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ABSTRACT

Spin-orbit torque (SOT)-driven magnetization switching has demonstrated exceptional scalability, high-speed operation, and low-power
characteristics in spintronic devices, making it a promising candidate for next-generation energy-efficient memory technologies, such as
spin-orbit torque magnetic random-access memory (SOT-MRAM). Traditional Pt-based materials often enhance the SOT efficiency through
alloying or doping, but these approaches typically involve trade-offs between power consumption and SOT performance. To address these
limitations, this study proposes an innovative strategy by uniformly incorporating VO, into Pt, achieving dual optimization of SOT efficiency
and electrical performance. The magnetization switching current density was reduced to 3 x 10° A/cm?, corresponding to a damping-like tor-
que efficiency (¢py) of 0.27, and the volume power density decreased to 5.1 x 10" mW cm >, The values are reduced by approximately nine-
fold and 40-fold, respectively, compared to pure Pt. Thus, VO,-doped Pt provides a pathway for the design of low-power, high-efficiency

SOT-MRAM devices.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0284302

Spin-orbit torque (SOT)-driven magnetization switching has
become a significant research focus in the fields of nonvolatile memory
and spintronics, particularly in spin-orbit torque magnetic random-
access memory (SOT-MRAM) and emerging spin logic devices."”
Compared to traditional spin-transfer torque (STT)-MRAM, SOT-
MRAM offers superior scalability, high operation speed, and low
power consumption, making it an attractive candidate for next-
generation energy-efficient memory technologies.”” In SOT-MRAM,
pure spin currents J; are generated via mechanisms such as the spin
Hall effect (SHE)™® and interfacial Rashba effect.”” Among them,
heavy metals (HMs) like Pt, Ta, and W, due to their strong spin-orbit
coupling (SOC), can efficiently convert in-plane charge currents into
out-of-plane spin currents.” "' These vertical spin currents exert spin—
orbit torques on adjacent ferromagnetic layers, enabling magnetization
switching. By carefully selecting the materials and engineering the
interfaces, the strength of the generated spin currents can be boosted,
leading to enhanced SOT-MRAM performance.

For Pt-based materials, various strategies have been developed to
enhance the spin-orbit torque (SOT) efficiency. One common
approach is alloying Pt with metals such as Au,"” V," or Pd,"" which
slightly increases the spin Hall angle while maintaining relatively low
resistivity. Another method involves doping Pt with oxides like
MgO,"” GdO,,'” or TiO,,"” which significantly enhances the spin Hall
angle but at the expense of substantially increased resistivity. This
severely limits their applicability in low-power, high-performance inte-
grated systems, making the conductivity-SOT efficiency trade-off a
critical challenge. Considering that VO, may exhibit a metallic phase
when doped into Pt at room temperature, introducing VO, into Pt
provides a strategy to enhance SOT performance. We have demon-
strated that it could not only significantly enhance the spin-orbit tor-
que efficiency but also maintain metallic-level conductivity,
outperforming conventional doped Pt systems.

Here, by doping VO, in Pt, a switching current density (J.) as low
as 3x 10°A/em’, with a volume power density (P) of only
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5.1 x 10" mW cm™> has been achieved in Pty o;(VO,)00/Co hetero-
structure. Compared to Pt/Co structures, the J. was reduced by
approximately nine-fold. At the same time, VO, doping significantly
improved the spin Hall effect of Pt, achieving a damping-like torque
efficiency (¢py) of 0.27, which is attributed to the extrinsic side-jump
effect associated with spin-orbit coupling, leading to a significant
enhancement of ¢pp. Furthermore, volume power density has
decreased by approximately 40-fold. These findings provide a material
design strategy for developing next-generation low-power, high-
efficiency SOT-MRAM devices and demonstrate the broad application
prospects of VO,-doped Pt in the field of spintronics.

The schematic of the multilayer film structure grown by an ultra-
high vacuum (UHV)-sputter machine, is shown in Fig. 1(a), consisting
of a 3nm Ta buffer layer, a 4 nm Pt; ,(VO,), SOT layer, a 1nm Co
magnetic layer, and a 2nm Ta capping layer. Figure 1(b) shows the
anomalous Hall effect (AHE) curves of the multilayer. The results
exhibit good perpendicular magnetic anisotropy (PMA) for the VO,
doping concentration (x) from 0 to 0.09, with coercivity (H,) decreas-
ing as x increases. The extracted H, is shown in Fig. 1(c) (left axis),
demonstrating a linear dependence on x within the PMA region. The
saturation magnetization of the Co layer M,~° was determined to be
1007 = 17 emu/cm® (Fig. S1) by Vibrating Sample Magnetometer
(VSM), consistent with previous reports.'” Figure 1(c) (right axis) illus-
trates the variation of the Mg/M; ratio with x. When x is less than 0.09
(green region), the Myp/M ratio is close to 1, indicating that the sam-
ples exhibit PMA. When x exceeds 0.09 (blue region), the My/M; ratio
is close to 0, indicating a transition to in-plane magnetic anisotropy
(IMA). Figure 1(d) presents the resistivities (pgm) of the Pt; _(VO,)x
layer. In the range of 0-0.07, the resistivity gradually increases with
increasing x. However, pyy remains nearly constant at around
~56.8 u€d cm within x=0.07-0.11, which further reduces the power
consumption of the device. We annealed Pt; (VO,)y films (various
x) at 100-300°C for 30 min. As shown in Fig. S2(a), the resistivity

pubs.aip.org/aip/apl

trend after annealing remains consistent with that before annealing,
and even conductivity improves due to annealing improved material
quality. Furthermore, the SOT switching behavior of the device shows
improvement after annealing at 300 °C [Fig. S2(b)], further confirming
the Pt;_(VO,), films’ thermal stability.

Figure 2(a) displays the interfaces and thicknesses of each layer
by high-resolution transmission electron microscopy (HRTEM).
Combined with the energy-dispersive x-ray spectroscopy (EDS) map-
ping results [Figs. 2(b)-2(f)], distinct layers corresponding to the 2 nm
Ta capping layer, 1 nm Co magnetic layer, 4nm Pt 9;(VO3)g 09 SOT
layer, and 3 nm Ta buffer layer can be identified, and they agree well
with the designed specifications. The EDS images further demonstrate
the distribution of Ta, Co, Pt, and V elements, indicating the precision
and uniformity of the thin film fabrication process.

X-ray photoelectron spectroscopy (XPS) survey analysis (Fig. S3)
reveals that the Pty9;(VO,)g o film primarily consists of Pt, V, and O
elements in the 0-1100 eV range. Figure 2(g) provides a detailed view
of the Pt 4f characteristic peaks in the film. The 4f;/, and 4fs, peaks of
Pt appear at 71.6 and 74.95 eV, respectively, which are very close to the
theoretical value.'® Additional peaks at 72.23 and 75.6 eV correspond
to the PE" oxidation state. This suggests that during the co-sputtering
process of Pt and VO,, the high-energy plasma may have facilitated
the combination of oxygen from VO, with Pt, forming oxides such as
PtO,."” Figure 2(h) further demonstrates the XPS spectra of V 2p and
O 1s. The O 1s peaks, located at 532 and 530.25¢V, correspond to
adsorbed water vapor on the sample surface and the oxygen in VO,
respectively. The V 2p spectrum shows multiple oxidation states of
vanadium, including the 2p;,, orbital of V4T, the 2py,, orbital of VO,
the 2ps, orbital of V>, and the 2ps,, orbital of V** at 523.7, 520.2,
517.5, and 515.9 eV, respectively.

Second harmonic analysis is a widely used method for studying
spin-orbit torque. Based on the derivation of the Landau-Lifshitz—
Gilbert (LLG) equation, the first harmonic amplitude (V,,) and second
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harmonic amplitude (V5,,) can be expressed as functions of the mag- resistance Ry, and thus it is often neglected.22 Furthermore, the
netic field strength,lo’21 Vawx and Vs, correspond to the damping-like and field-like
components of the spin-orbit interaction, respectively. The slope
B — Vo | O*V, (1.1) of V. is significantly greater than that of V5, indicating that
* 7\ 9H, OH2 |’ ' Hpgp, is negligible compared to Hp; (as shown in Fig. S4).
Therefore, this study focuses solely on the damping-like SOT
Vs, | PV, effectively.
By = 9 - i | (1.2) Figures 3(a) and 3(b) present the harmonic Hall measurements
H, / OH?

where x and y represent the fixed magnetic field components along the
x-axis and y-axis, respectively. Furthermore, the expressions for the
damping-like term field (Hp;) and the field-like term field (Hg;) can
be derived as follows:

B,*2EB

Hp, = — (1_—2;)7 (1.3)
B,+2¢B,

Hy = —2(1{7:;2), (1.4)

where & = g/‘:i , Rape and Rpyg represent the anomalous Hall resis-

tance and planar Hall resistance, respectively. Typically, the planar
Hall resistance Rpyg is much smaller than the anomalous Hall

for samples with x=0 and 0.07, while the corresponding data for
x=0.03, 0.05, and 0.09 are provided in Fig. S5. As shown, V,, exhibits
a quadratic dependence on the magnetic field, whereas V5, shows a
linear relationship. By fitting the data using Eq. (1.3), Hpy was
extracted as a function of current density, as depicted in Fig. 3(c). Hpy,
scales linearly with the applied current density and approaches zero
when the current is turned off, confirming the reliability of the mea-
surement. Furthermore, the effective field (fpr) was extracted for vari-
ous values of x, as summarized in the inset of Fig. 3(c). The
results demonstrate a monotonic increase in the equivalent field with
increasing VO, content, peaking at x=0.07. Notably, the Ta/
Pty 03(VO,)0.07/Co/Ta device achieves a Sy, of 87.7 Oe (107 A/cm?),
corresponding to a 60% enhancement compared to the reference Ta/
Pt/Co/Ta structure.
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FIG. 3. (V;,,) and (V5,,, inset) curves as a function of the magnetic field for (a) Ta/Pt/Co/Ta and (b) Ta/Pty¢3(VOs).07/ColTa. (c) Hp. as a function of applied current density at
different values of x. Its slope reflects fip., and is shown in the inset. (d) Linear relationship between &p; and pyy©, suggesting the presence of the extrinsic side-jump scatter-

ing mechanism.

The heavy metal Pt, due to its strong spin-orbit coupling proper-
ties, has been widely studied as a typical material for the intrinsic spin
Hall effect. In the conductivity range of 10*-10°Q " ¢cm ™", numerous
theoretical and experimental studies have shown that the intrinsic
mechanism in Pt is the main contribution to the spin Hall effect.”” >
Furthermore, Long et al.”® and Zimmermann et al.,” based on elec-
tronic structure and the Boltzmann equation, further studied skew
scattering in Pt, Au, and Pd host systems containing Cr, Mn, Fe, Co,
and Ni impurities. They found that the contribution of skew scattering
to the spin Hall angle is only 1%. In our experiments, we extracted the
relationship between the damping-like torque efficiency (¢p;) and
pun [as shown in Fig. 3(d)], revealing a clear linear correlation. This
linear trend is primarily attributed to the extrinsic side-jump scattering
mechanism.”** Specifically, during electron scattering with VO,
impurities, spin—orbit coupling induces a transverse displacement of
the electrons, known as a “side-jump,” which is spin-dependent. This
transverse motion facilitates enhanced spin current injection into the
magnetic free layer, thereby significantly improving the SOT efficiency
[as illustrated in the inset of Fig. 3(d)]. Consequently, the co-
contribution of both intrinsic and extrinsic mechanisms after VO,
doping results in a high level of SOT efficiency in the material.

Figure 4(a) presents a schematic diagram of the SOT switching
measurement setup. The switching curves of the Ta/Pt;91(VO2)g 00/
Co/Ta multilayer under varying in-plane assist magnetic fields (H,)

are shown in Fig. S6, while the corresponding dependence of switch-
ing current density (J.) on the assist field is summarized in Fig. 4(b).
The results reveal that J. decreases with increasing Hy and exhibits a
pronounced symmetric behavior with respect to Hy =0, indicating
reliable and stable magnetization switching under varying field con-
ditions. Figures 4(c) and 4(d) present the switching curves for devi-
ces based on pure Pt and Pty 4;(VO,) 09, while the corresponding
data for Ptoo7(VO3)0.03 Pto.os(VO2)0.05 and Ptyo3(VO5)g; multi-
layers are provided in Fig. S7. All samples exhibit typical SOT
switching characteristics, but the Pty9;(VO;)g.09, device shows a
notably lower switching current compared to the undoped Pt sam-
ple. To further elucidate the impact of VO, incorporation, the rela-
tionship between J. and x was extracted and plotted in Fig. 4(e). J. is
found to decrease monotonically with increasing x, reaching a mini-
mum of 3 x 10° A/cm? at (x=0.09). This trend further confirms
that VO, doping enhances SOT efficiency and effectively reduces
the power consumption of the device.

To further elucidate the underlying mechanism behind the signif-
icant reduction in switching current (I.), we analyzed the effects of H.
and the parameter fip;, on I.. Based on the domain wall depinning
model, we obtain the following formula:""**

2e 2 H,
L= 2 oM (teas — taead) [ 2 ) [ 25 ).
7 HoMs(tem — tacaa) (n) (f]m)

(1.5)
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FIG. 4. (a) Schematic inset of the electrical transport measurement circuit. (b) Relationship between J; and Hy for the Ta/Ptg ¢1(VO2)0.09/ColTa sample, showing robust and sta-
ble switching behavior. Current-induced magnetization switching curves under an in-plane =600 Oe assist magnetic field for (c) Ta/Pt/Co/Ta, (d) Ta/Ptyg1(VO2)o.00/ColTa. (€) Jo
under a 600 Oe assist field shows a minimum at x = 0.09. (f) Linear relationship between I, and H/fp.. This means the reduction in I is due to both enhanced SOT efficiency
and reduced H..

Here, &, = 2Mlalu ince the electron charge e, the vacuum perme-  H.. These findings provide a theoretical foundations and regulatory
ability g, the saturation magnetization M,, the free layer thickness ~ means for optimizing the performance of spin-orbit torque devices.
fens and 7 are all constants, it can be derived that Epy is also a key metric for evaluating the performance of SOT
devices. By analyzing the linear relationship between Hpy, and Ji, &py,
H, can be calculated. The expression for {py can be written as’ !
IC X ﬂ— . (1.6)
pr _ 2eM;ico HpL 17
Figure 4(f) demonstrates the linear correlation between I. and Cor = A I (1.7)
H/fp1, validating the domain wall depinning model in our multilayer
structure.”””” This suggests that the reduction in I. is not only due to Here, e is the elementary charge, /i is the reduced Planck constant,
the improvement in SOT efficiency but also due to the reduction in Uo is the vacuum permeability, M and #c, represent the saturation
a b
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FIG. 5. (a) The relationship between pyy and &p, for commonly studied Pt-based heavy metal layers, such as Pt-clean regime,*® Pty sCro,”° Pty gsHfo 15, Plo70(SisNa)o.s0,"
Plo2sPdo7s, " Plo.soMno20,” PlogsGdo 15, Ploso(MgO)oso,* #Pto gs(VO2)o.07, *Plo.g1(VO2)o0s, PlogoVozo, * AlgasPlozs,”~ f-Ta,'” and p-W."" (b) The relationship between P
at room temperature and py for commonly used SOT materials, such as f-Ta,” f-W," «Pt, Ptys7Cugas,  Plo7sAlozs, - Pto7Mngs,” Pty 2sPdo7s, ' #Pto.es(VO2)o.07,
#Pto.91(VO2)g.08, Plo7(Mg0)os, ~ BiSb,"* and Bi,Ses.* The asterisk symbols correspond to the results of this work.
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magnetization and thickness of the Co layer, respectively, J. is the
switching current density, and Hpy, is the effective field of the
damping-like term.

In Pt-based doping studies, Pty93(VO,)o; demonstrates a high
Epr, of 0.27 and shows a low resistivity of 56.8 uQ cm, exhibiting better
overall performance compared to most Pt-based doping systems, such
as those doped with Mn, V, Gd, and Hf [Fig. 5(a)]. The high SOT effi-
ciency arises from the co-contribution of intrinsic and extrinsic effects
induced by VO, doping. Furthermore, we further estimated the vol-
ume power density (P) of the device using the formula P = py,,J? and
compared it with other common Pt-based doping materials [Fig. 5(b)].
The results show that the P of Ptyo1(VO,y)p0e is as low as
5.1 x 10" mW cm >, placing it at an excellent level among common
Pt-based doping materials. The results show that VO, doping effec-
tively lowers the switching current density while maintaining a rela-
tively low resistivity. The values of pym, <pr, Joo and P for a wider
range of previously reported materials are summarized in Table SI.

In summary, this study utilizes ultra-high vacaum (UHV) sput-
tering system to fabricate the Ta (3nm)/Pt;_(VO,); (4nm)/Co
(I1nm)/Ta (2 nm) multilayer structure and achieves dual optimization
of the spin-orbit torque (SOT) efficiency and electrical performance.
Through harmonic Hall voltage analysis and current-induced magne-
tization switching measurements, VO,-doped Pt demonstrates signifi-
cant enhancement of the spin Hall effect, with a high damping-like
torque efficiency (&pp,=0.27), which is a noticeable improvement
compared to pure Pt. At the same time, the switching current density
of Pty01(VO,)000/Co has been lowered to 3 x 10° A/cm? approxi-
mately ninefold lower than the Pt/Co structure, with a low resistivity
(~56.8 €2 cm). Furthermore, the volume power density decreases sig-
nificantly to 5.1 x 10" mW cm >, which is approximately 40-fold
lower than that of pure Pt, with the overall performance surpassing
most spin Hall materials. These results demonstrate that VO, doping
in Pt not only optimizes the SOT efficiency but also effectively reduces
power consumption, underscoring its potential for low-power, high-
efficiency SOT-MRAM applications.

See the supplementary material for experimental details regarding
VSM characterization and thermal stability of Ta/Pt, ,(VO,),/Co/Ta
multilayers, XPS analysis of the Pty9;(VO,)09 film, harmonic Hall
voltage measurements, SOT switching loops under various in-plane
assist fields, and a comparative summary of spin-orbit torque parame-
ters in previously reported materials.
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