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Enhanced Voltage-Controlled Magnetic Anisotropy and
Field-Free Magnetization Switching Achieved with High
Work Function and Opposite Spin Hall Angles in W/Pt/W

SOT Tri-Layers

Yu-Chia Chen, Qi Jia, Yifei Yang, Yu-Han Huang, Deyuan Lyu, Thomas J. Peterson,

and Jian-Ping Wang*

Voltage-Gated Spin-Orbit-Torque (VGSOT) Magnetic Random-Access
Memory (MRAM) is a promising candidate for reducing writing energy

and improving writing speed in emerging memory and in-memory computing
applications. However, conventional Voltage Controlled Magnetic Anisotropy

1. Introduction

Spintronic-based memory is a promising
candidate for beyond-CMOS technology by
leveraging the intrinsic spins of electrons

(VCMA) approaches are often inefficient due to the low VCMA coefficient at
the CoFeB/MgO interface. Additionally, traditional heavy metal/perpendicular
magpnetic anisotropy (PMA) ferromagnet bilayers require an external
magpnetic field to overcome symmetry constraints and achieve deterministic
SOT switching. Here, a novel and industry-compatible SOT underlayer for
next-generation VGSOT MRAM by employing a composite heavy metal tri-layer
with a high work function is presented. This approach achieves a VCMA
coefficient exceeding 100 f) V-"m~" through electron depletion effects, which
is ten times larger than that observed with a pure W underlayer. Furthermore,
it is demonstrated that this composite heavy metal SOT underlayer

facilitates the integration of VCMA with opposite spin Hall angles, enabling
field-free SOT switching in industry-compatible PMA CoFeB/MgO systems.
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alongside their charges, enabling faster
and more power-efficient devices.'"*] One
notable technology in the spintronic-based
memory realm is Spin-Transfer Torque
(STT)-MRAM. STT-MRAM manipulates
magnetic moments using a spin-polarized
current instead of an external magnetic
field, overcoming scaling limitations.>]
When a spin-polarized current flows
through a ferromagnetic layer, it exerts a
torque on the magnetic moments within
the material.®1% However, reliability is-
sues stemming from high-current stress
on the interface have prompted research
into SOT-MRAM, which originates from
the spin Hall effect in heavy metals.[1112]

SOT arises from spin accumulation at
the interface between ferromagnetic and
heavy metal layers, with spin current generation attributed to
spin-orbit coupling (SOC) such as the spin Hall effect and
the Rashba-Edelstein effect.>1*] However, the torque gener-
ated solely by the SOT effective field is insufficient for flip-
ping PMA magnetization and requires an external magnetic
field. Therefore, various solutions have been proposed to break
the symmetry and achieve field-free SOT switching, such as
generating an in-plane internal effective field through anti-
ferromagnetic interlayer exchange bias or interlayer exchange
coupling, lateral structural asymmetry, low symmetry mate-
rials, opposite spin Hall angles materials, spin current gra-
dient, lateral spin-orbit torques, and chiral magnetic domain
wall.[16-27]

VCMA is a promising strategy to assist STT and SOT-MRAM
in lowering energy consumption.[?®?°! It operates by dynam-
ically adjusting the energy barrier height at the interface be-
tween an insulator and a ferromagnetic layer using an exter-
nal voltage bias through the intricate interplay between the
electronic states of the ferromagnetic materials and the tunnel
barrier.?32 Specifically, the dynamics of electron occupancy
in the 3d orbitals of the ferromagnetic materials and the 2p
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Figure 1. a) Band diagram illustrating electron accumulation and depletion in CoFeB (work function ~4.6 eV) with metals of higher and lower work
functions at thermal equilibrium. b) The validated tri-layer design aims to achieve electron depletion in the PMA CoFeB/MgO system by incorporating
seeding, high work function, and insertion layers. c¢) VSM measurements for [P and OOP magnetization of CoFeB with varying thicknesses of W insertion
layer. d) Saturation magnetization (M) and effective anisotropy constant (K.g) with varying W insertion layers at different post-annealing temperatures

for 20 min.

orbitals of the tunnel barrier are crucial in shaping the mag-
netic anisotropy.*33*l However, this traditional VCMA approach
is inefficient for supporting STT-MRAM and SOT-MRAM,
which requires a VCMA coefficient >1000 and >300 f] V-'m™!,
respectively.[?’]

In pursuit of enhancing VCMA, Zhang et al. theoretically
proposed a bidirectional VCMA effect up to 1.1 p] V''m™!
in heavily electron-depleted Fe/MgO interfaces.’ In a re-
lated study, Peterson et al. explored electron depletion lev-
els in CoFeB by proposing and implementing a tri-layer un-
derlayer material (Ta/Pd/Ta) with a tunable work function.l*!
This approach effectively shifted the chemical potential at the
CoFeB/MgO interface, leading to an enhanced VCMA response
through the electron depletion mechanism, as validated by
DFT calculations. The observed trend in VCMA suggested that
the achieved electron depletion was insufficient, necessitat-
ing further exploration of underlayers with even higher work
functions.

In this study, we explore a novel design strategy that in-
corporates high work function and high-electronegativity met-
als to induce VCMA through electron depletion at the PMA
CoFeB/MgO interface and leverages opposite spin Hall angles
in a tri-layer SOT channel to generate competing spin currents.
Our investigation focuses on the W(3 nm)/Pt(5 nm)/W(x nm)
underlayers in the CoFeB/MgO system. The electron depletion
behavior at the CoFeB/MgO interface was confirmed using X-
ray photoelectron spectroscopy (XPS) and ultraviolet photoelec-
tron spectroscopy (UPS). Notably, the high work function of
Pt in W(3 nm)/Pt(5 nm)/W(x nm) underlayer (W/Pt ~ 4.8/5.7
eV) plays a crucial role in enhancing the VCMA effect, show-
ing an improvement of approximately ten times greater com-
pared to a pure W underlayer. Besides, field-free magnetiza-
tion switching was achieved in the W/Pt/W tri-layer by gener-
ating a perpendicular effective field through opposite spin Hall
angles.

Adv. Funct. Mater. 2025, 35, 2416570 2416570 (2 Of9)

2. Results and Discussion

2.1. Concept of an Electron-Depletion VCMA Structure

As mentioned above, the VCMA effect can be enhanced via
electron depletion from the CoFeB and MgO interface.?* The
potential SOT underlayers should have a high work function
and strong electronegativity, both of which are larger than those
of CoFeB (work function ~4.6 eV and electronegativity ~1.8).
Among all metals, the Pt SOT channel best meets these require-
ments, possessing a work function of 5.7 eV and an electroneg-
ativity of 2.2.3%] Figure 1a illustrates the schematic of electron
depletion and accumulation in CoFeB with metals of higher and
lower work functions. A higher work function metal (>4.6 eV)
increases the probability of electron depletion from CoFeB to the
high work function underlayer at thermal equilibrium. In con-
trast, a lower work function metal (<4.6 eV) would more easily
induce electron accumulation from the low work function un-
derlayer to CoFeB. In addition, a strongly electronegative Pt atom
more easily attracts bonding pair electrons from CoFeB.**! More-
over, Pt has demonstrated strong damping-like torque efficiency
for SOT applications.!?-3

2.2. Integration of PMA CoFeB/MgO System With High Work
Function Tri-Layer

The interfacial PMA in the CoFeB/MgO structure originates
from the crystallization of CoFe at the CoFeB/MgO interface. This
behavior is strongly influenced by the diffusion of boron (B) into
the underlayer, as well as the diffusion of underlayer elements
into the CoFeB layer during the post-annealing process.[*’! Effec-
tive B diffusion into the underlayer, coupled with minimal under-
layer element diffusion into the CoFeB layer, results in a more
robust PMA. Based on this understanding, the diffusion of B,
W, and Pt plays a crucial role in this study. It is challenging to
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prepare CoFeB/MgO with robust PMA and tunneling magne-
toresistance (TMR) on the Pt SOT channel due to the mis-
matched crystal structure of Pt with a face-centered cubic
structure and crystallized CoFe with a body-centered cubic
structure.[*I~* Besides, the adhesion between Pt and the SiO,
substrate poses a fabrication issue. To address these challenges,
we propose and validate a tri-layer design aimed at achieving elec-
tron depletion in the PMA CoFeB/MgO system by applying a
3 nm W seeding layer, a 5 nm Pt high work function layer, and
various thicknesses (0/0.5/1.0/1.5 nm) of W insertion layers, as
shown in Figure 1b.

To further explore the influence of W insertion layer on
PMA, the W reference samples and high work function tri-layer
samples with varying W insertion layers were post-annealed at
different post-annealing temperatures for 20 min. Figures S1
and S2 (Supporting Information) display the in-plane (IP) and
out-of-plane (OOP) magnetization measurements with the W(3
nm)/Pt(5 nm)/W(0/0.5/1.0/1.5 nm) SOT underlayer and the
CoFeB/MgO system after post-annealing. For the W(5 nm) un-
derlayer, weak PMA (no significant remanent polarization) was
observed at 320 and 340 °C, with robust PMA achieved at 300 °C.
In the W(3 nm)/Pt(5 nm)/W(0.5 nm) underlayer, weak PMA
appeared at 320 and 340 °C. In Figure 1c, the W(3 nm)/Pt(5
nm)/W (1.0 nm) underlayer, weak PMA was seen at 340 °C, with
robust PMA at 360 °C. Finally, for the W(3 nm)/Pt(5 nm)/W(1.5
nm) underlayer, weak PMA was observed at 380 °C. By analyz-
ing the magnetization difference between IP and OOP, the sat-
uration magnetization (M,) and effective anisotropy energy (K,
can be obtained. A summary of the M, and K,*tc pp from 275
to 400 °C is shown in Figure 1d. With the 1 nm W insertion
layer, the M, and K, *tc,p, are 1265 emu cc™' and 0.2 erg cm?,
respectively.

Based on these observations, we conclude that the W reference
sample begins to exhibit PMA at lower temperatures compared
to high work function Pt underlayers. This suggests that B and W
elements start diffusing earlier, and the optimal balance of W and
B diffusion occurs between 300 and 320 °C. In contrast, the Pt-
based high work function tri-layers demonstrate PMA at higher
temperatures as the W insertion layer increases. This indicates
that either B or W preferentially diffuses into the Pt layer at el-
evated temperatures, with the Pt layer acting as the primary ab-
sorption layer for B. A plausible explanation for this phenomenon
is that thicker insertion layers hinder the diffusion of B into the Pt
underlayer. This detailed investigation highlights the critical bal-
ance between W layer thickness and its effects on the magnetic
properties of the Pt/CoFeB and CoFeB/MgO interfaces, guiding
the optimization of SOT devices.

2.3. Confirm the Electron Depletion by XPS & UPS

XPS and UPS were employed to examine the electronegativity
properties and work functions.[*>*¢] The electron depletion at the
CoFeB/MgO interface was demonstrated by the binding energy
shift observed with high-resolution XPS (HR-XPS), as depicted
in Figure 2. To precisely determine the binding energy shift at
the CoFeB/MgO interface, all samples were analyzed using depth
profiling HR-XPS, as shown in Figure S3 (Supporting Informa-
tion). The interface between CoFeB and MgO was defined by the
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crossover points of the Mg 1s and Fe 2p signals. It also presents
the atomic fractions of Pt at the CoFeB/MgO interface for vari-
ous samples, which include W(3 nm)/Pt(5 nm)/W(0/0.5/1.0/1.5
nm). Figure S4 (Supporting Information) indicates that the thick-
ness of the W insertion layer affects the degree of electron de-
pletion and binding energy shift. Thicker W insertions result in
higher W and lower Pt atomic fractions at the CoFeB/MgO in-
terface, whereas thinner W insertions exhibit the opposite trend.
This suggests that the thickness of the W insertion layer influ-
ences the extent of electron depletion at the CoFeB/MgO inter-
face, likely due to the influence of the high work function and
electronegativity of the tri-layer underlayer.

Figure 2a compares the binding energy shifts of the Fe 2p
orbital between the W control sample and the W(3 nm)/Pt(5
nm)/W(1 nm) tri-layer sample. Notably, the W(3 nm)/Pt(5
nm)/W(1 nm) tri-layer exhibits a binding energy increase of
~0.25 eV relative to the W control sample, indicating a re-
duction in electron density at the CoFeB/MgO interface. This
shift suggests that the presence of the Pt layer in the tri-layer
sample influences the electron distribution at the interface.
Figures 2b,c summarize the binding energy shifts for the Fe
2p, W 4f, and Pt 4f orbitals with various thicknesses of the W
insertion layer. The W(5 nm) and W(3 nm)/Pt(5 nm) under-
layers are used as references for weak and strong electronega-
tivity cases, respectively. The data show that the W(3 nm)/Pt(5
nm)/W(x nm) underlayers result in higher binding energy val-
ues for the Fe 2p and W 4f orbitals compared to the pure W un-
derlayer. Specifically, the Fe 2p;;, and W 4f; , orbital peaks shift
to higher binding energies of 706.5/706.6/706.65/706.9 eV and
30.95/31.05/31.15/31.35 eV, respectively, with increasing thick-
ness of the W insertion (1.5/1.0/0.5/0 nm) and a 5 nm Pt un-
derlayer. In contrast, Figure 2c shows that the Pt 4f orbitals
shift to lower binding energies, with the Pt 4f; , peak moving to
706.5/706.6/706.65/706.9 eV for 1.5/1.0/0.5/0 nm W insertions.
All relative energy shift values are summarized in Table 1. These
shifts highlight the influence of Pt’s higher electronegativity in at-
tracting electrons, thus altering the electronic structure and prop-
erties of the CoFeB/MgO interface. The results confirm that elec-
tron depletion can be controlled by adjusting the thickness of the
W insertion layer between CoFeB and the Pt SOT channel. Ad-
ditionally, UPS measurements show that the work functions of
CoFeB, W, and Ptsingle layers are 4.6, 4.8, and 5.7 eV, respectively
(Figure 2b). This suggests that at thermal equilibrium, electrons
from W and CoFeB tend to occupy the lower energy levels of Pt
due to their higher work function, which is consistent with the
binding energy shift of Fe 2p;, revealed by HR-XPS.

2.4. Spin Torque Efficiency of the Tri-Layered Spin Hall Channel

The effect of the W insertion layers on SOT efficiency is inves-
tigated in this section. According to several studies, Ma et al.
first demonstrated the field-free magnetization switching for the
PMA ferromagnetic layer, which can be facilitated by the opposite
spin Hall angles exhibited by W/Pt heavy metals, and attributed it
to an intriguing interplay of competing spin currents.?!] Regard-
ing the mechanism of competing spin currents, Ma et al. pro-
posed that competing spin currents arise when materials with op-
posite spin Hall angles are integrated into the SOT layer. Through
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Figure 2. Electron depletion at the CoFeB/MgO interface as determined by XPS and UPS. a) Comparison of binding energy shifts of the Fe 2p orbital
between the W control sample and the W (3 nm)/Pt(5 nm)/W (1 nm) sample. Summary of b) the work functions of CoFeB, W, and Pt, and the binding
energy shifts of the Fe 2p orbital, and c) the binding energy shifts of the W 4f and Pt 4f orbitals with different W insertion layers on Pt SOT channels.

Magneto-Optical Kerr Effect (MOKE) measurements, they ob-
served that domain wall velocities differ between downward and
upward magnetization, driven by opposite spin Hall angles in
the bilayer structure. This phenomenon is similar to the con-
ventional SOT mechanism, which involves an in-plane magnetic
field (H,) that breaks ferromagnetic symmetry. Additionally, the
observed loop shift suggests the presence of an effective per-
pendicular magnetic field, indicating the existence of an asym-
metric domain wall. Specifically, the highest effective perpen-
dicular magnetic field is generated when either the damping-
like (DL) or field-like (FL) torque approaches zero. The origin
of the competing spin currents or effective perpendicular mag-
netic field is believed to lie at the Pt and W interface, as demon-
strated by the insertion of a 1 nm Au layer between the Pt and W
layers.

Second harmonic measurements further reveal that the con-
ventional SOT model does not fully explain the behavior for op-
posite spin Hall angles layered structure. Specifically, in the case
of the highest effective perpendicular field, both the damping-like
and field-like torques approach zero. This suggests that the cur-
rent SOT model does not fully fit with field-free magnetization
switching caused by opposite spin Hall angles layered structure.
However, the conventional SOT model can still be used to predict
and describe the potential for field-free SOT switching in these
structures when combined with the results from loop shift mea-
surements. Their findings suggest that loop shifts and second
harmonic measurements can be useful tools for exploring the
possibility of field-free switching in opposite spin Hall angle lay-
ered structures. Furthermore, subsequent studies demonstrated
that a similar concept of competing spin currents can be realized

Table 1. Relative energy shift values of Fe 2p, W 4f, and Pt 4f orbitals with W control and W (3 nm)/Pt(5 nm)/W (x nm) samples.

Underlayer Fe 2p [eV] Relative Value [eV] W 4f [eV] Relative Value [eV] Pt 4f [eV] Relative Value [eV]
W(5) 706.4 (ref.) 0.0 30.7 (ref) 0.0 NA NA
W(3)/Pt(5)/W(1.5) 706.5 0.1 30.95 0.25 71.45 0.15
W(3)/Pt(5)/W(1) 706.6 0.2 31.05 0.35 71.4 0.1
W(3)/Pt(5)/W(0.5) 706.65 0.25 3115 0.45 7135 0.05
W(3)/Pt(5) 706.9 0.5 3135 0.65 71.3 (ref) 0.0

Adv. Funct. Mater. 2025, 35, 2416570 2416570 (4 Of9)
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Figure 3. Second harmonic measurement for defining DL and FL SOT efficiency with different thicknesses of the W insertion layer. a) Schematic of the
Hall bar device. b) Angular-dependent second harmonic Hall voltage of W (3 nm)/Pt(5 nm)/W (1 nm) sample. c) Linear fit of DL signal (Converted into
resistance) and d) FL signal as a function of the inverse of the field. ) Extraction of SOT efficiency of samples with various W insertion layer thicknesses.

in Ta/Pd bilayer structure.l*’] Even greater efficiency achieved us-
ing opposite spin Hall angles alloys such as PtGd, PtMo, and
P [48-51]

The design of the high-work function tri-layer structure is sim-
ilar to that of a bilayer structure. In this study, we applied the
methods of Ma et al., including second harmonic and loop shift
measurements, to analyze the potential for field-free switching in
W (3 nm)/Pt(5 nm)/W(x nm) high work function tri-layers. To ex-
plore the optimal interplay of competing spin currents, we inves-
tigated the DL and FL SOT efficiencies with different thicknesses
of the W insertion layer on the 3 nm W seed layer/5 nm Pt SOT
channel. In Figure 3, second harmonic measurements were con-
ducted using two lock-in amplifiers. The angular dependence of
Hall resistance was measured at different angles under the in-
plane magnetic field and the driving current (7 mA at 133.7 Hz).
The second harmonic signal can be expressed by:

V2 = [Vpy cos (p) = Vi cos (@) cos (29)] 1)
1 —Hp,

Vo = =R, yyp—————— + 1a VT 2

DL= 5 AHEHext+Hk + la ()
H;, + H,

Vi = RPHE% 3)

ext

According to Equation (1), the second harmonic voltage can be
divided into Vp,; and V,; with different magnetic fields, and the
voltages are converted into resistance as shown in Figures 3c,d.
Linear fitting with Equation (2) and Equation (3) allows for the
estimation of the effective SOT field associated with DL and

Adv. Funct. Mater. 2025, 35, 2416570 2416570 (5 0f9)

FL torques. The DL and FL SOT efficiencies are summarized
in Figure 3e. The DL and FL torque of the W(3 nm)/Pt(5 nm)
underlayer is calculated to be ¢, ~ +0.096 + 0.002 and {p; ~
—0.03 = 0.001, respectively, indicating a Pt-dominated SOT ef-
ficiency compared with previous literature.’’3° The spin diffu-
sion length of Pt is shorter than 5 nm, suggesting that the spin
current generated by the W seed layer does not diffuse into the
CoFeB layer across the 5 nm Ptlayer.’253] Tt implies that the com-
peting spin currents originate from both the Pt high work func-
tion layer and the top W insertion layer.

The contribution of the DL torque gradually increases with the
thickness of the W insertion layer. Both DL and FL torques in
W(3 nm)/Pt(5 nm)/W(x nm) reverse sign when the W insertion
layer reaches a thickness of 1 nm (x = 1 nm). Interestingly, both
the DL and FL torque approach zero with a 1 nm W insertion
layer, which are identified to be {p; ~ -0.003 + 0.001 and ¢{p ~
-0.001 + 0.03, respectively. These results are consistent with Ma
et al.’s findings and indicate that competing spin currents can
induce field-free SOT switching in W(3 nm)/Pt(5 nm)/W (1.0 nm)
structures with opposite spin Hall angles.

2.5. Field-free SOT Switching and E-field Effects on
Voltage-Gated Devices

To integrate electron depletion with high work func-
tion/electronegativity and enable field-free magnetization switch-
ing via competing spin currents in the PMA CoFeB/MgO system,
a stack consisting of W(3 nm)/Pt(5 nm)/W(1 nm)/CoFeB(1.1
nm)/MgO(2 nm) was fabricated into a micron-sized pillar device
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Figure 4. a) AHE measurement with an OOP magnetic field for the W control and W (3 nm)/Pt(5 nm)/W (1 nm) samples. b,c) Effective perpendicular
field analysis at different magnitudes of applied current without the magnetic field of W (3 nm)/Pt(5 nm)/W(1 nm) sample. d) Field-free magnetization
switching measurements for the W control and W (3 nm)/Pt(5 nm)/W (1 nm) samples. e) Field-free SOT switching stability testing of W (3 nm)/Pt(5

nm)/W (1 nm) sample.

(diameter = 9 um). An additional 10 nm HfO, gate oxide was
included for VCMA and SOT switching measurements. Other
samples with varying W insertion thicknesses were not tested
electrically for VCMA due to their weakened PMA.

Figure 4a depicts the PMA CoFeB/MgO system with W (5 nm)
and W(3 nm)/Pt(5 nm)/W (1 nm) underlayers, assessed using the
anomalous Hall effect (AHE) under a DC current and a perpen-
dicular magnetic field ranging from —300 Oe to +300 Oe. The
AHE voltages were normalized by setting the maximal (mini-
mal) values to represent M, = +1 (—1). The results reveal strong
remnant magnetization and coercivity, in line with the VSM
data, confirming a strong PMA. A perpendicular effective field
was observed through the loop shift with varying current am-
plitudes and directions from -3 MA cm™ to 3 MA cm™?, with-
out the magnetic field, as shown in Figure 4b. The loop shift
is linearly proportional to the applied current, with a slope of
~2.23 Oe mA~!. Figure 4c shows the AHE measurements at
+3/+2/+1 and —3/-2/—1 MA cm™2, indicating a difference of
~15/7.5/2.5 Oe. These findings also align with a related study.!?!!
Figure 4d presents field-free magnetization switching measure-
ments using a 1 ms pulse current, comparing W control and W(3
nm)/Pt(5 nm)/W(1 nm) tri-layer samples. Achieving SOT switch-
ing typically requires breaking the symmetry of the magnetic
layer, often by applying an in-plane magnetic field. Notably, the
W(3 nm)/Pt(5 nm)/W(1 nm) configuration shows robust SOT
magnetization switching without any magnetic field, with switch-
ing currents of ~—7.5 and +7.5 MA cm™2, whereas the W refer-
ence sample exhibits no switching behavior. Furthermore, stabil-
ity testing of the field-free SOT switching, as shown in Figure 4e,

Adv. Funct. Mater. 2025, 35, 2416570 2416570 (6 Of9)

involved applying positive and negative rectangular pulses over
40 pulses. The results demonstrate that the magnetization can
switch stably and repeatedly between +1 and —1 states, with a
switching probability of #92.5% under a 1 ms pulse width.

To evaluate the VCMA effect, in-plane AHE measurements
were conducted with an additional gate voltage bias. The mea-
surement setup is depicted in Figure 5a. By applying a magnetic
field along the hard axis of the ferromagnetic material, the PMA
energy per unit volume of the system (E,4) can be defined and
expressed as:

E M/lHd<M"> (4)
eff = MotV x Fva
& 0 0 MS

where u, is the vacuum permeability, M, is the saturation mag-
netization, H, is the in-plane magnetic field along the x-axis, and
M, /M, is the normalized in-plane magnetization. The relation-
ship between E,; and the effective CoFeB interfacial anisotropy
(K;) is described by the following equation:

Ki = Eejf * tCoFeB + ﬂOMSZ/z (5)

where t .5 is the thickness of CoFeB. Figure 5b presents the in-
plane AHE measurements across a voltage ranging from —3 V to
+3 V. The anomalous Hall resistance profiles clearly demonstrate
gate-tunable anisotropy fields and effective magnetic anisotropy,
with larger values observed under a negative electric field and
smaller values under a positive one. Using the equations above,
K, can be calculated for each gate bias voltage. Figure 5c
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Figure 5. VGSOT measurement. a) Top view image and cross-section schematic of a micron-sized pillar device. b) Normalized IP AHE measurement
with different bias voltages. c) Extracted interfacial effective anisotropy and linear fits of W (3 nm)/Pt(5 nm)/W (1 nm) insertion samples (black: first
sweep for the linear fitting; red: second sweep). d) K; and VCMA coefficient distributions of W control and W(3 nm)/Pt(5 nm)/W (1 nm) samples.

e) Field-free VGSOT measurement under —3 V and +3 V.

illustrates the relationship between K; and gate bias voltage for
the W(3 nm)/Pt(5 nm)/W(1 nm) configuration. The VCMA co-
efficient is determined by the slope of K; versus the gate voltage
and can be expressed as:

1%
Cvema = d/d <t_> # Kitcoren (6)
gate

The VCMA linear fitting is divided into negative and posi-
tive electric field regimes due to their different slopes, which are
—99.5 and —12.2 f] V-'m™!, respectively. The variation in VCMA
coefficients under different electric field directions is attributed to
electron occupancy and de-occupancy properties at the CoFeB or-
bital. To further validate how electron depletion enhances VCMA,
the W reference sample was tested using the same method. The
distribution of K; and VCMA coefficients for the W control and
W(3 nm)/Pt(5 nm)/W(1 nm) tri-layer, measured over ten devices,
is summarized in Figure 5d. The mean/highest of K; value for the
W (5 nm) sample is ~0.57/0.60 m] m~2, while the mean/highest
value for the W(3 nm),/Pt(5 nm)/W(1 nm) sample is #—0.63/0.64
m] m~?, indicating an enhancement of ~#10%. The mean/highest
VCMA coefficient for the W(5 nm) sample is ~#—8.1/-11.0 {J
V~!m~!, while the mean/highest value for the W(3 nm)/Pt(5
nm)/W(1 nm) sample is ~#—85.6/—100.8 f] V-'m™!, indicating an
enhancement of ~10 times. Finally, the VCMA pulse field-free
SOT switching is shown in Figure 5e. The switching behavior
was assessed using a 1 ms pulse-width current without an exter-
nal magnetic field, under varying gate voltages. The difference

Adv. Funct. Mater. 2025, 35, 2416570 2416570 (7 0f9)

in switching current between +3 and —3 V is #1 MA cm™2, sug-
gesting the potential for achieving lower switching currents with
gate-tunable energy barriers.

We note that in field-free switching measurements, pro-
nounced back-hopping effects are observed after magnetiza-
tion switching, causing a magnetization transition from the
high/low anomalous Hall resistance state to an approximately
zero-anomalous Hall resistance state. Notably, these effects be-
come more pronounced when a gate voltage is applied. Based
on these observations, thermal fluctuations are likely a key factor
contributing to the back-hopping effect. In SOT-based systems,
back-hopping-like magnetization switching arises from the com-
bined influence of spin-orbit torque and thermal effects.l** When
a pulse current with a 1 ms pulse width is applied, Joule heat-
ing is generated, which affects thermal fluctuations in the CoFeB
layer, causing instability in the magnetization state and leading
to back-hopping-like magnetization switching. Furthermore, the
additional gate bias voltage increases Joule heating when the cur-
rent passes through the HfO, and MgO insulators. As a result,
more pronounced back-hopping effects are observed in voltage-
gated SOT switching measurements.

Based on the above results, the high work function and oppo-
site spin Hall angles in the W(3 nm)/Pt(5 nm)/W (1.0 nm) SOT
tri-layer exhibit superior VGSOT performances. However, these
results also suggest that the thickness threshold for achieving a
high work function in the SOT tri-layer structure is quite narrow.
Therefore, a key challenge for future applications is how to main-
tain PMA over a wider range of W insertion layer thicknesses.
Several methods may be useful for improving PMA in this
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regard, such as precise control of Mg insertions.!>>¢! More flexi-

ble stack designs should also be considered, including high-work
function alloys with opposite spin Hall angles, such as PtGd,
PtMo, and PtW, which have already demonstrated field-free SOT
switching.[48-50]

3. Conclusion

In summary, our study demonstrates a significant VCMA effect
achieved through electron depletion and an efficienct field-free
SOT switching of perpendicular magnetization by incorporating
a high work function tri-layer with opposite spin Hall angles,
specifically in the W(3 nm)/Pt(5 nm)/W(1 nm) configuration.
This stack design holds substantial potential for advancing the
understanding and practical implementation of VGSOT magne-
tization switching in spintronic devices.

4. Experimental Section

The W (3.0 nm)/Pt (5.0 nm)/W (x = 0, 0.5, 1.0, 1.5 nm)/Co,oFeqoByg
(1.1 nm)/MgO (2 nm)/W (2 nm) stacks were deposited on Si/SiO, sub-
strates using an ultrahigh-vacuum magnetron sputtering system with a
base pressure below 3 x 1078 Torr at room temperature. The magnetic
properties were characterized using a physical property measurement sys-
tem (PPMS) equipped with a vibrating-sample magnetometer module.

The W (3.0 nm)/Pt (5.0 nm)/W (x = 0, 0.5, 1.0, 1.5 nm)/Co,oFeqoBao
(1.1 nm)/MgO (2 nm)/W (2 nm) samples were patterned into Hall bars
with dimensions of 110 um in length and 10 pm in width, as shown in
Figure 3a. Metallic electrodes of Ti (10 nm)/Au (110 nm) were deposited
using electron beam evaporation. An AC current with a frequency of 133
Hz and a peak value of 1 mA was applied through the channel by Keitheley
6221. The Hall bar was rotated in the xy plane from 0° to 360°, while the
first- and second-harmonic Hall voltages were measured using two lock-in
amplifiers (SR830).

The W (3.0 nm)/Pt (5.0 nm)/W (1.0 nm)/Co,yFegoB,g (1.1 nm)/MgO
(2 nm)/W (2 nm) samples were also patterned into VCMA+SOT pillar
devices with a diameter of 4 um, as shown in Figure 5a. During the pat-
terning process, the 5 nm W capping layer was etched away by ion milling
after post-annealing at 360 °C for 20 min. A 10 nm HfO, gate dielectric
was then deposited at 70 °C using atomic layer deposition (ALD). Follow-
ing this, metallic electrodes of Ti (10 nm)/Au (110 nm) were deposited by
electron beam evaporation. The VCMA and field-free SOT switching were
tested using a 5-probe method at room temperature.
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