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Important Heat Contribution by Tunneling Spin Scattering in
Magnetic Tunnel Junction

Shuhan Liu and Shaojie Hu
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Materials Science and Engineering, Xi’an Jiaotong University, Xi’an, Shaanxi 710049, China

We investigated the heat contribution by tunneling spin scattering of magnetic tunnel junction in parallel (P) and antiparallel (AP)
states using finite element simulation. It showed a maximum temperature increase of 23.2% from P to AP, which is even more
significant than the heating asymmetry caused by different current directions. A remarkable enhancement of the temperature gradient
was confirmed for contributing to the extra thermal spin-transfer torque to the free layer under a specific current direction. Both the
contributions of enhanced temperature and temperature gradient should be the possible reasons for the asymmetry of the critical
switching current density from P to AP and AP to P. We also extended the research to a double-barrier structure, clarifying its
high performance from the aspect of heat generation. Our demonstration may offer efficient tunneling magnon excitation by using
the tunneling spin scattering heat.

Index Terms— Heat contribution, spin scattering, tunneling electron.

I. INTRODUCTION

MAGNETIC random access memory (MRAM), as a new
type of nonvolatile memory device, has attracted much

attention due to its unlimited endurance, high speed, and low
power consumption. However, it is a great challenge to reduce
the critical switching current density with higher thermal
stability [1]. To overcome this issue, a series of assisted
data writing processes, such as microwave-assisted switch-
ing (MAS) and thermally assisted switching (TAS), has been
developed [2], [3]. Since discovering the spin caloric effects
and converting heat current and spin current, a new promising
method to reverse the magnetic moment has emerged by
thermal spin-transfer torques [4], [5]. Both the TAS scheme
and the spin-caloric effects are related to the heating process in
the magnetic tunneling junction (MTJ). Therefore, it is vital to
explore the production and transport of heat flow in MTJs. The
impacts of Joule heating, which is the main contributor to heat
in general cognition, have already been reported a lot [6]–[8].
Meanwhile, the tunneling electron scattering heat is another
critical heating source caused by the inelastic scattering to
excite magnons and phonons at the arrival FMs [9], [10].
Those different heating processes will make a significantly
modified temperature profile in the MTJ. However, there is
little consideration of the temperature and its gradient profiles
induced by the tunneling spin scattering, which is the origin
of the TMR effect in the MTJ. Here, we systematically
studied the temperature and temperature gradient distributions
induced by the tunneling spin scattering in the 3-D MTJ
structure.

Manuscript received August 1, 2021; revised September 17, 2021 and
October 5, 2021; accepted October 13, 2021. Date of publication October 15,
2021; date of current version March 18, 2022. Corresponding author: S. Hu
(e-mail: shaojiehu@xjtu.edu.cn).

Color versions of one or more figures in this article are available at
https://doi.org/10.1109/TMAG.2021.3120884.

Digital Object Identifier 10.1109/TMAG.2021.3120884

II. METHOD

Fig. 1(a) shows the 3-D MTJ structure, which is reported by
Hayakawa et al. [11]. The top Au electrode size is 800 nm ×
400 nm × 50 nm. The bottom SiO2 layer size is 1600 nm ×
800 nm × 50 nm. The MTJ pillar dot, 80 nm × 160 nm,
is sandwiched by the top Au electrode and a SiO2 bottom
substrate. Fig. 1(b) shows the crossing section of MTJ struc-
ture, which consists of Ta (5)/Ru (50)/Ta (5)/NiFe (5)/MnIr
(8)/CoFe (4)/Ru (0.8)/CoFeB (5)/MgO (1.5)/CoFeB (2)/Ta
(5)/Ru (5) (all in nanometers). To ensure the high calculation
accuracy for the thin layers, we created the swept meshes on
the MTJ layers in 3-D sweeping the mesh from the source
face along with the domain to an opposite destination face in
COMSOL. The element size is calibrated by using the general
physics model with the extra fine method. The minimum mesh
size of the junction stack is 0.32 nm, which is much smaller
than the thickness of MTJ layers.

In the early report, 1-D simulations were conducted using
a numerical finite difference method to solve the heat equa-
tion [10]
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where Cp is the heat capacity, d is the mass density, T is
the temperature, t is the time, K is the heat conductivity, ρ
is the electrical resistivity, j is the current density, V is the
voltage drop across the tunnel barrier, l is the electron inelastic
scattering mean free path, and x is the position in the stack.
The heat generation of MTJs generally contains both the Joule
heating in metal layers [the first term on the right in (1)] and
the tunneling spin scattering heating in the electrode where
the tunneling electrons arrive [the second term on the right
in (1)].

In fact, the electron transport through the tunneling barrier is
ballistic transport. It should be elastic scattering in the tunnel-
ing barrier [12]. Thus, there should be no or less energy loss
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Fig. 1. (a) Geometry and boundary condition of 3-D simulation. (b) Structure of the MgO-based MTJ. (c) Additional part for DMTJ. (d) Voltage drop in
P and AP states for the MgO barrier.

when the electron is crossing the barrier. However, the spin-
dependent scattering of electrons in the arrival ferromagnetic
layer leads to a loss of energy and the change of momentum
due to the electron–electron scattering, phonon scattering, and
magnon scattering. The released energy will excite hot elec-
trons, magnons, and phonons of the arrival electrode, leading
to a temperature rise macroscopically. Therefore, the Joule
heating contribution in the tunneling barrier layer should
be negligibly small. In our simulation, the tunneling spin
scattering heat occurs in the ferromagnet layer rather than the
barrier. We remove the Joule heating contribution in the MgO
layer and add the spin scattering heating term in the electron
arrival ferromagnetic layer. Moreover, the scattering process is
directly related to the magnetic states of P or AP. We have to
discuss the tunneling spin scattering heat in these two states.
Then, the heat equation in 3-D structure will be modified as
follows:
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where VP and VAP can be further expressed by the resistivity
of MgO and the TMR ratio: VP = jz × ρP × h and VAP =
jz × ρP × h × (TMR + 1). h is the thickness of tunneling
barrier. The values of ρP and TMR ratio in our simulation are
7.85 � · m and 90%, respectively, calculated from the R–H
curve in the literature reported by Hayakawa et al. [11]. z in
the exponential term should be the position in the stack on the
z-axis. Since the tunneling process in the 3-D structure occurs
along the z-axis direction, z0 represents the z-coordinate

of upper and lower surfaces of the tunneling barrier under
positive and negative current directions, respectively. The
current following from the top Au electrode to the bottom
is defined as the positive current (+I ), while the current
flowing from the bottom to the top is defined as the negative
current (−I ), as shown in Fig. 1(b). For a positive current,
the value of z0 is taken as 134.3 nm, while under a negative
current z0 is 132.8 nm. Since the spin-dependent transport of
electrons in MTJ is critical to the TMR ratio, the electron
inelastic scattering mean free path should correspond to the
electron spin-dependent scattering length in the ferromagnet.
The electron inelastic scattering mean free path (l) value is
assumed as 2 nm in our simulation based on the previous
reports [13], which is almost corresponding to the spin scat-
tering length in the ferromagnetic layer. It should be noted
that the removed Joule heating term −(( jz × VP(AP))/h) only
occurs on the tunnel barrier layer, and the spin scattering heat
term (( jz × VP(AP))/ l)exp(−((|z − z0|)/ l)) only occurs in the
ferromagnetic layer closed the barrier.

In our simulation, all parameters of the related materials
are listed in Table I [10], [14]. Due to the fast surface heating
exchange, the surface temperature of the far sidewalls was all
assumed to be fixed at 300 K, as shown in Fig. 1(a). The
other setting of boundary condition is similar to that reported
by Prejbeanu et al. [3]. Finally, we study it using a stationary
solver with a constant current source in the device.

III. RESULTS AND DISCUSSION

Suppose that we set positive current flows from the top to
the bottom. The different voltage drops are apparently obtained
for parallel and antiparallel states in Fig. 1(d), where the
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Fig. 2. (a) 3-D temperature distribution of the MTJ stack with a positive current of 1 mA in the P state. (b) x y plane temperature distribution with the mesh
nets in the fixed ferromagnetic layer.

TABLE I

PARAMETERS OF MATERIALS USED IN SIMULATION

voltage drop in the AP state is almost twice that in the P
state. Such a huge difference is a typical embodiment of the
TMR effect in the MTJ due to the significant tunneling spin
scattering. It is obvious that different tunneling spin scatterings
will significantly distinguish the temperature profiles for AP
and P states based on (2). As reported in the previous literature,
the tunneling electron scattering is related to the current
direction [12]. Therefore, it may help us clear all the heating
contributions in the MTJ for AP and P states with two current
directions.

Fig. 2(a) shows the 3-D temperature distribution of MTJ
with a positive current of 1 mA in the P state. The temperature
distribution is not uniform due to the 3-D heat dispersion.
Such 3-D simulation results could help us to understand
the temperature profiles in real devices, which could not
be realized by only using the 1-D simulation. To clear the
in-plane temperature profile, we cut the x y plane at z =
130.8 nm (in fixed ferromagnetic layer and 2 nm from the
barrier surface) and plot the temperature profile with mesh
nets shown in Fig. 2(b). The in-plane temperature is sym-
metrically distributed with the center. Thus, the generation
of thermal spin current is negligible by the in-plane tem-
perature gradient. The temperature profile in the z-direction
is most crucial for the thermally driven spin injection
effect.

TABLE II

VALUES OF TMax AND α

To evaluate the temperature profile in the z-direction in
a simple way, we only show the temperature for the four
kinds of configurations at the center of the pillar, as shown
in Fig. 3(a). It is clear that the heat center relates to the current
direction because of the different tunneling directions of
electron scattering in the arriving electrodes. The temperature
distribution tendency in the z-direction is consistent with the
previous 1-D model results. At the same time, it also makes the
absolute temperature difference at the same states (P or AP),
which mainly arises from the distinction of heat dissipation
for the arriving probes. In addition, all the temperature in the
AP state is much higher than that in the P state. To further
understand this feature, we also plotted the current dependence
curve of the maximum temperature in the z-direction, as shown
in Fig. 3(b). It is obvious that the value of tunneling spin
scattering heat still follows the law proportional to the square
of the current, which is consistent with the Joule heating. Then,
we fit the T-I curves using the equation T = α I 2 + T0 to
obtain the coefficient α for four configurations. For intuitively
comparing, the maximum T at current I = 1 mA (current
density: 7.8 × 1010 A/m2) and the coefficient α are listed
in Table II for the four configurations.

Under different combinations of current direction and
magnetic state, the temperature increases to 23.2% from
P− to AP−. This is even more significant than that caused by
the different current directions, which raises most by 13.5%.
We can also see that the maximum value of coefficient α in
the P state is still lower than the minimum value of the AP
state. It is strong evidence that the tunneling spin scattering
dominates the heat contribution in MTJ. Also, the ratio of α
for AP and P states is about 1.9, which is consistent with
TMR+1. This indicates that the higher TMR will contribute
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Fig. 3. (a) Temperature distribution on the z-axis (along the tunneling direction) with 1 mA current for four kinds of configurations. (b) Maximum temperature
as a function of bias current in the MTJ for four different combinations of magnetization directions and current directions.

much more tunneling spin scattering heat. The temperature
difference (�TAP−−>P+) for AP− to P+ is calculated to be
120.19 I 2 based on the corresponding coefficient α. The
temperature difference will reach 120 K for the current density
of 7.8 × 1010 A/m2. Such a significant temperature difference
indicates a lower switching current density from AP to P states
due to TAS. Therefore, the tunneling spin scattering should be
considered as the main reason for the asymmetric switching
current density from AP to P and P to AP in most experiment
results.

Moreover, another characteristic of tunneling spin scattering
heat is that it is generated locally at the arrival ferromagnetic
layer, where the temperature gradient in the z-direction will
be significantly modified. To understand the influence of
the temperature gradient profiles, we plotted the temperature
gradient distribution for four configurations in Fig. 4(a). There
is a significant influence on the sign of temperature gradient
around the barrier by current direction, which is quite different
from the case only considering Joule heating. For the positive
current, the sign of temperature gradient reverses at the free
layer. For the negative current, the reversed sign of temperature
gradient appears in the fixed layer. The temperature extremum
is the transition point, which is about 1.3 and 0.5 nm from
the MgO barrier edge for free and fixed layers, respectively.
To gain the thermal spin-transfer torque contribution on the
free layer, we calculate the thermal spin voltage (Vs =
Ss∇TλCFB) by using the spin-dependent Seebeck effect in
the fixed layer, which is the main contributor of the thermal
spin-transfer torque to the free layer [15]–[17]. Ss is about
60 μV/K [18]. We assume that the spin scattering length
λCFB is 2 nm in the CFB layer. The temperature gradient is
not constant in the fixed layer for the negative current. Thus,
we use the temperature difference (�T ) between the lower
interface of the MgO barrier and the position 2 nm away
from the interface to get the value of ∇T λCFB. The related
position is marked by the black dotted-dashed line in Fig. 4(a).
Thus, the thermal spin voltage can be calculated by using the

obtained �T . The functions of the thermal spin voltage with
bias current under four configurations are plotted in Fig. 4(b).
In addition, all thermal spin voltages are more significant for
the positive current than that for the negative current both in
P and AP states. The unique feature indicates that the current
direction is the main dominator for enhancing the thermal
spin-transfer torque contribution.

As we know, the tunneling barrier plays a decisive role in
tunneling spin scattering, which is the origin of TMR and
spin scattering heat. Thus, the use of a multi-barrier structure
is expected to obtain the efficient spin scattering effect. The
double-barrier magnetic tunnel junction (DMTJ), as one of
the representatives of multi-barrier structure, has been widely
studied recently because of the improved TMR and low critical
switching current density [19]–[24].

To gain insight into the tunneling spin scattering heat
effect in DMTJ, we studied the temperature and temperature
gradient profiles by comparing them with a single-barrier mag-
netic tunnel junction (SMTJ). Here, the stack of DMTJ was
obtained from the SMTJ by adding another MgO (1.5)/CoFeB
(5)/Ru (0.8)/CoFe (4)/MnIr (8)/NiFe (5)/Ta (5)/Ru (5) (all
in nanometers) on the top of CoFeB free layer, as shown
in Fig. 1(c). In order to make a fair comparison, we used
the same TMR ratio (90%) for the DMTJ and SMTJ. The
RA is a bit different for the SMTJ and DMTJ. Based on the
Sato et al.’s [25] report, here, the RAs are 10 and 12 � · μm2

for the SMTJ and DMTJ, respectively. To simplify, we only
compare the results of the parallel state with the positive
current density 7.8×1010 A/m2, as shown in Fig. 5(a) and (b).
The temperature is much higher in DMTJ than that in SMTJ.
Since the higher temperature could reduce thermal stability,
the TAS will be much more efficient in the DMTJ. In addition,
the temperature gradient profiles are also plotted in Fig. 5(c)
and (d). The temperature gradient in fixed and CoFeB (closed
top barrier) layers has the same sign for DMTJ. The thermal
spin transfer-torque effect will be enhanced in the DMTJ and
suppressed in SMTJ. The thermal spin voltage is evaluated
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Fig. 4. (a) Temperature gradient distribution on the z-axis (along the tunneling direction) with a current density of 7.8 × 1010 A/m2 for various configurations.
(b) Thermal spin voltage as a function of bias current in the fixed layer for four different combinations of magnetization directions and current directions.

Fig. 5. Temperature distribution on the z-axis for (a) SMTJ and (b) DMTJ. The horizontal black arrow represents the current direction, while the
vertical arrow represents the magnetization direction. The temperature gradient distribution for (c) SMTJ and (d) DMTJ with a positive current density of
7.8 × 1010 A/m2.

as 65.5 and 23.0 μV for DMTJ and SMTJ, respectively. This
phenomenon is in good agreement with the conclusion that
the thermal spin effect gets enhanced in DMTJ predicted
by Jia et al. [26].

IV. CONCLUSION

Based on the systematic study of tunneling spin scattering
heat, we have proposed the other kind of heat asymmetry
caused by the magnetization direction states of AP or P and

confirmed its significant contribution to both temperature and
temperature gradient. This heat source has a non-ignorable
impact on the thermal stability and the critical switching
current density of MTJ, making it extremely important to
the design of spintronics devices. In addition, our demonstra-
tion has also shown that the tunneling spin scattering heat
may greatly enhance thermal spin injection, thereby offer-
ing another effective thermally assisted magnetic switching
scheme.
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