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Ultralow Electrical Current Driven Field-Free Spin-Orbit
Torque Switching of Magnetic Tunnel Junctions by

Topological Insulators

Xu Zhang, Aitian Chen,* Yifan Zhang, Zhaozhuo Zeng, Yaqgin Guo, Dongxing Zheng,
Baoshan Cui, Chuangwen Wu, Wenjie Song, Shuo Yang, Zijun Luo, Jingfeng Li,
Gianluca Gubbiotti, Xiufeng Han, Jinkui Zhao, Peng Yan, Xufeng Kou,* Xixiang Zhang,*

and Hao Wu*

Spin-orbit torque-driven magnetic random-access memory (SOT-MRAM) is
one of the promising candidates for next-generation memory technologies
beyond Moore’s law. Due to its separation of writing and reading channels,
the 3-terminal device design significantly improves the device endurance of
SOT-MRAM. However, two major challenges still exist for the perpendicular
SOT-MRAM: the ultrahigh writing current density and the need for an external
magnetic field to achieve deterministic switching. In this work, a 3-terminal
SOT-MRAM device is demonstrated that integrates topological insulators
(TIs) by perpendicular magnetic tunnel junction (pMT]J). The giant spin-orbit
torque generated by spin-momentum-locked topological surface states
significantly reduces the switching current density to as low as 3.0 x 10° A
cm—2. The double magnetic layers with different saturation magnetizations are
employed as the recording layer of Tls-pMT]. Therefore, non-collinear canted
magnetic states are generated during the current-driven SOT. By breaking the
chiral symmetry of these states through interlayer Dzyaloshinskii-Moriya
interaction (DMI), the field-free deterministic SOT switching is achieved. This
work demonstrates the topological insulator-driven magnetic field-free
SOT-MRAM with ultralow writing density, inspiring the revolution of
SOT-MRAM technology from classical to quantum materials.

1. Introduction

MRAM is considered one of the most
promising non-volatile memory tech-
nologies with low power, high speed,
compatibility with complementary metal-
oxide-semiconductor (CMOS), scalabil-
ity, and excellent integration density.!*]
The bit cell of MRAM is typically a
magnetoresistive device called the MT].
It's a sandwich structure consisting of
two ferromagnetic electrodes separated
by an insulating barrier.”# The mag-
netization orientations of the two paral-
lel and antiparallel ferromagnetic elec-
trodes contribute to the low and high
tunneling resistance states owing to
the spin-dependent tunneling process,
ie., the tunneling magnetoresistance
(TMR) effect.”l Notably, the pMT]
with perpendicular magnetic anisotropy
(PMA) has better scalability for high-
density integration due to the high ther-

mal stability/anisotropy barrier and the
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reduced switching current density, making it a focus of re-
search for developing next-generation high-density MRAM
applications.['"!2] Despite its continued prominence as the pri-
mary solution, current STT-MRAM development based on spin
transfer torque (STT) faces major challenges in device endurance
and operation speed, such as a relatively high critical current den-
sity for magnetic moment reversal leading to elevated power con-
sumption, deterioration of MT] performance parameters like the
TMR ratio during device miniaturization impeding further scal-
ing, and a shared read—write current path in its architectures that
causes potential signal-reading interference and increases the
risk of tunnel-barrier dielectric breakdown with higher write cur-
rents, thereby compromising device reliability and longevity.[1314]
The three-terminal SOT driven MRAM (SOT-MRAM) with the
separated writing and reading paths and the orthogonal spin
torque are expected to address these issues.!'>2]

Generally, for conventional SOT-MRAM based on the mate-
rials with classical electron transport, the spin current is gener-
ated by the spin-orbit coupling induced spin Hall and Rashba ef-
fects, where the up and down spins are diffused to the opposite
sides, forming a transversal spin current/accumulation, namely,
a non-equilibrium spin distribution. The fundamental mecha-
nism of spin-dependent scattering limits the charge-spin con-
version efficiency (fsy) to less than 1, due to no new spins be-
ing generated.[*-3!) Quantum materials, such as TIs with spin-
momentum locked band structure, have shown a 6y, larger than
1 due to conversions between orbital and spin momentums.
Therefore, they can significantly reduce the switching current
density and power consumption of SOT-MRAM. Utilizing the
giant SOT from TIs to electrically manipulate the magnetization
has been demonstrated in many TIs-based heterostructures even
at room temperature, with an ultralow switching current density
of 10° A cm™2, 1-2 orders of magnitude lower than that in classi-

cal heavy metals (HM).31=40]

Due to in-plane spin polarizations of SOT, an external mag-
netic field collinear with the current needs to be applied for
deterministic switching of the pMT]. This requirement limits
the potential for high-density integration of SOT-MRAM. One
solution is the hybrid method, which combines the SOT and
STT effects by utilizing the z-spin from STT to assist field-free
SOT switching.[*'~*] However, this approach needs two writing
currents which adversely affect the device’s endurance. There-
fore, the question remains on whether it is possible to de-
sign a sample structure/writing method for field-free switching
of SOT-MRAM based on pMT]J. Potential approaches include
leveraging mechanisms such as mirror symmetry breaking, chi-
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ral symmetry breaking, exchange bias, or interlayer exchange
coupling.[4->¢]

In this work, the topological insulator of (Bi,Sb), Te, that serves
as the writing layer is integrated with the pMT] device to realize
the topological SOT-MRAM with ultralow switching current den-
sity of 3.0 X 10° A cm~2, benefiting from the giant SOT from spin-
momentum locked topological surface states. At the same time,
the double magnetic layers with different compositions and sat-
uration magnetization of CoFeB are used as the recording layer
of the pMT] to realize the field-free switching by the chiral sym-
metry breaking of the SOT-driven dynamic non-collinear canted
magnetic states via the interlayer Dzyaloshinskii-Moriya interac-
tion (DMI). The high SOT efficiency (65 = 9.88 + 0.22) charac-
terized by the harmonic Hall method is consistent with the ul-
tralow switching current density in TIs-pMT]. The TIs-pMT]J de-
vice has a high TMR ratio (102.5%) and a high thermal stability
factor (70). These results demonstrate a low-power and field-free
topological insulators-based perpendicular SOT-MRAM.

2. Results and Discussion

Figure lab show the schematic and microscopic picture
of the 3-terminal SOT device based on TIs-pMT], respec-
tively. The TIs-pMT] stacks are composed of (0001) Al,O,
substrate/(Bi,Sb), Te;(6.0)/Mo(2.0)/B-CoFeB/MgO(2.3) /T-CoFe-
B/Ta(0.5)/Co(0.3)/Pt(1.3)/Co(0.4)/Pt(0.6)/Co(0.4) /Ru(0.85) /[Co-
(0.4)/Pt(0.6)],/Ru(5.0) [thickness in nanometers; B-CoFeB
denotes the double magnetic layer of Co,yFe,,B,,(0.375)/
Co,oFeq B,y (0.375) deposited by twice each with a different
target. A dusting layer is formed in between. T-CoFeB de-
notes Co,,Fey,Byy(1.1)], including the bottom topological
insulator-(Bi, Sb),Te; layer as the spin current source, the
Mo/B-CoFeB/MgO as the recording layer, the T-CoFeB cou-
pled with the synthetic antiferromagnetic (SAF) stack of Co-
(0.3)/Pt(1.3)/Co(0.4) /Pt(0.6) /Co(0.4) /Ru(0.85) /[Co(0.4) /Pt(0.6)],
as the reference layer (See the Experimental Section for details).
A 300 °C annealing process for 1 h under a perpendicular
magnetic field of 8 kOe is performed to enhance the PMA and
to improve the crystallization of the pMT]J stack.

The writing current applied between terminal 1 (T'1) and termi-
nal 2 (T2) generates the spin current (J,) by the spin-momentum
locking in topological surface states. J, passes through the Mo
layer and is injected into the B-CoFeB recording layer to ex-
ert the spin-torque on B-CoFeB and to induce the magnetiza-
tion switching beyond the critical density. A small direct cur-
rent (DC) of 100 nA is applied between the T1 and T3 chan-
nels through the MT] stack to read the magnetization state by
the TMR. The 800 nm-diameter pMT] device is positioned at the
intersection where the bottom electrode (TIs) meets the top elec-
trodes, as shown in the area labeled by a red-dotted circle. A typ-
ical cross-section transmission electron microscopy (TEM) im-
age of the real TIs-pMT] device is displayed in Figure 1c, which
clearly shows the MT] cell, top electrode, bottom electrode, and
the SiO,-insulating layer. The high-resolution TEM image of the
TIs-pMT]J device in Figure 1d reveals the layer-by-layer structure
of (BiSb),Te;, the clear interface between (BiSb),Te; and MT]J,
and a sharp MgO/CoFeB interface. Figure le shows the high-
angle annular dark field (HAADF) image and energy-dispersive
X-ray (EDX) mapping in the MT] device, where the clear and
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Figure 1. Schematic of the TIs-pMT) devices. a) Schematic of the device structure and the film stack of the TIs-pMT) stack. b) Optical microscopy image
of the patterned TIs-pMT] device, where the MT] is marked by a red-dotted circle with a diameter of 800 nm. c) Cross-sectional scanning TEM image
of a three-terminal SOT-MRAM device based on Tls-pMT]. d) The high-resolution TEM image of the TIs-pMT] film stack. ) HAADF images and EDX

mapping of the Tls-pMT) stack.

sharp interfaces ensure high spin transparency and a high TMR
ratio.

The magnetic hysteresis (M/M,-H,) loop of the TIs-pMT]
stack is measured by a vibrating sample magnetometer-
superconducting quantum interference device (VSM-SQUID) at
room temperature (Figure 2a). The purple, pink, and yellow ar-
rows in the figure represent the magnetic moment directions
of the Co/Pt multilayer (SAF layer) and two CoFeB (record-
ing and reference) layers, respectively. They indicate the 3-step
switching (M-H curves) of the magnetization. The TIs-pMT]
stack was then patterned into circular disks 800 nm in diame-
ter. The tunneling resistance R versus magnetic field (R-H) curve
is shown in Figure 2b. A 102.5% TMR ratio is achieved with
a 5.57 kQ low-resistance state and an 11.28 kQ high-resistance
state. The enhanced TMR ratio is primarily attributed to the in-
sertion of Mo, which exhibits greater thermal tolerance. This
characteristic helps mitigate Bi diffusion during the anneal-
ing process, as evidenced by the elemental distribution map-
ping in Figure 1e.535758(The TMR ratio of the TIs-pMT] de-
vice for 1.0 pm-diameter MTJ size shown in Note S1, Supporting
Information).

Next, the SOT-induced TMR switching of the TIs-pMT] de-
vice is measured as follows: a writing current pulse with a
1 ms duration is applied between the T1 and T2 channels
to provide the SOT to the B-CoFeB recording layer, followed
by a small reading current (0.1 pA) that passes through the
pMT] stack between T1 and T3 channels to detect the mag-
netization state by the tunneling resistance. It should be em-
phasized that the 1 ms write current pulse duration is cho-
sen mainly to handle the high resistivity of TIs, which is much
higher than that of Ta and demands high current densities for
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short pulses, increasing the risk of Joule overheating and device
failure.

An external magnetic field (H, = + 0.6 kOe) is applied along
the current flow direction. In the presence of a positive in-plane
magnetic field H, = + 0.6 kOe, the magnetization of B-CoFeB
is switched from —z to + z directions when the current density
magnitude reaches + 2.7 X 10° A cm ™. In contrast, the + zto —z
magnetization switching occurs at a negative current of — 2.6 X
10° A cm™?, i.e., clockwise R (TMR)-J, switching loop, as shown
in Figure 2d. This indicates a high SOT efficiency from the topo-
logical surface states. When H, is set to —0.6 kOe, the clockwise
switching loop is changed to anticlockwise. Other pMT] devices
exhibit similar switching behaviors with the critical switching
current density J. increases slightly with reducing the H, (de-
tails in Note S2, Supporting Information). The chirality of the R
(TMR)-J, switching loop concerning the in-plane magnetic field
and the electric current directions is consistent with the sign of
the charge-spin conversion in the topological surface states of
(Bi,Sb), Te,, implying a major SOT contribution from (Bi,Sb), Te;.

An in-plane magnetic field is necessary for a deterministic per-
pendicular magnetization switching in traditional SOT-induced
magnetization switching. In pMT]Js, combining SOT and STT of-
fers a novel, field-free method for perpendicular magnetization
reversal at low SOT current density.'>22] However, this require-
ment is detrimental to practical applications because it negatively
impacts the energy efficiency and pMT] device miniaturization.
Recently, Wu et al. achieved deterministic field-free switching by
breaking the chiral symmetry of SOT-induced spin texture us-
ing Dzyaloshinskii-Moriya interaction (DMI) through the intro-
duction of a gradient in saturation magnetization or magnetic
anisotropy in the out-of-plane (z) direction.l>®!
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Figure 2. Magnetic properties and current-driven SOT switching in Tls-pMT) devices. a) Room temperature hysteresis loop of TIs-pMT] film stack. b)
Tunneling resistance R and TMR ratio as a function of applied out-of-plane magnetic field H, measured in a TIs-pMT] device. c) Four possible states for
different current and magnetization configurations. d) Current-driven SOT switching shows the deterministic switching without an external magnetic

field and the opposite SOT switching polarities under H, = + 0.6 kOe.

To realize the field-free SOT switching, the double magnetic
layers are designed as the recording layer (B-CoFeB) of the pMT],
consisting of Co,,Fe,,B,, and Co,,Fey,B,, sub-layers with a com-
position difference and a non-uniform saturation magnetization.
A canted magnetic state is formed during the current-induced
SOT due to the SOT effective field Hyqrox1/Mt, where ¢t is the
thickness of the magnetic sub-layer. As a result, for the non-
collinear canted magnetic states, the chiral symmetry of the
canted magnetic states is broken by the interlayer DMI due to
the relation of Epy, = Z =D;; - (m; x m)). Thus, only the right-

i

hand chirality is preferred for the positive interlayer DMI, con-
tributing to the deterministic SOT switching. Figure 2c shows
the four possible states for the different current and magnetiza-
tion configurations. The chirality of the SOT-induced dynamic
spin textures is illustrated in Figure 2c, where DMI breaks the

Adv. Electron. Mater. 2025, 11, 2500022 2500022 (4 of 9)

chiral symmetry of these four possible states: for D; > 0, selects
the clockwise chirality of (+]., +M,) and (—]., —M,) states. Once
the current is removed, the spin texture will return to its stable
magnetic anisotropy direction (+ z). In this work, we used the
current-induced hysteresis loop shift method to quantify interfa-
cial DMI, obtaining an approximate |Hp,,| = 1585 Oe (details in
Note S3, Supporting Information). As a result, deterministic SOT
switching is achieved. As shown clearly in Figure 2d, the mag-
netization switching of the pMT] device (diameter of 800 nm)
is achieved without the assistance of an external magnetic field.
The critical switching current density J. at zero field is 3.0 X 10°
A cm2, 1-2 orders of magnitude lower than that in HMs-based
systems.[?33% The switching TMR ratio for field-free SOT is up
to 75% (the field-driven switching of TMR ratio in this device:
80%), nearly full switching compared to the magnetic field-driven
switching (Figure 2d). For reading the tunneling resistance of
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Figure 3. Tls-pMT) device Thermal Stability Test. a) Normalized ATMR/TMR-H, loops are measured 100 times using the Tls-pMT] device with an MT)
diameter of 800 nm. b) Switching probability P as a function of H,, the inset shows a schematic diagram of the thermally activated magnetization

switching principle.

pMT]J, we apply a small current pulse (i.e., J, = 1.9 X 10! A cm™?)
through the T2 and T3 channels to avoid contributions from STT.
Next, the thermal stability factor (A) of the TIs-pMT] device
is determined by measuring the switching probability (P) as a
function of the external magnetic field (H) with a 1-ms duration
time (z), which can be fitted by the following equation:(5%¢]

P(T):l—exp{—riexp [—A(l—H;IHS> }} (1)
0 k

where 7, is the inverse of attempt frequency and is assumed
to be 1 ns, H, is the shift field, and H, is the effective mag-
netic anisotropy field. Figure 3a shows the ATMR/TMR-H, mi-
nor loops (TIs-pMT]J device for 100 times), in which only the B-
CoFeB recording layer is switched. The switching probability as a
function of the amplitude of magnetic-field pulse for an MT] with
diameter = 800 nm is shown in Figure 3b. The inset shows the
basic principle of thermally activated magnetization switching:
thermal agitation results in surpassing the effective activation en-
ergy barrier, resulting in magnetization switching. The thermal
stability factor A value is obtained to be 70 by fitting the results
with Equation (1), beyond the of A = 60 criterion for a 10-year
retention time of MRAM.

To quantify the SOT efficiency, we prepare a sample of (0001)
Al, O, substrate//(Bi,Sb), Te; (6)/Mo(2)/B-CoFeB/MgO(1.7) /Ta(2)
that serves as the recording layer of TIs-pMT]. The Hall-pillar de-
vice with a pillar at the center of Hall-cross electrodes is shown in
Figure 4a. The electrode regions are etched to the Mo layer, with
a pillar consisting of the full stack with a diameter of 8 ym. We
apply a small current (0.5 mA) along the x direction to measure
the Hall resistance, as shown in Figure 4b. The square loop in-
dicates that the Hall-pillar device exhibits strong PMA. Next, we
inject writing current pulses with a duration of 1 ms with varied
amplitudes to the Hall-pillar device and detect the transverse Hall
voltage using a small DC reading current of 0.1 mA.

Then, we employ second harmonic Hall measurements to
quantify the SOT efficiency in our samples. When an alternat-
ing 1f current I, = I sin(wt) is applied along the x-axis (with a
frequency w = 13.33 Hz), the SOT-induced alternating effective
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field and excites the oscillation of the magnetization m, which
contributes to the second harmonic Hall resistance R**. In the
region where the applied external magnetic field H, is larger than
the anisotropy field H,, the second harmonic Hall resistance Ri;’.

can be described by the following equation:(61-6%]

2w Ry Hp, Hp; H,
Xy 2 |Hx|_Hk lex| +RAHE|HX| +Rojﬂet (2)
Here, Hp,, and Hy, represent the SOT-induced effective field
originating from damping-like and field-like torques. R, and R,
represent the anomalous Hall and planar Hall resistances. The
Runr and R g, represent the thermal contribution signal gener-
ated by the anomalous Nernst effect (ANE) and the offset signal,
respectively. Figure 4c shows the dependences of Ri’y” and Ri;’. on
H, in the Hall-pillar device with J, = 1.5 X 10* A cm~2. By fitting
the Ri;’ — H, curve with Equation (2) at a high field range, we ob-
tain the Hy, . Figure 4d plots the linear dependence of Hp,; on J,
for the pillar devices, The plot slope represents the damping-like
SOT effective field g, . It is clear that the Hy, varies linearly with
J., suggesting that the influence of the anomalous Nernst effect is
negligible within this current rangel® %] (Hy, is almost one order
smaller than Hy,; in the same current density, in Note S5, Sup-
porting Information). The SOT effective field, f,; = AHp, /], is
obtained to be 450.07 + 10.47 x 10~° Oe A~! cm?. The SOT effi-
ciency 6, is calculated to be O¢; = 9.88 + 0.22 based on O, =
(2eM.tpy /) By, , Where e is the electron charge, t;,, is the mag-
netic film thickness, and # is the reduced Planck constant. The
0Oy value is almost two orders of magnitude larger than that in
the HM-based system, supporting the ultralow switching current
density in TIs-pMT] and TIs-based Hall-pillar devices. Figure 4e
illustrates typical SOT-driven magnetization switching loops at
different assistant fields (H,). The remarkable field-free SOT-
induced magnetization switching is achieved in the pillar-shaped
device, with a J. of 7.1 x 10* A cm™2. Additionally, a single-layer
CoFeB device was also fabricated, demonstrating that field-free
SOT switching cannot be achieved without interlayer DMI contri-
butions (Note S8, Supporting Information). As discussed above,
the field-free SOT switching of the B-CoFeB (double magnetic
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Figure 4. Anomalous Hall effect and harmonic Hall measurements of the pillar-devices with the structure of (Bi, Sb),Te;(6)/Mo(2)/B-
CoFeB/MgO(1.7)/Ta(2). a) Illustration of the Hall-pillar device and the measurement method. b) The R;y”’ and RS, are functions of the in-plane magnetic
field (H,) along the current direction c) Current-induced magnetization switching loops under different external magnetic fields (H,) for the Hall-pillar
devices. d) Magnetic-field-dependent anomalous Hall resistance. e) Current density dependence of damping-like effective field (Hp, ). f) MOKE images
recorded for stats (1)—(3). The structure represented by B-CoFeB is CoyqFeB0(0.375)/Co,oFegnB,g(0.375).

layers) is due to the broken chiral symmetry of the non-collinear
canted magnetic states by interlayer DMI.

The polarity of the switching loop changes signs as the direc-
tion of H, reverses, confirming that SOT is the driving force of
the magnetization switching. The polar-MOKE microscopy di-
rectly detects the SOT-driven pillar-shaped device magnetic do-
main switching process. The bright and dark contrasts in the Kerr
images correspond to the opposite +M, and —M, magnetic do-
mains. In the Kerr images in Figure 4f, the magnetic domain is
switched between +M, and —M, under +], and —J, without an
external magnetic field, respectively.

To further understand the field-free spin-orbit torque switch-
ing under the interlayer DMI, we perform theoretical analyses
and macrospin simulations. As shown in Figure 5a, the net mag-
netization along the z direction AM, (tilting from in-plane to
out-of-plane) above the critical current density that represents
the starting of the deterministic switching decreases with the in-
creasing of interlayer DMI strength D,, which indicates that the
interlayer DMI promotes the SOT switching. However, the net z-
component magnetization AM, above the critical current density
increases with the increase of interlayer exchange strength A, as
shown in Figure 5b. Hence, the interlayer exchange interaction
hinders the SOT switching. Additionally, both magnetizations in
the two layers point in the y direction with a definite negative
value of AM, above the critical current density (1.782 X 10° A
m~2). The two magnetizations process to the —z direction when

Adv. Electron. Mater. 2025, 11, 2500022 2500022 (6 of 9)

we remove the electric current, as shown in Figure 5¢,d, indicat-
ing the deterministic SOT switching by interlayer DMI.

Table 1 summarizes the SOT performances based on different
SOT materials and magnetic configurations, from the compari-
son: we can see the trend for SOT materials from metal layers to
TIs for higher |0 |and lower J; the trend for topological insula-
tors from low temperature to room temperature (RT) for practi-
cal applications, from Hall devices to MT] devices for more effi-
cient readout signals, from in-plane magnetic anisotropy (IMA)
to PMA for higher thermal stability, and from field-assisted to
STT-assisted and then to field-free SOT switching. In this work,
the high, |0¢|low J., and field-free writing and efficient reading
are achieved in the TIs-MT] devices at RT, pushing the topological
insulator-based SOT-MRAM from fundamental research toward
device applications.

In addition, the power consumption of MT] devices is consid-
ered in conjunction with the critical switching current density
and resistivity of the devices, and can be largely attributed to the
writing power consumption. We have characterized the writing
power consumption by employing the definition of writing power
dissipation density P, = J.2/o,, considering the conductivity (re-
sistivity) of the SOT materials, where J. represents the critical
current density, and o signifies the electrical conductivity. The
calculated results show that P, = 0.41 x 10" W m™ in (BiSb), Te,
is nearly 2 orders of magnitude lower than heavy metal-based sys-
tems (details in Note S9, Supporting Information).
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Figure 5. Theoretical analysis and macrospin simulation of field-free spin-orbit torque switching under the interlayer DMI. a) The net magnetiza-
tion in z direction AM, as a function of the interlayer DMI strength D, under the critical current density with the interlayer exchange strength A, of
10 p) m~". b) Dependence of Ay on the net z-component magnetization AM, with Dy of 107* | m~2. The space and time evolution of c¢) Co,FegoByg
and d) CoyqFeyoB,q With Ay of 10 p) m~1, D of 107* | m~2 and current density J of 2 x 10° A cm=2.

3. Conclusion

In this work, we integrate the TIs with the pMTJs to realize the
3-terminal SOT-MRAM device by utilizing the giant SOT from
spin-momentum locked topological surface states. An ultralow
switching current density of 3.0 x 105 A cm™ is realized with a
TMR switching ratio of 75%. At the same time, by designing a
double magnetic layer (B-CoFeB) as the recording layer to gen-
erate non-collinear canted magnetic states during SOT, we uti-
lize the interlayer DMI to break the chiral symmetry of these
canted magnetic states and achieve deterministic SOT switch-
ing at zero external magnetic field. The SOT efficiency 6}, of
9.88 quantified by the second harmonic Hall method is almost
2 orders of magnitude larger than that in conventional heavy
metals, supporting the 2 orders of magnitude reduction of the

switching current density. By employing topological insulators as
the writing layer and the double-magnetic layer as the recording
layer, this work demonstrates a topological SOT-MRAM cell with
low-power, field-free, high-endurance, and high-read-out perfor-
marnces.

4. Experimental Section

Sample Preparation: The (Bi, Sb),Te; thin films were epitaxi-
ally grown on 2-inch Al,0;(0001) substrates using MBE under a
1 x 107" mbar base pressure. Before growth, the Al,O; substrate
was pre-annealed at 600 °C to remove absorbed contaminants, and
the flux ratio was calibrated with a beam flux monitor. During the
Tls growth, the substrate temperature was maintained at 200 °C,
with high-purity Bi (99.9999%), Sb (99.9999%), and Te (99.9999%)

Table 1. SOT performances based on different SOT materials and magnetic configurations. |0sy| is the SOT efficiency, J. is the critical switching current
density, T is the measured temperature, and Readout is the resistance of SOT switching.

SOT Materials 105y Jc[10° Acm™ T Field-Free Readout(/\R) Anisotropy
Tal'2l 0.13 30 RT STT-assisted 0.7 kQ (MT)) PMA
(CrBiSb), Te, (6] 425 0.89 1.9K No 6 Q (Hall) PMA
BiSbl37] 52 15 RT No 2.Q (Hall) PMA
Bi,Se, (%] 18.62 23 RT No 12 Q (Hall) PMA
(BiSb), Te,21] 1.59 1.2 RT - - IMA
(BiSb), Te, [22] 1.16 1.5 RT STT-assisted 0.4 kQ (MT)) PMA
This work 9.88 3.0 RT Yes 6.3 kQ(MT)) PMA

Adv. Electron. Mater. 2025, 11, 2500022 2500022 (7 of 9)
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co-evaporated from standard Knudsen cells or thermal cracker cells. The
epitaxy process was monitored using an in-situ reflection high-energy
electron diffraction system (RHEED). Then, the pMT] stacks, consisting of
Mo (2.0) /Co 4o Fe40Ba0 (0.375) /Co0FegoByo (0.375)/MgO (2.3) /CoyoFesoBao
(1.1)/Ta(0.5)/Co(0.3)/Pt(1.3) /Co(0.4) /Pt(0.6) /Co (0.4) /Ru (0.85) /[Co (0.4) /
Pt(0.6)]4/Ru(5.0), were deposited using a Singulus ROTARIS magnetron
sputtering system at room temperature under a base pressure of 1 x
1076 Pa.

Device Fabrication: The Tls-pMT) devices with a circular shape were
fabricated using two photolithography steps, two electron-beam lithog-
raphy step, and two Ar ion milling steps. To prevent chemical degrada-
tion of the Tls films caused by the developer, a 300 nm thick poly (methyl
methacrylate) (PMMA) layer was spin-coated on top of the film before the
photolithography step. After removing the PMMA layer with O, plasma, all
layers were etched using Ar ion milling, followed by removing the photore-
sist with acetone. Subsequently, the samples were patterned into final MT)
and pillar devices using electron-beam lithography and ion-beam etching
techniques. Finally, the fully patterned devices were annealed in a vacuum
at 300 °C for 1 h with a perpendicular magnetic field of 8 kOe.

Magnetic and Electrical Measurements: The SOT switching in the Hall-
pillar and Tls-pMT] devices was measured using a probe station system
equipped with an electromagnet. A two-channel Keithley 2612B was used
to apply the pulsed current and measure the voltage. A Keithley 6221 cur-
rent source was used to apply the AC current for the second harmonic Hall
measurements, and two SR830 lock-in amplifiers were employed to mea-
sure the harmonic Hall voltage. The magnetic properties of the Tls-pMT)
stack were characterized using a superconducting quantum interference
device (SQUID).

Micromagnetic Simulations: Here, the GPU-accelerated software Mu-
max3 was utilized to numerically solve the Landau-Lifshitz-Gilbert equa-
tion with additional spin-orbit torque

om;

om;
a—t’ =—y (miXHlei) +a <”"i>< a—t'> + yHsori (M X 6 x m)

+résorHsori (M X o) (3)

where m is the reduced magnetization, H.g is the effective field, y is the
gyromagnetic ratio, « is the Gilbert damping factor, &7 is the ratio of
field-like torque to damping-like torque, and o is the spin polarization di-
rection along the y axis. The index i is set to 1 (2) to represent the upper
(lower) layer, as shown in the inset of Figure 5a. In the B-CoFeB model,
a=0.015, &or = 0.0365, M, ; =870 kAm™1, My, = 1100 kA m~".

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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