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Abstract— At present, there is a growing interest in the
field of spin caloritronics, which demonstrates the advantages
of using thermoelectric effects when considering spin-transport
phenomena. One of its most promising directions are the
thermal transfer of the spin-transfer torque and magneto-
tunnel Seebeck effect in magnetic tunnel junctions in the
presence of a non-equilibrium temperature gradient across the
tunnel barrier, which, in combination with the voltage
rectification effect driven by the alternating current, can serve
as an additional source of microwave energy harvesting and
has not been considered before. In this work, we estimated the
bolometric properties of a spin-torque diode based on the
magnetic tunnel junction under the microwave heating, and
also compared the thermal dependences of its sensitivity in
comparison with the Schottky semiconductor diode. The
thermal contribution to the voltage rectification can be
significantly increased in some cases, which plays an important
role in the development of new types of microwave energy
harvesters operating on the thermoelectric effects.

Keywords— spin caloritronics, spin-torque diode, magnetic
tunnel junction, magneto-tunnel Seebeck effect, microwave
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1. INTRODUCTION

The possibility of creating both microwave energy
harvesters, and microwave detectors operating in the
microwave and infrared ranges is of a great interest to many
researchers. The effects of spin caloritronics, such as the
magneto-tunnel Seebeck effect and thermally-driven spin-
transfer torque phenomenon in magnetic tunnel junctions
(MTJ) in the presence of a temperature drop across the
tunnel barrier, can open the way for creating such devices [1-
5]. Earlier, the MTJ was already considered in a number of
papers, as the key element of non-volatile magnetoresistive
memory and some thermoelectric devices [6-8]. In our work,
the MT]J is heated by microwave irradiation.
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In other words, MTJ is subjected to non-uniform heating
associated with a drop in temperature at the electrodes. when
applying microwave current of a given frequency. From
recent studies, it was found that MTJs can demonstrate high
resonant microwave sensitivity, driven by the current-driven
spin-torque diode effect [9, 10]. Due to the magneto-tunnel
Seebeck effect and spin-dependent thermally-driven spin-
transfer torque in the MTJ, the d.c. voltage in the MTJ can be
additionally rectified [11]. Thus, the MTJ can serve as an
energy harvester, when it is heated by the incident
microwave irradiation. Previously in [12, 13], the advantages
of using a spin-torque diode as an energy harvester for
microwave applications were demonstrated, which is
connected with its good rectification efficiency at uW input
power, which becomes a real challenge for a Schottky diode,
mainly operating in the mm wavelength range. However, the
possibility of thermoelectric energy harvesting by a spin-
torque diode was not taken into account before, which in
certain cases can additionally increase the rectified voltage
signal in the spin-torque diode and its microwave sensitivity.
This can serve to the development of a new generation of
microwave energy harvesters based on thermoelectric effect.

II. MICROWAVE HEATING OF A SPIN-TORQUE DIODE

A. The MTJ structure

Let us analyze thermal gradient driven mechanism of
spin transport through the MTJ arising because of microwave
Joule heating of ferromagnetic layers by the microwave
current. In general, the applied current, which can be written

as I, =1/“Re(e™)+17, includes alternating current (a.c.
current) with amplitude /¢ and direct bias current /¢
(d.c. current), where /P9 = jAcPAg 0 JAPO s the
density of a.c. (d.c.) current, w =2zf", f is the frequency of

a.c. current, §,,,, is the cross-sectional area of the MTJ. We
suppose that the layer composition of the MTJ stack is



I'Mn(7.5 nm)/CoFe(2.5 nm)/Ru(0.85 nm)/CoFe(0.5
nm)/CoFeB(3 nm)/MgO(0.78 nm)/CoFeB(3 nm), as
presented in Fig.1 and described in details in an experimental
work [14]. The metallic current lines with the thicknesses of
250 nm are attached to the top and bottom layers of the MTJ,
while the cross-section of the MTJ is of a rectangular shape
with a width of 120 nm and a length of 250 nm. At the same
figure the spatial profile of potential energy of the electrons
U (z) in the CoFeB/MgO/CoFeB structure as active part of

the full MTJ stack is presented, where conduction bands are
exchange splitted in the ferromagnetic layers.
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Fig. 1. The concept of heat dissipation along the MTJ under the
microwave current /, >0 passing through it and schematic energy

diagram for the potential profile U (z) of the CoFeB/MgO/CoFeB tunnel

structure. The red arrow shows the heat flux J!" due to the
inhomogeneous Joule heating of the MTJ, where the hear power is
generated at the mean free path 4,,, in the corresponding ferromagnetic
layer, close to the right from the boundary of the tunnel barrier, depending

on the direction of the external current. The thicknesses of the layers in the
MT]J are given in nanometers (color online).

B. Temperature drop across the MTJ induced by
asymmetric Joule heating

The effect of inhomogeneous microwave heating of the
spin-torque diode is associated with the asymmetry of the
MT]J and the lead electrodes, as well as with the peculiarity
of heat absorption in the MTJ during ballistic transfer of the
energy by the current carriers. A main feature of ballistic
heat transfer in the MTJ is the heat power generation near the
boundary of the tunnel barrier in the adjacent layers in the
direction of which a flow of high-energy electrons enters. It
can be taken into account in the following dependence of the
change in the thermal power density ), over the thickness

of the conducting layers of the MTJ:
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where 60" =0.50, (0, £1), o, is the polarity of the
applied electric current /,, zy , is the z-coordinate of the
left (right) boundary of the tunnel barrier, 4, is electron

mean free path in ferromagnetic layer, PV =<I’R,,,, > is

the power of the input signal applied to the MTJ. The
resistance of MTJ can be written as:

R, :EMTJ(1+p§”"m~mp), 2

where Ry =2(1/REY +1/ R Y (1= 17 < Ty >)
Xy 1s the temperature coefficient of the MTJ resistance,
<D, > is the of MTJ,
p = (R —RfT")/(RZ,T" +R;™) is the coefficient of

tunnel magnetoresistance, m(m, ) is the magnetization unit

average temperature

vector in a free magnetic layer (polarizer), R;Y(Z/P) is the MTJ
resistance for parallel (antiparallel) magnetic configuration
of the magnetizations of ferromagnetic layers in the
CoFeB/MgO/CoFeB. In our calculations we assumed that
m | m, when there is no bias magnetic field applied. The
mean free path of electrons in a ferromagnetic metal is
supposed to be of the order of 1 nm, as it is described in [15].
As shown in Fig. 1, depending on the polarity of the applied
current /, , the heat power @) will be generated either
close to the left or close to the right boundary of the tunnel
barrier in adjacent layers. This leads both to the appearance
of a constant component AT, of the temperature drop AT,
across the tunnel layer of MTJ, generated by the d.c. current
1P, and ensures the presence of the microwave harmonics

AT, (w)= . AT, (@)coskwt , which correspond to the

x=0..n

ac. current [’ , ie. AT, =ATy +AT,(w) , where

AT, = AT, (o) is the amplitude of the x — th harmonic, n

is the number of harmonics.

Thermal regimes of the MTJ heating by a direct current
were discussed earlier in a number of papers [7, 16].
Therefore, we give the results of a similar calculation of the
amplitudes AT, (x =0,1,2,3) of the harmonic components

of AT, that arises when the MTJ is heated by the a.c. current

having an input power P"' at zero bias current (I”° =0).
For simplicity, we further restrict our consideration to only
four first harmonics, the frequency-dependent amplitudes
AT,,(w) and AT, (®) of which most contribute to the

temperature drop. Thus, AT,(w)= Y. AT, (w)coskor .
x=0..3
The calculation of the non-stationary heating of the MTJ by
an a.c. current was performed using the Comsol
MultiPhysics software package [17]. The temperature drop
AT, across the tunnel barrier due to the current-induced
asymmetric Joule heating of the MTJ was calculated as the
difference in the average temperatures of the corresponding
ferromagnetic layers adjacent to the tunnel barrier, that is
ATy =<T, >—-<T, >, where <T,, > is the temperature-
averaged temperature of the left (right) ferromagnetic layer.
Figure 2 (b) shows the time evolution of the temperature
drop AT, across the tunnel barrier of the spin-torque diode
at three different frequencies, when the input microwave
power is equal to 10 pW. It also was found that the harmonic
amplitudes AT,, and AT,, linearly increase, while the
amplitudes ATy, and AT, linearly decrease with the input
microwave power (Figure 2 (c)). At the same time, as shown
in Figure 3, the frequency dependences of the harmonics
AT,, , AT, and AT,, exhibit a strongly non-monotonic
behavior at a given frequency range, while the second
harmonic ATy, have an almost linear dependence on the



microwave frequency. As a result, we also can assume that
the frequency peak of zero harmonic AT, will lead to the
appearance of the resonance of the rectified d.c. voltage of a
spin-torque diode observed at the corresponding resonant
frequency due to the static magneto-tunnel Seebeck effect,
which will be described in the next section.
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Fig.2. (a) Time evolution of (a) the microwave current and (b) the
temperature drop AT, (w) across the tunnel barrier of MTJ at different
frequencies (color online). (c) Dependence of the magnitude of the x -th

harmonic AT, of the temperature drop on the heating power.
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Fig. 3. The dependence of the amplitudes of « -th harmonics (a) AT, ,

(b) AT,,, (¢) AT,, and (d) AT,, on frequency at the input microwave
power of 10 uW.

C. Magneto-tunnel Seebeck coefficient

The temperature drop AT, across the MgO barrier in a

MT]J due to its non-uniform heating by a.c. current leads to
the combined effect of static and dynamic rectification of the
microwave signal, which is characterized by d.c. voltage
Ve =Vogo + AV (@), where V2 ==S,, AT, , S,, is the

B0
frequency-independent Seebeck coefficient, corresponding to

the stationary component of temperature drop ATy, (a)) , and
AV, () is the dynamic component of the d.c. rectified

voltage. The latter depends on the microwave part 7/ of the

applied current and harmonic

components A7, (w) of the temperature drop, where

frequency-dependent

n=1,2,3. Our calculations are based on the free-clectron
model of both spin and charge transport from the heated to
the cold electrode as microscopic approach to the theory of
thermoelectric phenomena in the MTJ, which was previously
used in [18]. In contrast to [18], however, we also take into
account the variation of the effective masses in each of the
layers, which more correctly describes the electron transport
in magnetic structures based on MgO tunnel barrier [19].

From the condition for the balance of the thermal current
of electrons to the electric current in an open circuit for small
temperature gradients, one can derive a simple expression in
the case of a symmetric MTJ for calculating the static
Seebeck coefficient:

jijfg; (n(1+e )2/ 87 ) de,

Sy = eB o » )
j PI%) (,) Bl de,
a,0' ()
where &/ = (g, —&,)/ kT, , T =e™ /(1+eiE‘T ) , ky is

the Boltzmann constant, ¢ is the longitudinal electron

ko, k:L(f,;)) is the wave

TR,
energy, Pu%) =m k7 |T,

vector in the left (right) ferromagnetlc MT]J layer with the
spin direction ¢ (o')=T,!, T, . is the electron transmission

coefficient of the spin channel ¢ —o , My gy is the
effective mass of the left (right) ferromagnetic MTJ layer,
&, 1s the Fermi level of the magnetic system, 7; =<T,,,, >
is the average temperature of the magnetic system. Based on
the equation (3), we calculated numerically the dependencies
of the static Seebeck coefficient S, on the height U, of the
tunnel barrier and the temperature 7; for the

CoFeB/MgO/CoFeB MTJ with parameters close to the data
of [14, 20]. In our simulation we used the following initial
parameters of the symmetric MTJ of a rectangular cross-

section: S, =30-10°nm* , RY™ =175Q , 6,1 =0.87 ,
E, =E;  =23eV is the Fermi level of ferromagnetic
(CoFeB) layers, A=A, , =2.1eV is the half of exchange

splitting of conduction bands in ferromagnetic (CoFeB)
layers, d,. =3nm is the thickness of free ferromagnetic

(CoFeB) layer, d, =0.78nm is the thickness of tunnel
barrier (Mg0O), U,
barrier (MgO), m,. =0.4m, is the effective electron mass in
the dielectric layer (MgO), m,. =1.3m,

=@, =1leV is the height of tunnel

is the effective
electron mass in the ferromagnetic layer (CoFeB), m, is the
mass of the electron, and 7; =300K corresponds to the

average temperature of the MTJ.

As is well known, which also follows from Figure 4 (a), the
Seebeck coefficient has a pronounced dependence on the



angle 6,,,, between m and m, , and is spin-dependent.
Figure 4 (b) demonstrates that the maximum value of the
Seebeck coefficient S, varies from about -19 to 173 uV/K

for the given parameters of MTJ and correlates with the
corresponding values obtained in [18].
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Fig. 4. The frequency-independent Seebeck coefficient S, as a function

of (a) the angle 6,,, between m and m, and (b) the height d, of the
tunnel barrier of the CoFeB-MgO-CoFeB MTJ.

It is easily seen from [21-24], that the range of

experimental ~ values |SfH| = |Sm (0, = O)| and

|STA,f |=|STH(9MT,=7r)| in the case of parallel and

antiparallel magnetic configuration of the MgO-based MTJ
varies widely. In comparison with the CoFeB/MgO/CoFeB
structure, a significant increase in the tunnel magneto-
Seebeck effect was observed in [21] for the MTJ with half-
metallic Fe-based Heusler (CoFeAl and CoyFeSi)
electrodes. In turn, the first-principle calculations lead to
maximum values of the spin-dependent Seebeck coefficient

ASTH=|SfH —S;‘,ﬂ close to 150 pV/K in the case of

crystalline MgO-based MTJ [19]. The theoretical estimation
of the Seebeck coefficients shows that Sy, =—19.1 pV/K

and S;7=-662uV/K for the given parameters of

symmetric MTJ at 300 K. However, it follows from [25] that
AS,,, is equal to 50 pV/K at the room temperature, which is

in consistent with our calculations for the barrier height of
about 3 eV.

D. Voltage rectification effect induced by a microwave
heating of the MTJ

In addition to the constant component V.7, of the

voltage drop across the tunnel layer due to the presence of

the static Seebeck effect in the case of non-zero AT}, the

thermal heating of the MTJ under a.c. current also results in
an additional thermal contribution to the frequency-

dependent dynamic part of the d.c. voltage AV, (w). This

contribution is associated with the rectification effect of the

signal due to modulation of the magnetoresistance induced

by the thermally induced spin-torque components related to

the time Varying part of the temperature drop
= D AT,
x=1..3

of the magnetoresistance is associated with a dynamic

cos kot . In turn, the modulation

response of m to the cumulative effect of electric and
thermal spin torques driven by the electric current through
the tunnel barrier and the temperature drop across it as a
result of the Joule heating, respectively. According to
formula (2), it leads to the variation of the MTJ resistance

R, =R, (m ( (¢ )) and the dynamic renormalization of the
Seebeck coefficient due to the nonlinear rectification effect
of the microwave signal in the spin-torque diode. Thus, the
d.c. voltage AV, (w) is determined as:

AVDC __IthRMTJ( )MZ( ) 4)

AR, (0)=-0.5R,,, 0y (m-m,) is the
MTJ

AI* =€ coswt = S,, Ry, AT, (w,1) is the total current as

a sum of the electric current and thermal current passing
through the tunnel barrier of MTJ under its microwave
heating. To determine the dynamic response of the magnetic
system of an MTJ to a time-varying part of the frequency-

dependent temperature drop AT, (w) , we linearized the
Landau-Lifshitz-Gilbert equation describing the
magnetization dynamics of a free ferromagnetic layer near
the equilibrium position m =~m, =e , taking into account

where

dynamic part of the resistance R,,, , and

both in-plane and perpendicular components of the total spin
torque:

= —y[mxB,, |+a[mxm]- (T,+T.), (5

<Ay

where y is the gyromagnetic ratio, a is the Gilbert
damping constant, B,, =B+B, is the effective magnetic
field, which includes the external magnetic field B/ e, and
the demagnetization field B, = -y M m_, 4, is the vacuum
permeability, M is the saturation magnetization of free
layer, e, are the unit vectors in the Cartesian coordinate
system, where u = x,y,z . The in-plane (perpendicular) spin
torque T, ="Ti,) +Ty
Ty, and Ty,

mechanism of spin transfer, respectively:

is the sum of two components

, responsible for the electrical and thermal

T =

| =(af 1 coswt+b] AT,y (o,

))[mxmxmp]

(6)

T, =-s, (aflfc coswt —bj AT,y (w,t))[mxm, ] ’

where a =(n/ 2eSMTJ)77H 7 is the reduced Planck

constant, bHL) = (/2SR ) |STH|;1‘L) , Sy, is the static

Seebeck coefficient, 7y, and 7,  are the dimensionless

electric-current-driven and thermally-driven spin-torque
efficiencies (spin-polarized coefficients), correspondingly,
determined  from  microscopic  quantum-mechanical
calculations of corresponding spin fluxes in the MTJ. In
agreement with our previous study of the spin-torque diode
on the basis of the MTJ structure under consideration [26],
we obtained that the values of electric-current- and thermal-
driven spin-torque efficiencies at zero temperature are as



follows: 5, =0.63, 77, =0.3, and 5, =035, 5], =0.26.

It should be taken into account that the effect of temperature
on the rectifying voltage is described by the following

27 i (5)=a (-0 "RR)

MS(YI)):MSO(I—(YI)/7:_))0'4 , where we take that

expressions

22 =1.7-10° K" is the temperature coefficient of spin

polarization of electric (thermal) spin current in the MTJ,
oMy, =1.5T is the demagnetization field of the CoFeB at

zero temperature, 7, =1300K is the Curie temperature of

the CoFeB.
Further let us assume that the magnetization unit vector
in the polarizer m, = e, . After the linearization of equation

(5), one can find the active part of the small deviation
om, = Z Re(émf(,{ exp(iwkt)) of the magnetization m

x=l..n
from the equilibrium position m, and obtain, according to
(4), that the dynamic part of the d.c. voltage
AVye (@)= AV, (0)+ AV (0)+AVye (0) , where each

contribution to AV, (w) can be expressed as:

AVDTg (w):_K!f)C‘STTH z E: (ATBK (w))z

x=1..3
AVDCg (a)) =_K1£)CAL1'EMTJ ([jc )2 > (7
AVye ()= Ky |:Ac1§m _EJEMTJJ[;CATBI (w)
where B =cb/ +cb]
bHT = (h /2eSyzy Ryiy )|STH|;1\EJ_) >
¢ =(aw;Ao+y(o; o) M +B) /A, , o =Ko, |

Sy =Sy (04 =712) A, =(0;—0}) +(o,A0)

w, =(1+a’ )71 yB(B+u,My) is the resonant frequency of

the spin-torque diode, Aw = (1+0c2)_1 ay(2B+u,My) is the
resonance line width, K =(1+a’)" yp)™ /2M d,. . Thus,
the d.c. rectified voltage V,. has four components -
VI ~ ATy, is the voltage due to the static Seebeck effect,

kK _ o E o E
A7 =¢qxa —cl*a;

w, _ 2
" =oAo/A,

AV (@) ~ (AT, )2 is the voltage due to purely thermal
spin current, AV, (@) ~ (1 )2 is the voltage due to purely

electric spin current, and AV, (w)~I/AT, is the
interference term describing the cumulative effect of the
thermally-driven and electric-current-driven spin-transfer
torques on the rectified voltage. Figure 5 presents the
frequency dependence of rectified signal V,. for the
thickness of the tunnel barrier d, =0.78nm and the

magnetic field B =50mT for the input microwave power of
1 uW, 5 uW and 10 pW.

III. SPIN-TORQUE DIODE SENSITIVITY

The microwave sensitivity of a spin-torque diode is
defined as the ratio of the rectified signal to the input power,

MTJ _

ie. &M =p,./P" . The input power of the spin-torque

diode with the resistance Z,, of the transmission line is given
by the expression P =P (R,,, +Z,) /4Z,R

s » Where
P =R, (I'“)’ /2 is the average input power incident on
the spin-torque diode. Hence, we obtain that:
MTJ 82, (AVDC (w)_ETHATBO (w))
éDC = s (8)

(1 (R +70))

where AV, (w)is calculated according to (7).

Figure 5 (a) presents the frequency dependence of
rectified signal V. for the thickness of the tunnel barrier

d, =0.78nm and the magnetic field B=50mI for the
input microwave power of 1 pW, 5 uW and 10 uW.
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Dependence of the thermal contribution to microwave sensitivity &pe’ of

(a) The frequency dependence of the d.c. voltage V. for varied

the spin-torque diode on the microwave input power at the a.c. current
frequency of 10 GHz. The magnetic field B is equal to 50 mT and the
parameters of MTJ were taken from [14, 20].

It is clearly seen from Figure 5 (a) that the d.c. voltage
Ve linearly increases with the applied power and has a

resonant peak at frequency of about 7.4 GHz. Figure 5 (b)
shows the spin-torque diode sensitivity as a function of the
input power of microwave signal (at low temperature
T, <10K ), where the microwave sensitivity gradually

decreases with increasing input power. It should be note that
the temperature dependence of the microwave sensitivity of a
spin-torque diode is very different from the similar
dependence of a semiconductor Schottky diode at a fixed
frequency. This dependence is non-monotonic and may have
a peak character, which is associated with the thermal drift of
the resonant frequency. The peak sensitivity of a spin-torque
diode monotonously changes in a given temperature range
(from 50 to 400 K) by 9%, while the sensitivity of the
Schottky diode changes about 6 times. It should be note, that
the thermally-driven part of the microwave sensitivity is
much less than the microwave sensitivity due to the current-
induced rectification effect. Nevertheless, the thermoelectric
resonance contribution can be observed at the second
harmonic, which is far from the main resonance peak.



IV. SUMMARY

Thus, the analysis performed shows that microwave
sensitivity of the spin-torque diode to the microwave
irradiation along with the electric contribution contains the
thermal one. The latter in turn, in addition to the ordinary
contribution due to the static Seebeck effect caused by the
constant temperature drop, also contains a dynamic
contribution originating from the thermal transfer of the spin
angular momentum. The thermal contribution to the
microwave sensitivity is small in comparison with the
resonance response due to the spin-polarized a.c. current, but
it contains both weakly frequency-dependent part, which is
absent in the purely electric contribution, and also the
resonant contribution from the second harmonic. In
combination with the nonlinear effect of rectifying the
microwave signal due to the electric spin torque in the MTJ
at the main resonance frequency, the Seebeck bolometric
effect can be used for energy harvesting at the second
harmonic of thermal heating. It also may be used for
detection and microwave visualization of objects at not too
great distances [28]. It was also found that the variation of
the peak sensitivity of a spin-torque diode with a temperature
is significantly less than that of a Schottky semiconductor
diode, which may be applicable in conditions of large
temperature variations. The dynamic contribution to the
microwave sensitivity can be greatly increased by magnon
transfer of the spin flux in a magnetic heterostructure with a
heated dielectric [29]. In addition, it is well known that in the
presence of a bias current in the spin-torque diode, the width
of the resonance line changes and approaches zero near the
transition to the self-oscillation state [26]. In this case, the
resonant contribution to the microwave sensitivity can
increase by more than two orders of magnitude [30], which
is attractive for energy harvesting applications. However,
experimental confirmation of the proposed concept of a
microwave energy harvester based on the thermoelectric
effect in the spin-torque diode is a subject for further study
and is beyond the scope of this paper.
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