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Magnetic tunnel junctions (MTJs) are promising devices for heat-assisted magnetic
recording technology. Quantum transport of nanoscale double-barrier MTJs with a middle
Lag 7S15.3MnO3 (LSMO) layer (DBMTJs-LSMO) is investigated by the non-equilibrium
Green’s function formalism. The thermopower is described in the linear response regime.
The results of the DBMTJs-LSMO show an enhancement of the thermopower compared

to DBMTJs-CoFeB and conventional single-barrier MTJs (SBMTIJs) due to the LSMO
physical properties and also the existence of the quantum-well (QW) states. The parallel

(P) and anti-parallel (AP) thermopower of Sp ~ —225 ' VK! and Syp ~ —320 u VK ! are
achieved at room temperature for DBMTJs-LSMO. The tunnel magneto-thermopower ratio is
found to be 42% at room temperature along with its maximum value of 138% at T = 163 K for

DBMTJs-LSMO.
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1. Introduction

Thermoelectricity of nanoscale systems has been investigated
by theoretical and experimental research [1, 2]. Seebeck
showed that waste heat can be converted into electricity in
thermoelectric (TE) materials.

In order to investigate efficiency of a TE material, a
dimensionless figure of merit ZT = S?GT/(\e + Aph) 18 used
in which S denotes the thermopower, G the electrical con-
ductance, T the average temperature and A¢j(Apy) the electronic
(phononic) contribution to the thermal conductance [3]. The
potential of a TE material with high figure of merit is a dare for
theoretical and experimental research [4].

Magnetic tunnel junctions (MTJs) can be used as the
basic unit for heat-assisted magnetic recording (HAMR)
media [5, 6]. MgO-based MTJs are more appealing due to
high tunnel magneto-Seebeck (TMS) ratio [7-10] and tunnel
magneto-resistance (TMR) [11]. The TMS in the MTJs is a
spin caloritronics effect that provides the feasibility to acquire
thermovoltages depending on the magnetic configuration of
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the MTJs. The different values of the thermopower have been
observed in the MgO-based MTJs [12, 13].

Double-barrier MTJs (DBMTJs) are significant in spin-
tronic devices due to the existence of the quantum-well (QW)
states inside the middle layer. The large TE effects can be
achieved by resonant tunneling from the QW states [14, 15].
Once the resonant states shift to the Fermi energy, the energy
dependence of the transmission shows asymmetric behavior
and as a result, the thermopower increases.

It is possible to control the position of the resonant states
by an external magnetic field in the DBMTJs including a
middle ferromagnetic (FM) material. Therefore, the TE
effects can be changed using an external magnetic field.

Perovskite manganites La;_,A MnO5; (where A = Sr,
Ba, Ca) with huge magnetoresistance have shown diverse
physical circumstances due to multiple couplings among
charge, spin and degrees of freedom [16]. To explain the
transport mechanism through the La; ,A,MnOj;, different
models [17-19] have been formed. Interfacial effects on the
TMR are investigated in a combination of Lay;Sry3MnO;

© 2020 IOP Publishing Ltd  Printed in the UK
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Figure 1. Conduction-band profile of (a) single-barrier magnetic tunnel junctions (SBMTJs) CoFeB/MgO/CoFeB and (b) double-barrier

magnetic tunnel junctions with a middle LSMO layer (DBMTJs-LSMO) CoFeB /MgO/LSMO/MgO/CoFeB. The magnetizations of the left
and right CoFeB contacts are fixed at parallel configuration while that of the LSMO layer makes an angle ¢ with the z-axis. The spin-splitting
of the CoFeB contacts is A and that of the LSMO layer is Ay,. The barrier height of the MgO insulators above the Fermi energy Er is U; and
the conduction-band offset of the LSMO layer is Uy. The thickness of the MgO insulator is # for the SBMTJs and those of the left (right)

MgO insulator, middle LSMO layer aret;, ,,, tw respectively.

(LSMO) with the MgO insulator as LSMO/MgO/Fe tun-
neling junction, experimentally [20]. The combination of the
perovskite manganites for example LSMO with MgO barriers
may lead to stimulating effects because of the different lattice
structures as well as the high degree of epitaxial strain in such
interface. Effects of nanostructure on TE properties of syn-
thesized LSMO compound are also studied recently in a
definite range of temperatures [21].

The purpose of present work is to investigate the ther-
mopower of the DBMTJs with structures as CoFeB/MgO/
CoFeB/MgO/CoFeB (DBMTJs-CoFeB). The junctions are
based on an FM material (e.g. CoFeB) as a quantum well
between two MgO insulators as barriers and surrounded by
two CoFeB contacts (figure 1). To improve the thermopower
of the DBMTIJs-CoFeB, the middle CoFeB layer is replaced
by an LSMO layer (DBMTJs-LSMO). The thermopower of
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the DBMTIJs-LSMO is also compared to that of single-barrier (between nearest-neighbor sites), respectively:
MTIJs (SBMTlJs).
i = 2 i Ec. 6
Some DBMTIs such as Fe/MgO/Fe/MgO/Fe [22], R +2 ¢ ©)
CoFeB/MgO/CoFe/MgO/CoFeB [23] are investigated = —h )
experimentally. However, experimental investigations in the 2m;*a®

DBMTIJs-LSMO have not yet been reported. It is to be noted
that LSMO/MgO/Fe tunneling junctions are grown by
magnetron sputtering recently [20].

This paper is organized as follows. Section 2 describes
the details of the model and formalism. In section 3 the
method is used to investigate the structures. The conclusions
are presented in section 4.

2. Model and formalism

A two terminal nanoscale device is considered in the linear
response regime as the temperature difference between the
left (L) and right (R) contacts of AT (=1}, — Tg) is assumed to
be very small. The electric current (I,) is given by [3, 24]:

1, = é(LOAV — kB—Tng), (D
h e T
where h represents the Planck’s constant, AV the applied
voltage (induced byAT), kg the Boltzmann’s constant, and
T = (T}, + Tx)/2 average temperature.

The thermopower (§) for zero electric current (I, = 0) is
calculated by:

S= lim (ﬂ) -(-2)&, @)
AT—0\ AT e )Ly
where dimensionless coefficients L, (n = 0, 1) are defined as:
+00 _ n
L,= f E-Er g‘(E)(_a_f)dE' (3)
—o0 kgT OE

The symbol 7 (E) denotes electronic transmission and
fE, T) = [exp(E — Er)/kgT) + 117! the Fermi-Dirac
distribution function.

The tunnel-magneto thermopower (TMT) ratio through
the MTJs is given by [25]:

Sp — Sap

™T = —
min (|Sp|, |Sapl)

“

In the present work, a quantum mechanical model
describes the flow of electrons coherently through the junc-
tions. It is assumed that all dissipative and phase-breaking
processes to be limited to the contacts.

To calculate the electronic transmission, a single-band
effective mass Hamiltonian is used in the non-equilibrium
Green’s function (NEGF) formalism [26-28]. The Hamilto-
nian is written as:

H = Hyl — (a‘.m)%, (5)

where H, is spin-independent part and / the 2 x 2 identity
matrix. The diagonal and off-diagonal elements of the H, matrix
are corresponding to the on-site potentials and coupling energies

where i € CoFeB, MgO, LSMO regions and E- denotes the
conduction band edge (with respect to the bottom of the con-
duction band of the CoFeB contacts), 2 the reduced Planck’s
constant, a lattice spacing and m* effective mass. The interface
energies can be written as(r; + 7;) + (Ec, + E¢)/2, where
i, j € CoFeB, MgO, LSMO regions.

The second term of the Hamiltonian is spin-dependent
part in which o = (oy, 0y, 0;) the Pauli’s spin vector, m the
free magnet direction and A; the spin-splitting of the ferro-
magnetic materials wherei € CoFeB, LSMO regions.

In the NEGF formalism, the Green’s function (%) is
defined as:

GE)=[El — H—-Y, — gL (8)

In equation (8), E denotes the electron energy and X g,
the 2 x 2 left (right) self-energy matrix of the CoFeB con-
tacts:

—toorenexp(ik] a) 0

z:L,R(iv i7 k”) = s (9)

0 —tcorenexp(ik}a)

where kj = (k,, k) denotes the transverse wave vector and
kjm) are the wave vectors of the spin up (down) elec-
trons [26, 27].

The electronic transmission is given by the Landauer—
Biittiker formula:

T(E) = Tr[Iu(EY4(E)TR(E) 97 (E)], (10)

where the broadening matrix of the left (right) contacts Iy ) is
defined as:

L (E) = ACCLw) — 5 )- (11)

To calculate 3D transmission, it has summed over the first 50
transverse energies (modes) of £ = i‘ﬂk”2 /2m* in the xz plane.

The periodic boundary conditions are assumed in the
transverse direction as the transverse modes are decoupled
like individual 1D wires. It is also assumed that the transverse
wave vector k| for each transverse mode conserves throughout
the structure. The transverse energies in the CoFeB contacts,
MgO barriers and LSMO layer are different because of dis-
similarity in the effective masses.

The barriers are improbable to be defect free over the
junction area of the real MTJs due to surface imperfections and
lattice mismatch between Fe and MgO [11] and these factors
lead to non-conservation of k|, however are outside of this work.

3. Results and discussions

The material parameters for the CoFeB contacts, MgO insu-
lators and LSMO layer are: the Fermi energy of the CoFeB
contacts Ep = 2.25 eV [27], the effective mass for electrons
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Figure 2. The thermopower as a function of the middle layer thickness (#y) for DBMTJs-LSMO and DBMTJs-CoFeB with
t, =t,=05mm atd = 7/2, A =2.15eV, Uy =0.77eV, T =300K.
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Figure 3. The thermopower as a function of the average temperature (7') for SBMTJs (a) with 4 = 1.4 nm and DBMTJs-LSMO (b) with
tw =04nm, t;, =1, =05mm atd =0, 7/2, 7, A = 2.15eV, U; = 0.77 eV.

inside the CoFeB contacts m gz = 0.8 m, (m, is mass of
free electron) [27], the spin-splitting of the CoFeB contacts
A = 2.15¢eV [27], the barrier height of the MgO insulators
above the Fermi energy U; = 0.77 eV [27], the effective mass
for electrons inside the MgO insulators mg',]go = 0.18 m,
[27], the conduction-band offset of the LSMO layer
Uy = 1.90 eV [26], the LSMO spin-splitting Ay = 0.7 eV
[26] and the effective mass for electrons inside the LSMO
layer mj's\o = 4 m, [29]. The spin-splitting of the MgO
barriers is zero in the present calculation.

Figure 2 shows the thermopower as a function of the
middle layer thickness (#y) for the DBMTJs-LSMO (CoFeB)
structure. With increase of #y, the resonant peaks appear for
the thermopower at the specific thicknesses of the LSMO
layer (correspond to the resonant positions of the quantum

well) because the thermal current (current made by thermal
gradient) from the warmer to the colder contact can be
balanced by the bias current (current made by bias voltage) in
the opposite direction between the contacts. Therefore, the
annulment of the thermal current at a resonant position
requires a large bias voltage as it leads to a significant
increase of the thermopower.

The results show that the thermopower is larger for the
DBMTIJs-LSMO than that of the DBMTJs-CoFeB because
the transmission in the former is larger than that in the latter
due to the non-zero conduction-band offset (Uy ).

Once the thickness of the inserted CoFeB (LSMO)
changes, the position of the resonant peaks (related to the QW
states) in the transmission can be shifted to the Fermi level
and it leads to the large thermopower.
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Figure 4. Angular dependence of the thermopower for SBMTIJs (a) with ; = 1.4 nm and DBMTJs-LSMO (b) with
tw =04nm, t;, =1, =05nmm at T = 100K, 200K, 300K, A = 2.15¢eV, U; = 0.77 eV.
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Figure 5. The thermopower as a function of the spin-splitting (A) for FM/MgO/FM (a) with #; = 1.4 nm and FM/MgO/LSMO/MgO/FM
(b) with iy = 0.4 nm, t;, = t;, =05mm at§ =0, 7/2, 7, T = 300K, U; = 0.77 eV.

The thermopower shows positive and negative values
which are related to the transmission (Z (E)) with energies
lower and higher than the Fermi energy (E < Er and
E > Ep), respectively.

The same thickness of the middle region (¢, + tw +
t;, = 1.4nm) for the DBMTJs-LSMO and (#; = 1.4 nm) for
the SBMT]Is are considered in figures 3-7.

The temperature and angular dependence of the ther-
mopower for DBMTIJs-LSMO and SBMTIJs are plotted in
figures 3 and 4, respectively. The thermopower increases for
elevated temperatures and its magnitude at the anti-parallel
(AP) configuration is greater than that of parallel (P)
configuration which is shown in the MTJs from first-principle
calculations [25]. The thermal current increases more sig-
nificantly with temperature than the bias current and as a

result larger bias between the contacts is necessary at higher
temperatures for zero electric current in the MTJs.

A deviation from linear form with increase of temper-
ature is found for the DBMTIJs-LSMO. The P and AP ther-
mopower of Sp ~ —225 VK land Spp ~ —320 pVK! are
achieved at room temperature for double-barrier structure.

For the MgO-based SBMTIs, the thermopower is also
calculated of Sp = —12 uVK!, S4p = —15 uVK! in the
MgO-based SBMT]Is for #; = 2.6 nm [13] while the present
result is Sp ~ —32 VK1, Spp ~ —89 ' VK! at room temp-
erature for t; = 1.4 nm.

The angular dependence shows that the thermopower in
the AP configuration is larger than that in the others. Both
the thermal current and bias current are maximum in the P
configuration. On the other hand, the bias current decreases
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Figure 7. The TMT ratio (a), thermopower at parallel configuration (Sp) (b) and thermopower at anti-parallel configuration (Syp) (c) as a
function of average temperature (7') for DBMTJs-LSMO with #y = 0.4 nm, ¢;, = t;, = 0.5 nm and SBMTIJs with 4/ = 1.4 nm

at A =2.15eV, Uy = 0.77eV.

significantly with alteration of magnetic configuration from
the P to AP of that. As a result, a higher bias is necessary to
decrease the electric current to zero in the AP configuration
than that of the P configuration and the thermopower is
maximum in the AP configuration. The different effects of
the magnetic configurations on the currents are explained by
the point that the tunneling electrons of the thermal current
from the warmer to colder contact have higher energies than
those of the bias current in the direction perpendicular to the
barrier.

The thermopower changes gradually from the P config-
uration to the perpendicular configuration and rapidly from
the perpendicular configuration to the AP configuration in
agreement with a previous work [30]. There are also devia-
tions from cos 6 dependence [31].

It is also observed that the presence of the QW states and
the resonant tunneling cause to an increase of the thermo-
power for the DBMTJs-LSMO compared to that of the
SBMTIs at the same structural characteristics.

The junctions including unknown materials for the FM
contacts and insulators (I) (except for the CoFeB contacts and
MgO insulators) are also investigated.

Influence of an increase in the spin-splitting contacts on
the thermopower is shown in figure 5. The spin polarization
of the tunneling electrons increases with increase of the spin-
splitting. The thermopower usually increases as the spin-
splitting increases. For the FM contacts with large spin-
splitting, the bias current can be strongly decreased because of
a strong reduction in the density of states for minority elec-
trons near to the Fermi energy. Such reduction has less impact
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Figure 9. Differential conductance as a function of the temperature difference of the left and right contacts AT for the DBMTJs-LSMO with
tw= t, =t,=05mm at A =2.15eV, U; = 0.77eV, § = 0, w. Other parameters are considered from [36].

on the tunneling electrons from the contact with higher
temperature to the other for energies higher than the Fermi
energy (E > Er) and these electrons have significant con-
tributions in the thermal current.

Figure 6 shows the thermopower as a function of the
barrier height for the DBMTJs-LSMO and SBMTJs. With a
reduction in the barrier height, an increase of the transmission
is found for electrons with higher energy than the others
which leads to an increase of the thermopower for the
SBMTlIs.

With increase of the barrier height, the resonance ener-
gies also increase for the DBMTJs-LSMO because of the
confinement effects through the DBMTJs and as a result, the
transmission increases for electrons with higher energy.

The changing of the thermopower through the magne-
tization switching from the P configuration to the AP

configuration is described by the TMT ratio which is
plotted in figure 7. The TMT ratio is positive and large
because of |Sap| > |Sp| for both junctions, however, it is
larger in the SBMTIJs than that in the DBMTJs-LSMO. The
TMT ratio is found to be 42% at room temperature along
with its maximum value of 138% at T = 163 K for the
DBMTIJs-LSMO.

For the initial observation, the TMT ratios are found to
be 90% [7] and —8.8% [8] in the MgO-based MTJs. The
TMT ratio of several 1000% (with temperature dependence) is
predicted theoretically [9] and a full review of the TMS
magnitudes for devices and future applications is presented
recently [10]. The dependence of the laser-induced TMT on
the MgO barrier thickness is investigated with TMT ratio
from around 15% to 28% [13]. The TMS ratio of —95% is
reported experimentally in the MTJs with half-metallic
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Heusler contacts [32]. In the present work, the maximum
TMT ratio is found to be 408% at T = 31 K for the SBMTIs.
In addition the parameters discussed in the present work,
other parameters can also be affected the TE effects such as
strain and stress [33, 34], electric bias [35], and so on.

Figure 8 shows the differential conductance d/ /d(AT) in
the nonlinear response regime [36] for the DBMTJs-LSMO.
Some strong oscillations of conductance (quantum effects) are
found in the negative region while the oscillation amplitude
slightly attenuates with the sign change of AT for a certain
thickness of the QW. Such oscillations have different peri-
odicity for different thicknesses of ;. With increase of fy, the
oscillatory feature decreases which is expected in the double-
barrier structures.

To complete the present discussion, the differential
conductance dI /d(AT) as a function of AT is plotted in
figure 9 for the DBMTJs-LSMO at the P (§ = 0) and AP
(0 = ) configurations. It is observed that there is almost no
oscillatory feature for the small values of AT as the appli-
cation of a higher thermal gradient to the DBMTIJs [37]
results in an increase of the oscillatory feature for the P and
AP configurations. An attenuation of the oscillation amplitude
is observed with increase of temperature in a recent work [37]
like to that in the present work for the sign change of AT,
however, the periodicity is nearly unchanged in the former
unlike to that of the latter.

4. Conclusion

Quantum transport through the nanoscale DBMTJs-LSMO
are investigated using the NEGF formalism. The thermo-
power is described in the linear response regime. Effects of
different parameters such as inserted LSMO (CoFeB) thick-
ness, average temperature, magnetization alignment and so on
are also studied in the DBMTJs and SBMTIJs. The P and AP
thermopower of Sp ~ —225 pVK 'and Spp ~ —320 pVK!
are achieved at room temperature for DBMTJs-LSMO. The
TMT ratio is found to be 42% at room temperature along with
its maximum value of 138% at T = 163 K for the DBMTJs-
LSMO. It is also found that the TMT ratio is larger in the
SBMT]Is than that in the DBMTJs-LSMO. The resonant QW
states in the MgO-based DBMTIJs lead to an increase of the
thermopower compared to that of the SBMTIJs.

We learn from the obtained results that the DBMTIs-
LSMO can be improved the TE parameters compared to those of
the conventional SBMTIJs in the nanoscale devices as an MgO
single-barrier can be substituted by an MgO/LSMO/MgO
double-barrier at the same thicknesses. It is possible to use the
resonant tunneling effect under an external magnetic field.

The present work will open up further theoretical and
experimental efforts in the spin caloritronics field to design
the next generations of the nano-electronic devices e.g.
HAMR technology. It can be investigated next the asym-
metric DBMTIJs-LSMO with different barriers and FM con-
tacts to find the improved results in future works. The idea of
TE quantum transport can also be extended to the nanoscale
superlattice MTJs [38].

The TMS in the DBMTJs [39] is investigated recently
from theoretical point of view. However, experiments sub-
sequent these ideas have not yet been established.
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