here, kB is the Boltzmann constant and TL(R) is the tem-
perature of the left (right) Fe electrode. We calculated
the transmittance by means of the DFT [39], which was
implemented in the Atomistic ToolKit package (ATK)
[40–42]; see Refs. [37, 39] for further details on the cal-
culations. In the DFT calculations implemented in the
ATK package, we utilized the double-ζ polarized basis
set. A 7×7×50 k-point mesh was used for all of the cases
except for the compressive distortion (a = aFe = 2.866 Å)
with n = 12 (7× 7× 70 k-point mesh) and for the exten-

sive distortion (a = aMgO/
√
2 = 2.978 Å) with n = 10

(10× 10× 150 k-point mesh) because of the poor conver-
gence for these two cases with the 7×7×50 k-point mesh.
Such a large number of kz points are required to minimize
the mismatch of the Fermi energy between the Fe elec-
trode and scattering region including the barrier, where
an open boundary condition is adopted for the transport
calculation implemented in the ATK [42, 43]. We con-
firmed good numerical convergence with the appropriate
k-point meshes above for all of the cases.
In the transport calculations, we set the in-plain k-

points as k‖ = 801×801 for all of the cases. These many
in-plane k-points are needed to evaluate some sharp
peaks in the k‖-dependence of the transmittance, which
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extensive distortion

compressive distortion

|S
|
(µ
V

K
−
1
)

FIG. 2. The absolute value of the Seebeck coefficient of
the Fe(7ML)/MgO(nML)/Fe(7ML)(001) MTJ for the paral-
lel magnetization configuration as a function of the number
of MgO layers n for the compressive (a = aFe = 2.866 Å, red
solid curve) and the extensive (a = aMgO/

√
2 = 2.978 Å, blue

dotted curve) distortions.

appear in MTJs with the interface resonant tunneling
[31, 32].
The linear expansion of the electric current with re-

spect to the temperature and the chemical-potential dif-
ferences (∆T = TL − TR and ∆µ = µL − µR) gives the
electric conductance as

G ≡
(

dI

dV

)

∆T=0

= e2L0, (2)

and the Seebeck coefficient as

S ≡ −
(

∆µ/e

∆T

)

I=0

= −
1

eT

L1

L0
, (3)

where we set TL = TR = T in the linear-response regime.
Here, Lp (p = 0, 1) is the generalized transport coefficient
defined as

Lp ≡
1

h

∫ ∞

−∞

dE (E − EF)
pτ(E)

(

−
df

dE

)

, (4)

where EF is the Fermi energy and f = [1 + eβ(E−EF)]−1

with µL = µR = EF and βL = βR = β. Here, we neglect
the temperature dependence of the chemical potential
and assume µ = EF. Throughout the present work, the
temperature T in the Fermi distribution function is fixed
to 300 K.

III. RESULTS AND DISCUSSION

Figure 2 shows the absolute value of the Seebeck coef-
ficient of the Fe(7ML)/MgO(nML)/Fe(7ML)(001) MTJ
for the parallel magnetization configuration as a func-
tion of the number of MgO layers n for the compressive

(a = aFe = 2.866 Å) and the extensive (a = aMgO/
√
2 =

2.978 Å) tetragonal distortions of the in-plane lattice pa-
rameter. In the present work, we mainly analyzed the
Seebeck coefficient for the parallel magnetization config-
uration of the MTJ, in which we can clearly see the effect
of the interface resonant tunneling on the Seebeck effect.
We give the analysis for the antiparallel magnetization
configuration in Appendix, in which we can see the effect
that might be due to the interface resonant tunneling.
The behavior of the Seebeck coefficient is completely dif-
ferent between the two cases. While the Seebeck coeffi-
cient for the extensive distortion increases almost grad-
ually and monotonically as n increases, the one for the
compressive distortion reaches its maximum at n = 5.

The signs of the Seebeck coefficients are all negative
except for n = 6 and 7 for the compressive distortion.
The absolute values of the Seebeck coefficient are ap-
proximately tens of µVK−1, and these are consistent
with previous theoretical work [17, 19, 25] and experi-
mental work with CoFeB electrodes [14], but the results
are about one to two orders smaller than those observed
in the other previous experiments with CoFeB electrodes
[7, 10, 12, 13, 15, 44, 45]. This discrepancy might orig-
inate from the estimation of the temperature difference
in the experiments as pointed out in Refs. [25, 46].

We now focus on the following four characteristic be-
haviors of the Seebeck coefficient found in Fig. 2: (1) the
enhancement of the Seebeck coefficient for the compres-
sive distortion for n = 4 and 5 and the relatively small
Seebeck coefficients for the other n, (2) the difference in
the Seebeck coefficient between the compressive and the
extensive distortions for n = 4 and 5, (3) the oscillation
of the Seebeck coefficient on the odd and even n for the
compressive distortion, and (4) the gradual increase in
the Seebeck coefficient for the extensive distortion as n
increases.

In order to investigate these behaviors, we analyzed the
energy dependence of the transmittance since it domi-
nates the behavior of the Seebeck coefficient via the gen-
eralized transport coefficients in Eq. (4). The Seebeck
coefficient increases with decreasing L0 and increasing
L1 as shown in Eq. (3). A small L0, however, results in
a small conductance, thus leading to low electric power.
For example, an insulator usually has a large Seebeck
coefficient but it is not useful for thermoelectric appli-
cations. We therefore focus on how to enhance L1 for a
large Seebeck coefficient. Since (E −EF)[−(df/dE)] ap-
pearing in the integrand in L1 is an antisymmetric func-
tion with respect to the Fermi energy, L1 vanishes with a
symmetric energy dependence of transmittance with re-
spect to the Fermi energy, thus resulting in a zero Seebeck
coefficient. Therefore, we need an asymmetric energy
dependence of transmittance with respect to the Fermi
energy for a larger L1. Moreover, such an asymmetric
energy dependence should appear near the Fermi energy
since (E − EF)[−(df/dE)] is almost zero at the energy
far away from the Fermi energy (Fig. 3). At 300 K, the
asymmetric energy dependence of the total transmittance
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FIG. 3. Plots of −(df/dE) and (E−EF)[−(df/dE)] normal-
ized by kBT at room temperature, T = 300 K, as a function
of energy relative to the Fermi energy E − EF, which are
included in the integrand of the generalized transport coeffi-
cients [Eq. (4)].

appearing in the energy rangeE−EF = [−0.2 eV, 0.2 eV]
contributes to the Seebeck coefficient.

We first consider the enhancement of the Seebeck coef-
ficient for the compressive distortion for n = 4 and 5 and
the relatively small Seebeck coefficients for the other n in
Fig. 2. Figure 4(a) shows the total transmittance for the
compressive distortion as a function of energy relative to
the Fermi energy. For n = 4 and 5, the strong enhance-
ment appears in the total transmittance in the energy
range E−EF = [−0.05 eV, 0.14 eV]. This makes the en-
ergy dependence of the transmittance asymmetric, thus
leading to the enhancement in the Seebeck coefficient for
the compressive distortion for n = 4 and 5 via the in-
crease in L1. The enhancement in the total transmit-
tance comes from the transmittance in the minority-spin
channel shown in Fig. 4(c), which is due to the interface
resonant tunneling between the left and right interfaces.
Figure 5(a) shows the DOSs in the minority-spin d states
at the interface Fe atoms as a function of energy relative
to the Fermi energy for the compressive distortion. We
find the peak of DOS of dyz(zx) and dx2−y2 states cen-
tered around E−EF = 0.1 eV, which mainly contributes
to the interface resonant tunneling.

For the other numbers of MgO layers (n = 3, n ≥ 6),
the enhancement in the total transmittance due to the
interface resonant tunneling is not so clear as that for
n = 4 and 5, thus resulting in small Seebeck coefficients.
For n ≥ 6, we can not see a clear enhancement in the to-
tal transmittance as shown in Fig. 4(a) because the wave
function of the interface resonant states in the minority-
spin state shows the fast decay in the MgO barrier as
compared with that of the majority-spin ∆1 evanescent
state. For n = 3, the enhancement due to the interface
resonant tunneling in the total transmittance appears but
it is smaller around the Fermi energy than that for n = 4
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FIG. 4. (a) Total transmittance, (b) transmittance in the
majority-spin channel, and (c) that in the minority-spin chan-
nel in the Fe(7ML)/MgO(nML)/Fe(7ML)(001) MTJ for the
parallel magnetization configuration as a function of energy
relative to the Fermi energy E − EF for the number of MgO
layers n from n = 3 to n = 12 and the compressive distortion
(a = aFe = 2.866 Å). (d)-(f) The same as (a)-(c) but for the
extensive distortion (a = aMgO/

√
2 = 2.978 Å). The solid

curves show the transmittances for odd n, while the dotted
curves show those for even n. We plotted the data in the
energy range E − EF = [−0.2 eV, 0.2 eV], which mainly con-
tributes to the Seebeck coefficients at T = 300 K since the
factor (E − EF)[−(df/dE)] at T = 300 K in Fig. 3 is almost
zero outside the range.

and 5, leading to a smaller value of the Seebeck coefficient
than these cases. The reason why the interface resonant
tunneling is relatively suppressed for n = 3 is that the
thickness of the barrier is too small to describe the insu-
lating behavior of MgO. Other states such as ∆5 and ∆2

states contribute to the transmittance in the majority-
spin channel and smear the enhancement of the transmit-
tance due to the interface resonant tunneling. Therefore,
the transmittance in the majority-spin channel shown in
Fig. 4(b) dominates the total transmittance for n = 3
and n ≥ 6, thus leading to the almost symmetric energy
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compressive distortion

(a = aMgO/
√

2 = 2.978 Å)
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FIG. 5. The DOS of the minority-spin d states of the interface
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FIG. 6. (a) A schematic picture of the left interface of
the Fe/MgO/Fe(001) MTJ for the compressive (a = aFe =
2.866 Å) and the extensive (a = aMgO/

√
2 = 2.978 Å) distor-

tions. As the in-plane lattice constant increases, the interface
distance decreases. (b) A schematic picture of the bonding
and antibonding states at the interface for the compressive
(a = aFe = 2.866 Å) and the extensive (a = aMgO/

√
2 =

2.978 Å) distortions. As the interface distance decreases, the
coupling at the interface becomes strong, thus leading to an
increase in the energy difference between the bonding and the
antibonding states.

dependence of the total transmittance with respect to
the Fermi energy. The generalized transport coefficient
L1 thus becomes almost zero, resulting in an almost zero
Seebeck coefficient.

Next, we consider the difference in the Seebeck coeffi-
cient between the compressive and the extensive distor-

tions for n = 4 and 5 found in Fig. 2. In contrast to the
case for the compressive distortion shown in Fig. 4(a),
the enhancement in the total transmittance due to the
interface resonant tunneling does not appear for the ex-
tensive distortion as shown in Fig. 4(d). This is be-
cause the maximal transmittance caused by the inter-
face resonant tunneling shifts to the higher energy side
while increasing in-plane lattice constant [see the trans-
mittances in the minority-spin channel for both cases
shown in Figs. 4(c) and 4(f)]. In this case, the max-
imal transmittance from the interface resonant tunnel-
ing dose not contribute to the Seebeck coefficient be-
cause the factor (E − EF)[−(df/dE)] at T = 300 K
does not pick up the maximal transmittance from the
interface resonant tunneling outside the energy range
E − EF = [−0.2 eV, 0.2 eV]. Therefore, the Seebeck co-
efficient for the extensive distortion is smaller than that
for the compressive distortion. In order to understand
the shift of the maximal transmittance caused by the in-
terface resonant tunneling, we calculated the LDOS of
interfacial Fe atoms at the Fe/MgO(001) interface for
the extensive distortion of the in-plane lattice shown in
Figs. 5(a) and 5(b). We confirm that the interfacial states
of Fe dyz(zx) orbitals are shifted to the higher energy side
due to the extensive distortion and are located around
E−EF > 0.2 eV, which is consistent with the shift of the
maximal transmittance from the interface resonant tun-
neling. These interfacial states are mainly composed of
antibonding states of interfacial Fe dyz(zx) orbitals. Since
the interfacial Fe-O distance decreases due to the exten-
sive distortion of the in-plane lattice parameter as shown
in Fig. 6(a), the energy difference between the bonding
and antibonding states increases with the distortion [see
Fig. 6(b)]. This gives the shift of the interfacial anti-
bonding states to the higher energy side, thus leading to
a smaller contribution to the Seebeck coefficient.

The oscillation of the Seebeck coefficient on the odd
and even n for n ≥ 5 for the compressive distortion found
in Fig. 2 is also due to the interface resonant tunnel-
ing. For odd n, the enhancement in the total transmit-
tance due to the interface resonant tunneling shown in
Fig. 4(a) gives larger Seebeck coefficients than those for
even n. For even n, the enhancement in the total trans-
mittance does not appear as shown in Fig. 4(a), thus
leading to smaller Seebeck coefficients with almost sym-
metric transmittance from the majority-spin ∆1 evanes-
cent state. The different behavior of the enhancement in
the total transmittance due to the interface resonant tun-
neling between even and odd n causes the oscillation of
the Seebeck coefficient. This may originate from the sym-
metry of the left and right interfacial structures, which
are symmetric for odd n but asymmetric for even n since
the atomic positions of Mg and O atoms are shifted as
shown in Fig. 1. For symmetric interfacial structures
with odd n, the effect of the interface resonant tunnel-
ing is noticeable as compared with that for asymmetric
interfacial structures with even n, thus resulting in the
enhancement in the total transmittance. For n = 7, how-
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ever, the Seebeck coefficient is almost zero because the
enhancement due to the interface resonant tunneling ap-
pears almost symmetrically in the total transmittance.
A gradual increase in the Seebeck coefficient with in-

creasing n for the extensive distortion was found in Fig. 2.
This comes from the increase in the gradient in the total
transmittance as n increases [Fig. 4(d)]. The increase in
the gradient makes the total transmittance more asym-
metric and enhances the Seebeck coefficient via the in-
crease in L1. We found the following properties of the
increase in the gradient in the energy dependence of the
transmittances. First, the increase in the gradient for the
extensive distortion with increasing n comes from that in
the transmittance in the majority-spin channel coming
from the ∆1 state [Fig. 4(e)] since it dominates the trans-
port for the extensive distortion. Second, for the same
number of MgO layers, the gradient increases with the in-
plane lattice constant. This can be found by comparing
the transmittances in the majority-spin channel for the
compressive and the extensive distortions at fixed n as
shown in Figs. 4(b) and 4(e). Third, for the fixed in-plane
lattice constant, the gradient increases with increasing n
even for the compressive distortion when the transmit-
tance in the majority-spin channel dominates the total
transmittance (for n ≥ 6), although the increase is very
small. Fourth, the gradient increases more significantly
with increasing n for the extensive distortion [Fig. 4(e)]
than for the compressive one [Fig. 4(b)]. With these ob-
servations, we speculate that the gradient may be related
with the bulk property of the MgO barrier. Atomic po-
sitions in the MgO barrier in MTJs are usually differ-
ent from those in bulk MgO because of the effect from
Fe electrodes. When we increase the barrier thickness
in the MTJ, the electronic structure of the MgO layers
approaches that of bulk MgO, which may result in an
increase of the gradient.
In addition to the Seebeck coefficient, we define the

power factor to characterize the thermoelectric output
power of the MTJ as

PF∗ ≡
G

A
· S2, (5)

where A is the cross section of the MTJ. In the defini-
tion, since there is usually no periodicity along the z axis
in MTJs, we use G/A, the conductance divided by the
cross-sectional area of the MTJ, instead of the electrical
conductivity, which is the analog of the resistance area
product RA and used in Ref. [25].
The power factor of the

Fe(7ML)/MgO(nML)/Fe(7ML)(001) MTJ (from n = 3
to n = 12) for the parallel magnetization configuration
for the compressive and the extensive tetragonal distor-
tions of the in-plane lattice parameter is shown in Fig. 7.
For n = 4 and 5, the power factor for the compressive
distortion (a = aFe = 2.866 Å) is larger than that for

the extensive one (a = aMgO/
√
2 = 2.978 Å) because

of the enhancement of the Seebeck coefficient for the
compressive distortion (Fig. 2) caused by the interface
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FIG. 7. The power factor, PF∗, of the
Fe(7ML)/MgO(nML)/Fe(7ML)(001) MTJ for the paral-
lel magnetization configuration as a function of the MgO
layers n for the compressive (a = aFe = 2.866 Å, red solid
curve) and the extensive (a = aMgO/

√
2 = 2.978 Å, blue

dotted curve) distortions defined in Eq. (5).

resonant tunneling. For n ≥ 6, the power factor PF∗

suddenly decreases for both the compressive and the
extensive distortions since the conductance decreases
exponentially as the number of MgO layers n increases.
Our present results on the Seebeck coefficient and the
power factor indicate that the interface resonant tunnel-
ing can enhance the Seebeck coefficient and the power
factor simultaneously for the compressive distortion with
4 or 5 atomic layers of MgO barrier.
We here compare the power factor of the MTJ, PF∗,

with the power factor of typical bulk thermoelectric ma-
terials. Since the definition of the power factor of bulk
thermoelectric materials, PF ≡ σS2, includes the elec-
tric conductivity σ [not the conductance G in Eq. (2)],
we need to set the total thickness of the MTJ along its
stacking direction, denoted as Lz, to calculate the elec-
tric conductivity of the MTJ for the comparison. Using
Lz, we calculated the electric conductivity of the MTJ
as σ = GLz/A, and utilized the relation PF = LzPF

∗

to obtain the value of PF [see Eq. (5)]. When Lz =
100 nm, which is a typical length scale of real MTJs,
the conventional power factor for our MTJ is about
PF ≈ 8 × 10−5 Wm−1K−2 using the maximum value of
PF∗ (for n = 4 for the compressive tetragonal distortion),
while the power factor of typical bulk thermoelectric ma-
terials is the order of 10−5 − 10−3 Wm−1K−2[47].

IV. DISCUSSION FOR THE EFFECT OF

NONLINEARITY, BIAS VOLTAGE AND

DISORDER

So far, we have analyzed the Seebeck coefficient in the
linear-response regime without considering bias voltage
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and disorder in order to understand its physical origin.
Here we discuss the effect of nonlinearity, bias voltage
and disorder on the Seebeck coefficient.
Nonlinear Seebeck coefficients have been investigated

in the research area of the transport in molecular junc-
tions [48] and strongly correlated quantum dots [49]. Fol-
lowing the previous studies [48, 49], we calculated a non-
linear Seebeck coefficient defined as S = −∆µ/(e∆T )
with ∆µ satisfying the open circuit condition, I = 0,
where we set µL = µR + ∆µ with µR = EF as well as
TL = TR + ∆T with TR = 300 K and ∆T = 30 K [see
Eq. (1)]. We found that the difference between the linear
and the nonlinear Seebeck coefficients is always less than
2 µV/K. We thus consider that the nonlinear effect in
the Seebeck coefficients is negligible in our results.
Finite bias voltage has been known to break the sym-

metry between the left and right interface states, result-
ing in the suppression of the interface resonant tunneling
[33, 50]. We therefore expect that it will suppress the en-
hancement of the Seebeck coefficient. In order to confirm
this expectation, we calculated the Seebeck coefficient
using the transmittance under finite bias voltages taken
from Ref. [37], in which the energy dependence of the
transmittance of a Fe/MgO(5ML)/Fe(001) MTJ under
various bias voltages was calculated. We found that the
absolute value of the Seebeck coefficient decreases from
12.6 to 4.07 µVK−1 with increasing the bias voltage from
0 to 0.5 V, which can be attributed to the suppression of
the interface resonant tunneling due to the applied bias
voltage.
Disorder in MTJs will also affect the interface res-

onant tunneling and the Seebeck coefficient. For ex-
ample, in order to consider generic disorder theoreti-
cally, Rungger et al. [50] added the small imaginary part
to the energy when calculating the transmittance of a
Fe/MgO(4ML)/Fe MTJ, which corresponds to the uni-
form level broadening. They found that the interface
resonant tunneling in the minority-spin channel is sup-
pressed with increasing the imaginary part, that is, in-
creasing the effect of disorder. This result suggests that
the enhancement of the Seebeck coefficient due to the
interface resonant tunneling will be suppressed by the
disorder.

V. SUMMARY AND CONCLUSION

In the present work, we have calculated the Seebeck
coefficient of the Fe(7ML)/MgO(nML)/Fe(7ML)(001)
MTJ by means of the linear-response theory combined
with a first-principles-based Landauer-Büttiker approach
for several numbers of MgO layers n (from n = 3 to
n = 12) and for the compressive (a = aFe = 2.866 Å)

and the extensive (a = aMgO/
√
2 = 2.978 Å) tetragonal

distortions of the in-plane lattice parameter. We have
found that the behavior of the Seebeck coefficient as a
function of the number of MgO layers n is completely
different between the two kinds of distortions. Detailed
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extensive distortion

compressive distortion

60

40

20

0

−20

−40

−60

−80

−100

S
(µ
V

K
−
1
)

FIG. 8. The Seebeck coefficient of the
Fe(7ML)/MgO(nML)/Fe(7ML)(001) MTJ for the antiparal-
lel magnetization configuration as a function of the number
of MgO layers n for the compressive (a = aFe = 2.866 Å,
red solid curve) and the extensive (a = aMgO/

√
2 = 2.978 Å,

blue dotted curve) distortions.

analysis of the transmittance has clarified that the in-
terface resonant tunneling can enhance the Seebeck co-
efficient for the compressive lattice distortion with four
or five atomic layers of MgO barrier. In addition to the
Seebeck coefficient, we have calculated the power factor
defined in Eq. (5). It has been found that the power
factor can additionally be enhanced for the compressive
distortion due to the interface resonant tunneling. These
results indicate that control of the barrier thickness and
the in-plane lattice distortion will be effective for maxi-
mizing the thermoelectric properties of MTJs.
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Appendix: Antiparallel magnetization configuration

In the present appendix, we analyze the Seebeck
coefficient, the transmittance, and the power fac-
tor PF∗ for the antiparallel magnetization configura-
tion. Figure 8 shows the Seebeck coefficient of the
Fe(7ML)/MgO(nML)/Fe(7ML)(001) MTJ for the an-
tiparallel magnetization configuration as a function of the
number of MgO layers n for the compressive (a = aFe =

2.866 Å) and the extensive (a = aMgO/
√
2 = 2.978 Å)

tetragonal distortions of the in-plane lattice parameter.
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FIG. 9. Total transmittances in the
Fe(7ML)/MgO(nML)/Fe(7ML)(001) MTJ for (a) the
compressive (a = aFe = 2.866 Å) and (b) the extensive
(a = aMgO/

√
2 = 2.978 Å) distortions for the antiparallel

magnetization configuration as a function of energy relative
to the Fermi energy E −EF for the number of MgO layers n
from n = 3 to n = 12.

With increasing the number of MgO layers n, the abso-
lute value of the Seebeck coefficient for the compressive
distortion increases while one for the extensive distortion
decreases.
In order to understand the behavior of the Seebeck

coefficient, we plot the energy dependence of the to-
tal transmittances for both the distortions for the an-
tiparallel magnetization configuration in Fig. 9. We
show only the total transmittance in Fig. 9 because
the transmittances in the majority- and minority-spin
channels are almost equal in the antiparallel magne-
tization configuration. For the compressive distortion
[Fig. 9(a)], we can see the enhancement around E −
EF = [−0.05 eV, 0.14 eV] for n = 3 that might originate
from the interface resonant tunneling. With increasing
the number of MgO layers n, the transmittance around
E−EF = [−0.05 eV, 0.05 eV] decreases, while the trans-
mittance around E − EF = 0.1 eV hardly changes, re-
sulting in increasing the asymmetric energy dependence
of the transmittance with respect to the Fermi energy.

Therefore, the absolute value of the Seebeck coefficient
increases with increasing n for the compressive distortion
(Fig. 8).

For the extensive distortion [Fig. 9(b)], we can see the
enhancement of the transmittance in E − EF ≥ 0.1 eV
for all n except for n = 3. While this produces the neg-
ative Seebeck coefficient, the complicated contributions
from the band structure of Fe electrode provides the pos-
itive Seebeck coefficient through the energy dependence
in E − EF ≤ 0 eV. These two contributions result in
the dependence on n of the Seebeck coefficient for the
compressive distortion in Fig. 8.
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FIG. 10. The power factor, PF∗ defined in Eq. (5), of the
Fe(7ML)/MgO(nML)/Fe(7ML)(001) MTJ for the antiparal-
lel magnetization configuration as a function of the MgO lay-
ers n for the compressive (a = aFe = 2.866 Å, red solid curve)
and the extensive (a = aMgO/

√
2 = 2.978 Å, blue dotted

curve) distortions.

We plot the power factor for the antiparallel magneti-
zation configuration for the compressive and the exten-
sive distortions in Fig. 10. Unlike the case for the paral-
lel magnetization configuration (Fig. 7), the power factor
for the antiparallel magnetization configuration decreases
monotonically and exponentially with increasing n. This
is due to the exponential decrease in the conductance
for the antiparallel magnetization configuration, which
is more rapid than that for the parallel magnetization
configuration.
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