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ABSTRACT

While magnetoresistive random-access memory (MRAM) stands out as a leading candidate for embedded nonvolatile memory and last-level
cache applications, its endurance is compromised by substantial self-heating due to the high programming current density. The effect of
self-heating on the endurance of the magnetic tunnel junction (MTJ) has primarily been studied in spin-transfer torque (STT)-MRAM.
Here, we analyze the transient temperature response of two-terminal spin–orbit torque (SOT)-MRAM with a 1 ns switching current pulse
using electro-thermal simulations. We estimate a peak temperature range of 350–450 °C in 40 nm diameter MTJs, underscoring the critical
need for thermal management to improve endurance. We suggest several thermal engineering strategies to reduce the peak temperature by
up to 120 °C in such devices, which could improve their endurance by at least a factor of 1000× at 0.75 V operating voltage. These results
suggest that two-terminal SOT-MRAM could significantly outperform conventional STT-MRAM in terms of endurance, substantially bene-
fiting from thermal engineering. These insights are pivotal for thermal optimization strategies in the development of MRAM technologies.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0211620

I. INTRODUCTION

Commercial spin-transfer torque magnetoresistive random-
access memory (STT-MRAM) requires high write current density
for fast switching, which makes it unsuitable for ultrafast operation
in the sub-nanosecond regime with the near-infinite endurance
desired for machine learning.1–3 It is well established that the high
write current in STT-MRAM through the MgO tunnel barrier
accelerates the breakdown of the MgO barrier and, therefore, raises
endurance concerns.4–7 Spin–orbit torque (SOT)-MRAM, which
relies on the torque generated by the in-plane current in a heavy
metal, has the potential to overcome these limitations by decou-
pling the write and read current paths.8–11 This alleviates some
thermal challenges by lowering the current across the magnetic
tunnel junction (MTJ). However, one major disadvantage of
SOT-MRAM is that it is a three-terminal device, requiring two
transistors per cell for the read and write, which increases the size
of the cells, limiting their practical applications.

Two-terminal SOT-MRAM was developed to address the
above issues.12–14 These devices combine SOT with STT in a syner-
gistic manner to achieve low write current, high density, ultrafast
operation, thus being considered a next-generation MRAM tech-
nology. However, previous studies on SOT-MRAM showed that
self-heating of the SOT line during the write process inevitably
results in elevated MTJ temperature, causing its degradation and
limiting endurance.15–17 Thermal aspects must be considered to
make MRAM a reliable technology, but few studies have examined
the thermal physics of MRAM in order to address and improve
such challenges.

In this work, we analyze the transient temperature response of
two-terminal SOT-MRAM with 1 ns write pulses and show that
the peak temperature can reach about 350–450 °C. We highlight the
importance of including the appropriate interface physics (in the
form of the thermal boundary conductance, TBC) of various mate-
rial interfaces within MRAM and the reduced effective thermal
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conductivity of the constituent thin films. We then propose practical
solutions to reduce the peak temperature of two-terminal
SOT-MRAM, by material engineering and SOT line design. We
further discuss the effect of voltage and temperature reduction on
the expected endurance of MRAM. Our findings show that by
thermal engineering, the peak temperature of two-terminal
SOT-MRAM can be reduced by up to 120 °C, which could improve
the endurance of these devices by a factor of ∼10–100× at 1 V, or by
over 1000× if the voltage were reduced to 0.75 V. Lastly, we show
the thermal robustness of two-terminal SOT-MRAM in comparison
with typical STT-MRAM. Our findings hold significant implications
for the thermal optimization of MRAM.

II. METHODS

A. Two-terminal SOT-MRAM design

Two-terminal SOT-MRAM features an SOT line below the
free layer of the MTJ, to improve switching speed and reduce the
write current of such devices,12,14 and retains the single-transistor
cell design typical of STT-MRAM, as depicted in Fig. 1(a). The
SOT line is connected in series with the MTJ, with both STT and
SOT being generated with the injection of current. In conventional
SOT materials, the SOT-generated spins are polarized along the
in-plane y-orientation, and STT-generated spins are polarized coax-
ially to the magnetic anisotropy of MRAM. The spin polarization
angle of SOT is nominally orthogonal to the magnetic anisotropy
of MRAM such that maximum SOT is applied to the free layer
when current is injected into the device.12 As a result, switching
begins as soon as the current is injected, and the orientation of the
free layer can be switched between parallel (P) and antiparallel

(AP) states with respect to the reference layer by reversing the
current direction.

The MTJ stack considered in this study is β-W(7.2)/CoFeB(1)/
MgO/CoFeB(1.1)/W(0.3)/Co(0.6)/Ru(0.85)/Pt(0.8)/[Co(0.8)/Pt
(0.86)]6/Ru(6), where the numbers in parentheses are thicknesses
in nanometers (nm), and the subscript represents 6 repeated layers
of Co/Pt. The SOT material is doped β-W with a spin Hall angle of
0.6 and electrical resistivity ρSOT = 160 μΩ cm.18 The MTJ critical
dimension (CD) is 40 nm for 14 nm CMOS technology,19 the pitch
is 80 nm, and the SOT length is 120 nm, as shown in Fig. 1(b). The
free layer is 1 nm CoFeB because such an ultrathin film displays
perpendicular magnetic anisotropy (PMA).20,21 The synthetic anti-
ferromagnet (SAF) made of [Co(0.8)/Pt(0.86)]6 is used as part of
the reference layer to generate PMA and pin the magnetization of
the CoFeB reference layer.22–24 The thickness of MgO is tailored to
meet the operating voltage requirements.25–27

We carry out micromagnetic simulations of both two-terminal
SOT-MRAM and typical STT-MRAM with 40 nm diameter MTJ,
finding a critical switching current (defined as P → AP switching)
of 264 vs 364 μA, with 1 ns write latency and 60kBT thermal stabil-
ity at 350 K ambient temperature, where kB is the Boltzmann cons-
tant. More details on the micromagnetic simulation methodology
can be found in Refs. 28 and 29, and the simulation parameters are
listed in Fig. S1 within the supplementary material. In two-terminal
SOT-MRAM, the STT current density is ∼72% of that in the
typical STT-MRAM device, increasing endurance and reducing
energy consumption at the same time.

According to our micromagnetic simulations, the required
switching current density is JSOT = 92MA/cm2 and JSTT = 21MA/cm2

for 1 ns switching of the above two-terminal SOT-MRAM. We
consider the operating voltage to be 1 V in Secs. III A–III E. The

FIG. 1. (a) Two-terminal SOT-MRAM cell layout and setup of the finite-element method COMSOL model. Two-terminal SOT-MRAM is connected to a 1 μm long (ℓCu) Cu
metal bitline and a Cu via with 70 nm height (hCu), all fully encased by SiO2 dielectric (gray region). (b) Cross section of the two-terminal SOT-MRAM, showing the dimen-
sions of each segment. The device is encased in SiO2, with the bottom of the Cu via and the bottom of the simulation domain set at 300 K. Pitch is defined as the distance
between the center of the Cu via and that of the MTJ. The MTJ is connected in series with the β-W SOT line (green). The voltage is applied between the Cu via bottom
and the top metal bitline. The voltage across the SOT line and MTJ can be calculated as shown in the figure.
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voltage across the SOT line and across the MTJ can be approximated
using equations in Fig. 1(b), i.e., VSOT = 0.12 V and VMTJ = 0.88 V,
respectively. The required MTJ resistance-area product is
RA≈ 4.2Ω μm2, which leads to a good tunneling magnetoresistance
ratio (TMR) > 100%.25–27

B. Finite-element electro-thermal simulation model

Direct temperature measurements of nanoscale vertical
devices like two-terminal SOT-MRAM pose significant chal-
lenges.30,31 As a result, simulations become essential to estimate the
peak temperature during the write pulse. In this study, we
employed three-dimensional (3D) finite-element electro-thermal
simulations using COMSOL Multiphysics® to model the transient
temperature response of two-terminal SOT-MRAM. The device
model is encased in SiO2, as shown in Fig. 1, with the SiO2 extend-
ing 5 μm in the x and y directions (not shown). The lower copper
(Cu) via connecting to one end of the SOT line has a height of
70 nm and a width of 40 nm. The upper Cu metal bitline aligns
with the MTJ, having a thickness of 30 nm and a length of 1 μm.
The dimensions selected are consistent with experimental devices
from Edelstein et al.19 The upper metal bitline can connect to mul-
tiple two-terminal SOT-MRAM devices in practical MRAM chips.
The bottom of the lower Cu via is connected to larger intercon-
nects in MRAM chips19,32 and it is set to thermal ground
(∼300 K), along with the bottom of the SiO2 layer. We have verified
that this location of thermal ground does not affect the simulated
peak MTJ temperature. The simulation mesh is fine-tuned to
ensure the accuracy of the results, with the mesh illustrated in Sec.
S2 of the supplementary material. Considering the practical chal-
lenges in individually meshing each ultrathin layer (many under
1 nm), we lumped the reference multilayers together with an effec-
tive thermal conductivity listed in Sec. III C. This approach simpli-
fies the mesh configuration while preserving the essential thermal
characteristics. A comprehensive list of simulation parameters used
can be found in Sec. S3 of the supplementary material, including
the temperature dependence of thermal conductivity and the volu-
metric heat capacity of each material.

C. Two-terminal SOT-MRAM heating mechanism

In two-terminal SOT-MRAM, current flows through both the
MTJ and the SOT line when voltage is applied, with both regions
acting as heat sources. Given that the voltage across MgO is <1 V
during the write process, it is expected that direct tunneling domi-
nates over Fowler–Nordheim tunneling.4 The tunneling process is
ballistic and thus non-dissipative within the ultrathin (∼1 nm)
MgO; thus, heat is only generated in the receiving electrode, where
injected hot electrons lose energy to the lattice after tunneling.33–37

As a result, the temperature profile in the MTJ depends on the
voltage polarity, and the heating mechanism does not lend itself to
a simple analytical interpretation.

In this study, we use the same switching current density for
both transitions (AP→ P and P→AP), which means that the
higher initial resistance in the AP→ P transition requires a higher
switching voltage, leading to more self-heating. (For example, the
P→AP transition has ∼50% of the AP→ P temperature rise, for a
TMR of ∼100%.) Thus, we focus on the AP→ P transition,

wherein electrons tunnel from the reference layer to the free layer.
The AP→ P transition has also been identified5,38–40 as the
primary limiter of STT-MRAM endurance, leading to our decision
to focus on it as the worst-case scenario.

After tunneling, we must consider the scattering of electrons
in the ferromagnetic layer, which occurs with a very small inelastic
mean free path (<1 nm), suggesting that heat is mainly generated in
the immediate vicinity of the MgO tunnel barrier.34,36 To simplify
our simulations, we model the MTJ resistance-area product (RA)
as the electrical contact resistance between MgO and the adjacent
CoFeB layer at the receiving side, i.e., the CoFeB free layer. In prac-
tice, the actual temperature may be partly reduced due to the finite
electron inelastic scattering mean free path in CoFeB, and future
corrections can be implemented as new evidence becomes
available.

III. RESULTS AND DISCUSSION

This section describes the transient temperature response of
two-terminal SOT-MRAM in more detail. We highlight how the
TBC between SOT-MRAM layers and the effective thermal conduc-
tivity of MTJ thin films affect the peak temperature prediction of
SOT-MRAM devices. We demonstrate thermal engineering of two-
terminal SOT-MRAM as well as the effect of reduced temperature
on the expected endurance improvement of such devices. Lastly, we
compare the thermal robustness of two-terminal SOT-MRAM with
typical STT-MRAM and show advantages of the former in terms of
endurance and power consumption.

A. Transient temperature response of two-terminal
SOT-MRAM

We simulate the transient temperature response of two-
terminal SOT-MRAM with the 1 ns write pulse described above,
and the temperature distribution at the end of the pulse is illus-
trated in Fig. 2(a). We find that the peak temperature of the MgO
layer can reach 457 °C (i.e., ΔT≈ 430 K) during the write operation,
with a temperature drop around 150 K at the top MgO interface.
(Similarly, large temperature drops have also been noted at phase-
change41 and resistive42 random-access memory interfaces.) The
peak temperature is comparable to the temperature range for
MRAM back end of line (BEOL) processing,1,3,18,19 which high-
lights the need to reduce peak device temperature during operation
to decelerate MgO degradation and possible Fe and oxygen diffu-
sion.15,16 Figure 2(b) shows the peak temperature rise in β-W, the
CoFeB free layer, and MgO during a 1 ns write pulse.

The temperature rises linearly with time initially (/ t) as the
current pulse is applied due to rapid, nearly adiabatic, heating of
the small device volume. At such short time scales, ΔT≈ E/C = Pt/
C, where E is the pulse energy, P is the input power (in W), and C
is the device heat capacity (in J/K). After a short time, the device
experiences some heat loss to its surrounding SiO2 and the temper-
ature rises proportionally to t1/2, a similar temperature evolution
previously observed in fast transistors.43,44 After the heating pulse
ends, we find a falling temperature time constant of τfall≈ 0.2 ns.
The peak temperatures of CoFeB and β-W are very close to each
other due to high TBC between metal/metal interfaces. However,
the peak temperature for the MgO layer is lower, partially due to a
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lower TBC with CoFeB, and more details of this thermal interface
are given in Sec. S3 of the supplementary material. The peak tem-
perature occurs in the CoFeB layer instead of MgO because elec-
trons tunnel (top-down) through the MgO and relax their energy
in the CoFeB (see Sec. II C). However, due to reliability consider-
ations, in the following discussion, we primarily monitor the peak
temperature of the MgO layer for two-terminal SOT-MRAM.

B. Effect of thermal boundary conductance (TBC)

Many simulation studies of temperature in MRAM devices
overlook the importance of thermal boundary conductance (TBC)
with the surrounding materials, which can underestimate the peak
device temperature during operation. The TBC and its inverse, the
thermal boundary resistance (TBR = 1/TBC), cause a temperature
difference across the boundary between two materials in the pres-
ence of a heat flux, ΔT = P00/TBC, where P00 is the heat flux per unit
area. A finite TBC (i.e., nonzero TBR) can cause temperature differ-
ences of tens or even hundreds of K across an interface.

In this section, we investigate the impact of TBCs between two-
terminal SOT-MRAM and surrounding materials, represented by
the purple dashed lines in Fig. 2(a). While the exact TBCs between
β-W or the MTJ pillar with SiO2 remain unidentified, general TBC
values between metals and dielectrics usually lie in the range35,45 of
50–300MWm−2 K−1. Furthermore, studies have shown that the
TBCs between metals and insulators can vary depending on the fab-
rication process, interface quality, and bond strength.45–48 Given
this variability, our simulations address both extremes, TBC = 50
and 300MWm−2 K−1. Time-domain thermoreflectance (TDTR)
measurements can be used to measure these unknown TBCs for
more accurate temperature predictions of MRAM.49

Figure 3(a) shows the peak temperature rise during a nanosec-
ond current pulse in two-terminal SOT-MRAM for varying TBC
values: infinite TBC (i.e., TBR = 0, perfect heat flow across the boun-
dary), TBC = 50MWm−2 K−1 and TBC = 300MWm−2 K−1. A TBC

of 50MWm−2 K−1 can lead to an additional temperature rise up to
∼118 K after a 1 ns pulse in the two-terminal SOT-MRAM geome-
try studied here. These results emphasize that numerous TBCs play
a key role in determining MRAM device peak temperatures. In Secs.
III C–III H, TBC refers to the TBCs between two-terminal
SOT-MRAM and surrounding materials, unless otherwise specified.

C. Effect of thermal conductivity of MTJ thin films

For the MTJ stack, all the constituent materials are ultrathin
films. In such films, it is known that the thermal conductivity is
greatly suppressed compared to the bulk form due to increased
electron and phonon boundary scattering.45,48 For instance, one
study revealed that a 180-repetition of Co(1.2 nm)/Cu(1.1 nm)
multilayer had an effective cross-plane thermal conductivity50 of
∼5–7Wm−1K−1, while the thermal conductivities of bulk Co and
Cu are ∼100 and ∼400Wm−1K−1 at room temperature, respec-
tively.51 Therefore, in this work, we have carefully incorporated the
thermal conductivity values of thin films for the consisting materi-
als of the MTJ.

The effective cross-plane thermal conductivity of CoFeB/
MgO/CoFeB has been measured to be ∼0.5Wm−1K−1.52 However,
the effective thermal conductivity of the reference layer (kref ) is
unknown. Typically, the reference layer of MRAM with PMA con-
sists of multiple layers of thin metals.10,12,22–24 The reference layer
in two-terminal SOT-MRAM considered in this study is CoFeB
(1.1)/W(0.3)/Co(0.6)/Ru(0.85)/Pt(0.8)/[Co(0.8)/Pt(0.86)]6/Ru(6),
which consists of 16 sub-nm thin metal layers. These ultrathin
metals show strongly suppressed thermal conductivities due to the
increased density of interfaces and significant electron boundary
scattering, because the layer thicknesses are comparable to or less
than the electron mean free path.45,48,53,54

Hence, we consider various kref values in Fig. 3(b), and we
find that the peak temperature of two-terminal SOT-MRAM could
increase by up to ∼202 K if kref is reduced from 15 to 5Wm−1K −1

FIG. 2. (a) Temperature rise (ΔT, above ambient) of two-terminal SOT-MRAM at the end of a 1 ns write pulse, showing a peak MgO temperature of 457 °C (ΔT≈ 430 K)
with SiO2 as the surrounding material. The purple dashed lines mark the interface between SOT-MRAM and surrounding materials, here with TBC = 50 MWm−2 K−1. The
green dashed lines mark the interfaces between CoFeB and MgO, with TBC values listed in Sec. S3 within the supplementary material. (b) Temperature rise (ΔT) of two-
terminal SOT-MRAM during and after a write pulse, tp = 1 ns. The dashed lines mark ΔT scaling with /t and then with /t1/2 during the applied current pulse. The temper-
ature fall time constant is τfall≈ 0.2 ns. The peak temperature rise of the β-W (green) and CoFeB (blue) are very similar and overlapping, due to high TBC between metal/
metal interfaces.
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while maintaining the TBC at 50MWm−2K−1. This finding high-
lights the importance of incorporating accurate thermal conductiv-
ity values of reference layers when predicting the peak temperature
of two-terminal SOT-MRAM. These results also demonstrate that
the number of interfaces and the thickness of the reference layer
have a great impact on the peak temperature of MRAM. In the fol-
lowing analysis, we set kref≈ 10Wm−1K−1,4,53 which provides a
good estimation of the kref value. The thermal conductivity of β-W
is estimated by the Wiedemann–Franz Law,54–56 and more details
can be found in Sec. S3 of the supplementary material.

D. Reducing peak temperature by material
engineering

From Secs. III A–III C, we have shown the peak temperature
of the MgO layer can be as high as 457 °C. Such high temperatures

can accelerate the degradation of MgO (which also faces large elec-
tric fields), as well as accelerate oxygen and Fe diffusion, which can
lead to MTJ failure.15–17 Thus, the peak temperature must be
reduced in order to improve endurance and make MRAM ther-
mally robust. In this section, we examine the effect of changing the
surrounding insulator from conventional SiO2 (room temperature
thermal conductivity≈ 1.4Wm−1K−1) to other BEOL-compatible
passivation materials with higher thermal conductivity, such as
Si3N4

57,58 or AlN.59,60 For example, BEOL-compatible AlN thin
films can have a thermal conductivity of ∼18Wm−1K−1 even at
∼100 nm thickness.59 Here, we assume that the AlN thermal con-
ductivity is isotropic, although the exact values may depend on the
fabrication process, grain orientation, and defect density.59

We note that the dielectric constants of Si3N4 and AlN are
higher59,61 than for SiO2, which may affect the ultrafast operation
of MRAM through capacitance effects. Thus, here, we propose only

FIG. 3. (a) Transient temperature rise ΔT of two-terminal SOT-MRAM using different TBCs with surrounding materials, when kref = 10 Wm−1 K−1. The peak ΔT rises by an
additional 118 K when TBC = 50 MWm−2 K−1, compared to when thermal interfaces are considered ideal (infinite TBC). (b) Transient ΔT of two-terminal SOT-MRAM with
different kref when TBC = 50 MWm−2 K−1. The peak ΔT could rise by an additional 202 K if kref is reduced from 15 to 5 Wm−1 K−1.

FIG. 4. Successive thermal improvement of two-terminal SOT-MRAM by replacing surrounding materials from SiO2 to Si3N4 and to AlN, when the TBC between the
device and surrounding materials is (a) 50 and (b) 300 MWm−2 K−1, respectively. The higher thermal conductivity layers are more effective in reducing the peak tempera-
ture (ΔT = 120 K) when the TBC is also greater (300 MWm−2 K−1). Here, kref = 10 Wm−1 K−1 and the current pulse width is 1 ns, similar to earlier figures unless otherwise
stated.
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changing a thin underlayer (40 nm) and overlayer (30 nm) below
and above the β-W SOT line [see Fig. 1(b)] to achieve optimal heat
dissipation with minimal impact on operation speed.

Figure 4(a) shows a 40 K reduction of peak MgO temperature
when replacing SiO2 with AlN, for the same TBC of 50MWm−2K−1.
This TBC between the SOT-MRAM device and surrounding materi-
als has the effective thermal resistance of 28 nm SiO2 (the so-called
Kapitza length45,48). Because this is comparable to the device dimen-
sions, the temperature reduction is relatively modest even when the
device is surrounded by materials with higher thermal conductivity,
like AlN. In contrast, Fig. 4(b) shows a 120 K reduction of peak tem-
perature when the TBC is six times greater (300MWm−2K−1) and
we replace the surrounding SiO2 with AlN. After the pulse is turned
off (t > 1 ns), the temperature fall time constant also reduces from
∼0.2 to ∼0.12 ns. This indicates that the heat can dissipate faster
when AlN is used as the surrounding material. We note that the TBC
itself may change with the surrounding material (e.g., SiO2 vs AlN),
but the exact value is not known at the present time. Thus, our adop-
tion of a fixed TBC here (e.g., 50 vs 300MWm−2K−1) allows us to
isolate the effect of the surrounding material’s thermal conductivity.

These results suggest that the reduction of peak temperature
will be more significant if the TBC between SOT-MRAM and its
dielectric environment can be improved. Additionally, using Si3N4

and AlN as thin surrounding materials can effectively avoid oxygen
diffusion, which has been one of the major degradation mecha-
nisms in SOT-MRAM identified in the literature.15,16

E. Reducing peak temperature by SOT line extension

We introduce a novel method to lower the peak temperature
of two-terminal SOT-MRAM during the write pulse. This is
achieved by implementing an SOT line that extends beyond the
MTJ [see Fig. 5(a)] and serves as a cooling fin, while preserving the
original operating conditions. The thermal healing length (LH) of
the fin is the characteristic length of temperature decay along the
fin,62 and a fin much longer than LH provides diminishing returns
in cooling. The length of the SOT extension is thus chosen to be

equal to the LH along the β-W SOT line. This ensures optimal heat
dissipation with minimal impact on areal density.

Assuming heat dissipates toward the underlying silicon sub-
strate, the thermal healing length of the SOT line can be estimated as

LH ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kSOT
kul

dSOT dul þ kul
TBC

� �s
,

where kSOT and dSOT are the thermal conductivity and thickness of
the β-W SOT line, respectively, while kul and dul are the thermal con-
ductivity and thickness of the underlayer beneath the SOT line,
respectively. The second term in the parenthesis represents the
Kapitza length,45,48 which accounts for the TBC between the SOT
and the underlayer. Typical LH for our combination of materials and
TBC range between 20 and 80 nm, as summarized in Sec. S4 of the
supplementary material. We note the LH estimated above represents
an upper bound because it ignores three-dimensional heat spreading
into the overlayer and the MTJ pillar. More accurate values of LH
can be obtained from numerical simulations by examining the tem-
perature distribution along the β-W SOT line, e.g., in Fig. 2(a).
However, the temperature drops (nearly) exponentially along the
SOT line such that small variations in LH are less significant. Based
on these estimates, we employ a 30 nm extended SOT line in the fol-
lowing analysis.

Figure 5(a) illustrates the peak temperature rise of the device
with an extended SOT line design, at the end of the current pulse.
Using this approach, the peak temperature of two-terminal
SOT-MRAM can be reduced from 457 to 422 °C, with the input
power, material choices, and other thermal conditions described
earlier. Remarkably, this reduction is comparable to changing the
surrounding SiO2 to AlN, as shown in Fig. 4(a), given the same
TBC = 50MWm−2K−1. If the extended SOT line design is
combined with AlN (as surrounding dielectric), then the tempera-
ture reduction can be as high as 75 K. This case is shown in
Fig. 5(b), which compares the temperature profile along the SOT
line x axis, at the end of the current pulse, for the baseline case

FIG. 5. (a) Temperature distribution of two-terminal SOT-MRAM with 30 nm extended SOT line, at the end of the 1 ns write pulse. Note the heat spreading into the SOT
extension. (b) Temperature distribution along the SOT line x axis for three cases: the baseline with SiO2 dielectric and no SOT extension (red), the case in (a) with SiO2

dielectric and SOT extension (blue), and the case with AlN dielectric and SOT extension (black). TBC = 50 MWm−2 K−1 for all cases considered in this figure. The block
arrow marks a 75 K temperature reduction for the case with AlN dielectric and 30 nm SOT extension. The large temperature drop where the SOT line ends (>100 K for all
three cases) is due to the finite TBC with the dielectric.
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(SiO2 dielectric and no SOT extension), the case in Fig. 5(a) (SiO2

dielectric and extended SOT), and the case with surrounding AlN
(instead of SiO2) and extended SOT.

We note that if TBC is larger, 300MWm−2K−1, which
enables better heat spreading into surrounding materials, the effi-
ciency of the extended SOT line is less significant. This is particu-
larly evident when AlN is used as the surrounding material, leading
to a reduced LH (from 73 to 25 nm, see Sec. S4 of the
supplementary material) and only an ∼8 K peak temperature drop.
Consequently, the benefits of the extended SOT line are significant
when heat spreading is limited by the thermal interfaces between
SOT-MRAM and its surrounding materials.

F. Reducing peak temperature by voltage scaling

Further reduction of peak temperature can be achieved by
lowering the operating voltage of the two-terminal SOT-MRAM. In
Sec. II A, we showed that the critical switching current density is
JSOT = 92MA/cm2 and JSTT = 21MA/cm2 for 1 ns switching of two-
terminal SOT-MRAM. Assuming the same current density, the
operating voltage can be reduced by thinning down the MgO layer
(i.e., reducing the MTJ RA value).25–27 For example, reducing the
MTJ RA value from ∼4.2 to ∼3Ω ⋅μm2 lowers the operating
voltage from 1 to 0.75 V, this reduction being entirely due to a
lower voltage across the MTJ (from 0.88 to 0.63 V). The peak tem-
perature of two-terminal SOT-MRAM exhibits an almost linear
relationship with the total power input, decreasing from 457 °C at a
1 V operating voltage to 339 °C at 0.75 V, for the case with SiO2 as
the surrounding material and TBC of 50MWm−2 K−1. Lowering
the operating voltage also reduces the stress across the MgO layer,
reducing the odds of dielectric breakdown and improving MTJ
endurance.4–7 Several studies63,64 also proposed reducing the MTJ
RA to enhance the MTJ endurance.

We note that, while reducing the operating voltage can effec-
tively reduce both the peak temperature and MTJ voltage stress,
thereby improving endurance, the trade-off is a potential reduction
of the TMR ratio. The reduced MTJ RA value of ∼3Ω μm2

assumed here is at the forefront of current MRAM technology,25–27

but comes with a lower TMR ratio. The TMR ratio plays a crucial
role in determining the on or off state of the device during the read
operation. A reduced TMR ratio will complicate the readout
process and corresponding circuits.65,66 To address this trade-off, a
novel MTJ process was developed by Ikegawa et al.64 to decrease bit
error rate while using a lower RA value for the MgO tunnel barrier.

G. Effect of temperature reduction on MTJ endurance
improvement

In Secs. III D and III E, we showed that the peak MTJ temper-
ature can be reduced by up to 75 K (120 K) using thermal engineer-
ing with a TBC of 50MWm−2 K−1 (300MWm−2 K−1). This
section explores how such temperature reduction could improve
the endurance of MRAM devices. In this context, we refer to the
study of Van Beek et al.,17 who fabricated three-terminal
SOT-MRAM with RA≈ 4.5Ω μm2, where heat generated by both
STT and SOT current affected the MTJ temperature. We can draw
parallels between this work and ours by thinking of the lower

temperature achieved through a reduction of VSOT by Van Beek
et al.17 having a similar effect as our thermal engineering.

For our baseline two-terminal SOT-MRAM, when
TBC = 50MWm−2 K−1, the VMTJ = 0.88 V with a peak temperature
of 457 °C, this is equivalent to the case of VSTT = 0.88 V and
VSOT≈ 0.4 V in the study of Van Beek et al.,17 with an endurance of
∼104 cycles. With thermal engineering, we reduced the peak temper-
ature to 382 °C, which corresponds to VSOT =∼0.3 V in the work of
Van Beek et al.,17 or an endurance improvement to ∼105–106 cycles.
In other words, a temperature reduction of 75 K [such as in Fig. 5(b)]
could lead to 10–100× endurance improvement. When the TBC is
higher, 300MWm−2 K−1, and we thermally engineer the device with
AlN surrounding material [as in Fig. 4(b)], the endurance improve-
ment is expected to be a similar factor of 10–100×. This endurance
improvement is partly limited by the high VMTJ = 0.88 V.

However, when VMTJ is lowered to 0.63 V (total voltage
lowered to 0.75 V), as described in Sec. III F, the endurance
improvement by thermal engineering is expected to be at least
1000×. This is due to the combined effects of lower VSTT stress17

and temperature reduction on the endurance improvement. Overall,
if a good TMR ratio can be obtained with low RA value, lowering
the operating voltage from 1 to 0.75 V combined with thermal engi-
neering could lead to significant endurance improvements.

Finally, we note that Van Beek et al.17 used 10 ns stress pulses,
while we expect that the 1 ns stress pulses used here would also
improve endurance by at least an additional ∼10× due to the
reduced time the device spends at high temperature.15 Combined
these observations also suggest that additional studies are required
to accurately quantify MRAM endurance improvements achievable
through factors like voltage and thermal engineering by material
properties, dimensions (i.e., thermal time constant), and geometry
effects such as our extended SOT design.

H. Thermal robustness of SOT-MRAM relative to
STT-MRAM

In Sec. II A, we have shown that, compared to typical
STT-MRAM, the critical switching current can be reduced from
364 to 264 μA when two-terminal SOT-MRAM is implemented,
under the same operational conditions. More details of micromag-
netic simulations can be found in Sec. S1 of the supplementary
material. Here, we take a closer look at the impact of this current
reduction on thermal robustness and endurance improvement of
two-terminal SOT-MRAM relative to STT-MRAM.

We also perform electro-thermal simulations for STT-MRAM.
The required STT current density for typical STT-MRAM is
∼29MA/cm2 for 1 ns switching with a 40 nm MTJ diameter. Here,
we keep the MTJ RA value the same at 4.2Ω μm2, and the operat-
ing voltage required is VSTT = 1.22 V. Typically, STT-MRAM is
bottom-pinned, i.e., the reference layer is below the MgO tunnel
barrier while the free layer is on top. To draw a fair comparison
with two-terminal SOT-MRAM simulated in Secs. III A–III G, we
simulate the same MTJ stacks and also assume a 7.2 nm capping
layer above the free layer with 10Wm−1K−1 thermal conductivity
(the same as the β-W layer in two-terminal SOT-MRAM). The
thickness of the capping layer on top of the free layer has a
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significant impact on the MTJ peak temperature, which agrees with
previous results.67

Our simulations reveal that the peak temperature of
STT-MRAM is 346 °C when the interface between STT-MRAM
and surrounding materials has TBC = 300MWm−2K−1. Our result
here is comparable to the estimates of Van Beek et al.,4 where the
peak MgO temperature reached ∼280 °C at an ∼1.2 V operating
voltage, for a 50 nm diameter MTJ with a higher RA value of
10Ω μm2. Quantitative comparisons across the literature present
challenges due to variations in device dimensions, operating condi-
tions, and the thermophysical properties of the MTJ layers.
Although the input power is higher in STT-MRAM, the peak tem-
perature of STT-MRAM is still lower compared to two-terminal
SOT-MRAM due to direct heat dissipation through the electrodes,
as shown in Fig. 6(a).

However, the high voltage stress across the MTJ (VSTT) leads
to a much lower endurance in STT-MRAM, compared to two-
terminal SOT-MRAM, where the voltage is shared between the
MTJ and SOT line. Overall, the MTJ voltage stress is reduced from
1.22 V in STT-MRAM to 0.88 V in two-terminal SOT-MRAM.
According to previous endurance and time-dependent dielectric
breakdown (TDDB) results,4–7 the MTJ endurance can be improved
by more than a factor of 106 when the voltage stress reduces from
∼1.22 to ∼0.88 V. Van Beek et al.15 report a significant improve-
ment in endurance for SOT-MRAM when the voltage across the
SOT is reduced to VSOT≈ 0.12 V, suggesting a near-infinite endur-
ance for the SOT line in our two-terminal SOT-MRAM.

Compared to two-terminal SOT-MRAM where heat spreads
through both the SOT line and MTJ pillar, STT-MRAM has less
area of heat dissipation due to the small area of the MTJ pillar.
Thus, STT-MRAM benefits less from proposed thermal engineer-
ing solutions. Figure 6(b) shows only a 32 K reduction in peak tem-
perature when replacing SiO2 with AlN, for a good TBC of
300MWm−2K−1. These results suggest that two-terminal
SOT-MRAM is expected to have much higher endurance compared

to typical STT-MRAM and will also benefit more from thermal
engineering.

IV. CONCLUSION

Through simulations rooted in realistic considerations (e.g.,
thermal boundary conductance), we have shown that the peak
temperature of two-terminal SOT-MRAM can reach 350–450 °C at
the end of 1 ns write pulse (depending on thermal properties,
including thermal conductivity and TBC). Such high temperatures
will accelerate the MgO degradation and cause endurance issues,
indicating the necessity of reducing peak temperature for endur-
ance improvement.

We propose two methods to reduce the peak temperature
during the write pulse. The first method involves using an
extended SOT line as a heat spreader, while the second method
replaces the surrounding dielectric with AlN, which has higher
thermal conductivity. These work best when heat dissipation from
two-terminal SOT-MRAM to its surrounding is limited by rela-
tively low TBC and, combined, they can reduce the peak tempera-
ture by ∼75 K. If the TBC is relatively high, then using AlN as
the surrounding material will reduce peak temperatures by
∼120 K. We further discuss the effect of reducing operating
voltage on endurance improvement for two-terminal
SOT-MRAM. Combined with our thermal engineering solution,
reducing the operating voltage to 0.75 V could improve endurance
by at least 1000×.

Lastly, we compare the thermal robustness and endurance of
two-terminal SOT-MRAM with STT-MRAM and show that the
former enables better control of temperature and significantly
improved endurance due to lower voltage stress across the MTJ,
partly enabled by voltage sharing with the SOT line. This study
sheds light on thermal management methods for two-terminal
SOT-MRAM devices and provides important guidelines for the
thermal optimization of MRAM.

FIG. 6. (a) Temperature rise (ΔT, above ambient) distribution of STT-MRAM at the end of a 1 ns write pulse, showing a peak temperature of 346 °C with a SiO2 sur-
rounding material. The TBC between STT-MRAM with surrounding materials is 300 MW m−2 K−1 (interfaces marked by purple dashed lines). Horizontal green
dashed lines mark the interface between CoFeB and MgO, with TBC values listed in Sec. S3 within the supplementary material. (b) Peak transient temperature rise
(ΔT) of STT-MRAM during and after a 1 ns write pulse, when surrounding materials are SiO2, Si3N4, or AlN, when TBC is 300 MW m−2 K−1. Although the TBC
itself may change with the surrounding material, this simulation allows us to isolate the effect of the thermal conductivity alone; here, we find this effect is small, no
more than 32 K.
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SUPPLEMENTARY MATERIAL

See the supplementary material for micromagnetic simulation
parameters and results (Sec. S1), finite-element simulation mesh
(Sec. S2), electro-thermal simulation parameters (Sec. S3), and
thermal healing length calculations (Sec. S4).
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