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Abstract

®

CrossMark

Electric field control of spin-orbit torque (SOT) exhibits promising potential in advanced
spintronic devices through interfacial modulation. In this work, we investigate the influence of
electric field and interfacial oxidation on SOT efficiency in annealed Ta/CoFeB/HfO,
heterostructures. By varying annealing temperatures, the damping-like SOT efficiency reaches
its peak at the annealing temperature of 320 °C, with an 80% field-free magnetization switching
ratio induced by SOT having been demonstrated. This enhancement is ascribed to the
annealing-induced modulation of oxygen ion migration at the CoFeB/HfO, interface. By
applying voltages across the Ta/CoFeB/HfO, heterostructures, which drives the O~ migration
across the interface, a reversible, bipolar, and non-volatile modulation of SOT efficiency was
observed. The collective influence of annealing temperature and electric field effects on SOT
carried out in this work provides an effective approach into facilitating the optimization and

control of SOT in spintronic devices.

Supplementary material for this article is available online

Keywords: spintronics, voltage-controlled spin-orbit torque, interfacial oxidation

1. Introduction

Spin-orbit torque (SOT) has emerged as a highly promising
and efficient method for magnetization switching in spin-
tronic devices, offering potential advantages in low-power
logic and memory applications [1, 2]. To improve SOT effi-
ciency, various approaches have been proposed, such as using
different heavy metals and metallic alloys [3-5], optimiz-
ing insertion layers with varying thicknesses [6—8], and mod-
ulating the heavy metal (HM)/ferromagnet (FM) interface

* Author to whom any correspondence should be addressed.

[9-11]. Additionally, interfacing with an oxide layer has
been found to play a crucial role in modifying the magnetic
anisotropy of ferromagnetic layers. The degree of interfa-
cial oxidation significantly influences the electronic structure
and the strength of spin-orbit coupling [12, 13]. Moreover,
electric field has been identified as an effective approach to
modify magnetic properties, including magnetic anisotropy,
coercivity, Curie temperature, magnetoresistance, and spin—
orbit fields [14-19]. By applying gate voltages, it becomes
possible to control the degree of oxidation in the magnetic
material, leading to distinct magneto-ionic regimes [12]. This
gate-voltage-induced oxidation process offers a promising
way to manipulate interfacial properties and, consequently,

© 2024 0P Publishing Ltd
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modulate SOT efficiency in a controllable and reversible man-
ner. Notably, voltage control of SOT has been demonstrated
in various systems, such as the Pt/Co system [20, 21], a Cr-
doped topological insulator [22], and using ionic liquid [12,
23]. Previous works [24-26] primarily utilized electric fields
to influence interfacial oxidation in voltage-controlled mag-
netism within ferromagnetic/oxide systems, thereby facilit-
ating magnetization switching through changes in magnetic
properties. However, other factors such as annealing temper-
ature, can also affect interfacial oxygen migration and should
be jointly investigated with electric fields to observe poten-
tial enhancements or modulations in SOT. A comprehensive
understanding of oxidation’s role and behavior at the inter-
face through various potential influencing factors is crucial for
unraveling the underlying mechanisms of voltage-controlled
SOT [27].

In this work, we investigated the influence of electric field
and interfacial oxidation on SOT in Ta/CoFeB/HfO, hetero-
structures. Through annealing the thin film stack at differ-
ent temperatures, we observed variations in coercivity, satura-
tion magnetization, and the damping-like and field-like effect-
ive field efficiency. SOT efficiency improved with increasing
annealing temperatures, with an 80% field-free magnetization
switching ratio demonstrated. This enhancement can be attrib-
uted to an increased oxidation state of Co and Fe, as well as an
increased spin-orbit coupling strength [28]. Additionally, by
applying voltages across the Ta/CoFeB/HfO, heterostructures
which allows for interfacial oxygen ion modulation, we invest-
igated the reversible modulation of SOT efficiency through
the control of oxidation levels at the CoFeB/HfO, interface.
We observed diminished effects on voltage-controlled SOT
for sampled annealed at higher temperature, which we attrib-
ute to their different post-annealing oxidation levels. Our
findings contribute to the understanding of interfacial oxida-
tion and the electric field control of SOT, offering potential
implications in the development of energy-efficient spintronic
devices.

2. Experimental methods

A structure comprising Ta (5 nm)/CoFeB (1.2 nm)/HfO,
(2 nm) was prepared on a thermally oxidized Si substrate.
All the layers were deposited by using magnetron sputtering
at room temperature with a base pressure of 5 x 10~% Torr.
Thermal annealing was carried out in ultra-high vacuum for
60 mins. The magnetic hysteresis of the films was measured
by using vibrating sample magnetometer (VSM). Hall cross
devices of 10 um x 100 pm were fabricated using electron-
beam lithography and argon ion milling techniques. Contact
pads comprising of Ti (10 nm)/Cu (50 nm)/Ti (10 nm) were
fabricated using a lift-off process. The magnetic properties
of the devices were determined through electrical character-
ization via anomalous Hall effect measurements. The SOT
efficiency was determined by measuring the harmonic Hall
voltages using a Keithley 6221 AC current source and a 7265
Dual-Phase DSP Lock-In Amplifier [29].

3. Results and discussion

Figure 1(a) shows the magnetic hysteresis (M—H,) loops of
the post-annealed thin films by sweeping the magnetic field
(H,) along the out-of-plane direction. The hysteresis loops
indicate the presence of perpendicular magnetic anisotropy
(PMA) after thermal annealing with temperatures (7,) from
200 °C to 360 °C. The hysteresis loops of the annealed
samples display a step-like drop in coercivity (H.) as the
annealing temperature increases from 280 °C to 320 °C, as
shown in figure 1(b). The saturation magnetization (M) gradu-
ally decays and approaches the value of 480 emu cm™* when
T, = 360 °C. The observed decrease in M, in the annealed
samples can be attributed primarily to the oxidation of the
CoFeB layer that forms the oxidized CoFe compounds [8],
reducing the total magnetic moment of the CoFeB layer.
Furthermore, after higher temperature annealing, more oxy-
gen from the HfO, layer migrates into the CoFeB layer due to
the high oxygen ionic mobility [30].

Subsequently, the annealed Ta/CoFeB/HfO, films were
fabricated into 10 pm x 100 pm Hall cross device struc-
tures. Note that the film annealed at 200 °C was unable to
maintain the desired PMA after device fabrication (the dis-
cussion is included in supplementary material S1), and was
omitted from the subsequent investigation. Figure 2(a) shows
the Hall voltage measurement schematic with the applied in-
plane magnetic fields along H, and H,. Figure 2(b) shows
the anomalous Hall resistance Ragg—H, loops of the meas-
ured Hall cross devices with different annealing temperat-
ures. Aligned with the hysteresis loops behavior of their thin
films, the devices with higher 7, have a reduced coercivity
compared to the devices with lower T,. The differences in
H_ between Hall and VSM measurements can be linked to
the energy needed for domain wall nucleation and motion
during magnetization reversal. In thin films, random defects
allow small fields to initiate domain wall motion. When these
films are patterned into micro-sized devices, some defects are
removed, creating more ordered magnetic domains. As a res-
ult, device-level samples need more energy to effectively nuc-
leate and move domain walls, increasing H. in Hall meas-
urements compared to VSM measurements. To evaluate the
damping-like and field-like field efficiency as a function of
T, the first harmonic Hall voltage (V,,) and second harmonic
Hall voltage (V,,) measurements were carried out by sweep-
ing an external in-plane magnetic field in two directions: along
the current direction (x-direction) and transverse to the current
direction (y-direction). Based on the measured Hall voltage
results, the damping-like field and field-like field are obtained
from equation (1) [29]:

Hy =28 Hr

e )

HprrL) = —

where H; and Hy are defined as Hp+ = (dVa, ,t/dH,)/
(d2 V]w,x:t/de2) and HT,:t = (dVzt,.)’y:t/dl'ly)/(d2 V]w,yi/dHyZ),
respectively. ¢ is the ratio of planar Hall resistance and
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Figure 1. (a) Out-of-plane hysteresis loops and schematic illustration of Ta/CoFeB/HfO; film. (b) The coercivity H. and the saturation
magnetization M under different annealing temperatures in Ta/CoFeB/HfO, heterostructures.
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Figure 2. (a) Schematic of the Hall voltage measurement setup by sweeping in-plane field in longitudinal direction Hy and transverse
direction Hy. (b) Anomalous Hall resistance loops measured on the annealed Ta/CoFeB/HfO, devices under an out-of-plane field. (c) The
damping-like field SOT efficiency xp1, and the field-like field SOT efficiency xri. dependence on the annealing temperature for the
Ta/CoFeB/HfO, devices. (d) Current-induced magnetization switching of the 320 °C annealed sample under the external in-plane magnetic

field of £30 Oe and 0 Oe.

anomalous Hall resistance (Rpyg/Rang). By fitting the exper-
imental Hall voltage results under different current densities
Jac between 5 x 10! and 9 x 10" A m~2, the correspond-
ing damping-like field (Hpr) and field-like field (Hp ) were
obtained (the details are shown in supplementary material S2).
By fixing the intercept at zero and linearly fitting Hpy, vs. Jqc,
the damping-like effective field efficiency and the field-like
effective field efficiency were derived as xpr/r. = HprL/rL/Jac-
Figure 2(c) shows the dependence of the ypr and xp. on

the annealing temperature. The xpr shows an increase with
increasing T, peaking at around (1.7 + 0.3)x 107° Oe
(A m™2)~! (T, = 320 °C), which is 70% higher than the
240 °C annealed sample of (1.0 +0.1)x 10~ Oe (Am~2)~!.
The ypL exhibits an increase as T, increases, reaching a max-
imum value of (2.8 & 0.4)x 107 Oe (A m~2)~!. A higher
annealing temperature can increase the damping-like and
field-like effective field efficiency in the Ta/CoFeB/HfO, stack
due to the enhanced oxidation level. The annealing process
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Figure 3. (a) Optical micrograph of the gated Hall bar device. [ is the applied current into the Hall cross. V is the measured Hall voltage in
the crossbar. Vg is the applied gate voltage. (b) Anomalous Hall resistance measured under different negative and positive gate voltages
with an out-of-plane magnetic field for devices annealed at (b) 240 °C and (c) 320 °C. (d) Coercivity H. dependence on the gate voltage

Vgare for the devices.

promotes the interdiffusion and interfacial mixing between
the layers. At higher 7,, the formation of crystalline struc-
tures with reduced defects and interfacial roughness facilitates
an efficient transmission of spin current across the interfaces
[31-34]. Moreover, after annealing under a higher temperat-
ure, the migration of oxygen atoms from HfO, into the CoFeB
layers occurs. This migration leads to the formation of an
enhanced oxidation state of Co and Fe, which enhances the
spin current transmission and the interfacial Rashba effect at
the CoFeB/HfO, interface [35-38]. Subsequent to the SOT
measurement, the current-induced magnetization switching
(CIMS) of the 320 °C annealed sample was carried out. The
CIMS loops, which were measured using a series of DC
current pulses under an external in-plane magnetic fields of
430 Oe and 0 Oe, are shown in figure 2(d). The pulse current
was applied along the x-direction with a maximum magnitude
of 18 mA and a duration of 5 ms. The CIMS loops exhibit full
switching under a 30 Oe field, and an 80% field-free mag-
netization switching ratio is achieved. This is based on com-
paring the change in resistance due to magnetization switching
without an external magnetic field (ARfeld-free) tO the change
in resistance when the magnetization is fully switched with the
help of an external field (ARy,y). The switching ratio, which
is determined by (ARfeid-free/ ARran) X 100%, reached 80%.
This indicates that our device achieves substantial magnetiza-
tion switching solely through SOT, without external magnetic
assistance. This efficiency is crucial for developing energy-
efficient spintronic devices that operate without the need for
additional magnetic field components.

To further investigate how interfacial oxidation at the
CoFeB/HfO, interface affects SOT efficiency, devices were
fabricated for the voltage-gated measurement. This involved

the fabrication process of depositing an additional HfO, with
a thickness of 50 nm on top of the Hall cross structure to serve
as the dielectric layer, followed by Ti (10 nm)/Cu (50 nm)/Ti
(10 nm) deposited as a gate electrode. The configuration and
electrical measurement setup of the voltage-gated device is
illustrated in figure 3(a). It shows an optical micrograph of
the gated Hall cross device. Note that the utilization of neg-
ative gate voltages results in the formation of an electric field
that facilitates the downward migration of O>~ ions from the
HfO, layer into the CoFeB layer, vice versa [39]. To exem-
plify the electric field effect, the samples annealed at 240 °C
and 320 °C with the largest difference in SOT efficiency were
selected for gating measurements. The Ragg was measured
under various gate voltages, i.e. from 0 - -3 - 0 — 3 V.
For the sample anneal at 240 °C as shown in figure 3(b),
the Ragg loops illustrate a reduction in H, from 36 to 28 Oe
under negative gate voltages. Under increasing the Vg from
0 to 3 V, H. gradually increases. For the sample annealed at
320 °C, as shown in figure 3(c), the Ragg loop remains nearly
unchanged under negative gate voltages. However, when pos-
itive gate voltages are applied, it exhibits a similar trend to
that of the 240 °C annealed sample, with an increase in H..
The gate voltage dependence of H, for the samples annealed
at 240 °C and 320 °C is shown in figure 3(d). The more pro-
nounced electric field effects under gate voltages between the
240 °C and 320 °C annealed samples is attributed to the dif-
ferent post-annealing oxidation levels of Co and Fe [40, 41].
The 320 °C annealed sample has a saturated initial oxidation
level, rendering it largely unaffected by negative gate voltages.
Moreover, to evaluate the nonvolatility of the gate effect, a
—3 V gate voltage was applied for 10 min and subsequently
switched off. There was no discernible alterations observed in
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Figure 4. The damping-like field SOT efficiency xpr at different gate voltages Vyu for the devices annealed at (a) 240 °C and (b) 320 °C.
(c) Schematic illustration of interfacial oxidation states at the CoFeB/HfO, interface under different annealing temperatures.

the Rapg vs. H, curves between Vgye = —3 Vand Ve =0V
(=3V—=0V).

Subsequently, the dependence of the damping-like field
SOT efficiency (xprL) on the applied gate voltages was meas-
ured, as shown in figures 4(a) and (b). The black arrows indic-
ate the sequence of applied gate voltages. Dashed lines are
a guide to the eye. The measurements under Vgye = 0 V
demonstrates the nonvolatility of the electric field effect. For
the samples annealed at 240 °C, xpr decreased under pos-
itive Vgye and increased under negative Vg, with a vari-
ation of 16%. Aligned with the trend in H. of the samples
annealed at 320 °C, xpr, also shows a minimal change under
negative Vgae. Under a positive Ve, xpL still decreases with
increasing gate voltage, but with a smaller variation of 6%.
The enhancement and diminishment of xpr, under different
gate voltage polarity observed here aligns closely with the
voltage-driven control of the CoFeB layer’s oxidation across
the CoFeB/HfO, interface. The formation of Co and Fe oxides,
which modulates the hybridization of Co and Fe 3d orbitals
and O 2p orbitals and enhance the SOT efficiency [42, 43].
For the field-like SOT efficiency (xrr), we observed that the
influence of voltage control was minimal for devices annealed
at both 240 °C and 320 °C (the details are shown in supple-
mentary material S4).

We attribute the distinct responses of gate voltage control
of SOT efficiency to the oxidation level in the post-annealed
samples. The migration of O>~ to the CoFeB layer is gradually
enhanced with increasing annealing temperature, as illustrated

in figure 4(c). This figure demonstrates the oxidation level for
the post-annealed samples at 240 °C and 320 °C, respect-
ively. Noted, through the thermal annealing at 240 °C and
voltage gating at +3 V, the Ta/CoFeB/HfO, heterostructures
enable the nonvolative, reversible and bipolar control of SOT
efficiency, and can implement electric field-controlled devices
with low power consumption.

4. Conclusion

In conclusion, we have experimentally investigated the electric
field effect and SOT efficiency in annealed Ta/CoFeB/HfO,
heterostructures. The annealing process significantly influ-
ences the magnetic properties, with higher annealing tem-
peratures resulting in reduced H, and M. The damping-like
effective field efficiency also increases with higher anneal-
ing temperatures, peaking at approximately 320 °C, and an
80% field-free magnetization switching ratio was achieved.
The enhanced SOT efficiency is attributed to interfacial mech-
anisms such as enhanced spin-orbit coupling strength, and
an increased oxidized state for Co and Fe. Moreover, gating
measurements reveal that the SOT efficiency can be reversibly
and bidirectionally modulated by gate voltages, with different
degree of responses observed for samples annealed at 240 °C
and 320 °C due to their distinct oxidation levels. The ability to
modulate SOT efficiency through electric field offers a useful
way for the development of highly energy-efficient spintronic
devices.
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