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Field-free spin—orbit torque (SOT) switching of perpendicular magnetization is essential for future spintronic devices.
This study demonstrates the field-free switching of perpendicular magnetization in an HfO,/Pt/Co/TaOy structure, which
is facilitated by a wedge-shaped HfO, buffer layer. The field-free switching ratio varies with HfO, thickness, reaching
optimal performance at 25 nm. This phenomenon is attributed to the lateral anisotropy gradient of the Co layer, which is
induced by the wedge-shaped HfO, buffer layer. The thickness gradient of HfO, along the wedge creates a corresponding
lateral anisotropy gradient in the Co layer, correlating with the switching ratio. These findings indicate that field-free SOT
switching can be achieved through designing buffer layer, offering a novel approach to innovating spin—orbit device.
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PACS: 75.70.Tj, 85.75.-d, 75.70.—i

1. Introduction

Electrical manipulation of magnetization is pivotal for fu-
ture ultralow-power, nonvolatile memory, and logic devices.
Spin—orbit torque (SOT)-induced magnetization switching, fa-
cilitated by the spin Hall effect or Rashba—Edelstein effects,
is a leading technique.!"”! The SOT transforms charge cur-
rent into spin current, which exerts a torque on the magnetiza-
tion. The SOT demonstrates significant advantages over con-
ventional spin transfer torque (STT)-based devices in terms of
device longevity,*! reduced power consumption, [ and faster
operation. ! Generally, the polarization direction of the spin
current induced by SHE or Rashba—Edelstein effects is in-
plane, and it is symmetric with respect to the upward mag-
netization and downward magnetization. Therefore, to re-
alize the deterministic switching, the symmetry of the sys-
tem has to be broken, and an auxiliary in-plane magnetic
field is needed.!®® The existence of the on-chip magnetic
field sets a major obstacle to the full electrical control of the
magnetization.!”] Recently, various methods have been pro-
posed to realize field-free switching, such as designing a built-
in effective field,!'%13] creating composition gradients in film
structures, employing unconventional out-of-plane polarized

[9,14,15]

spin currents, or utilizing asymmetric structures such

as U-shaped geometry!!9 or wedge structures. Wedge-shaped
ferromagnetic layers,!”! heavy metal spin source layers,[!8]
capping layers,!!°l and NM insertion layers!>°! have shown po-

tential in facilitating field-free switching.
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Additionally, recent reports suggest that insulator buffer
layers can promote field-free switching in MgO/Pt/Co struc-
tures, thus attracting considerable attention.”!! The cur-
rent understanding attributes this phenomenon to the spin
reflection-induced out-of-plane polarized spin current.!?!]
However, the generation of novel out-of-plane spin currents
by reflection of the conventional in-plane spin Hall effect
remains an open question. Moreover, buffer layer-induced
field-free switching has been observed mainly in MgO sys-
tems. Investigating the occurrence and characteristics of buffer
layer-induced field-free switching in different materials, is es-
sential for understanding the buffer layer-induced switching
mechanism. The HfO,, a promising high-K and ferroelectric
material,[?2] has been shown to change the interfacial electron
structure and enhance interface SOT when used as a capping

r.[231 Exploring the influence of HfO; as a buffer layer on

laye
SOT is a critical area of research, however, it remains lacking.

In this study, the SOT switching of perpendicular mag-
netization is reported by using HfO, as the buffer layer in an
HfO,/Pt/Co/TaO, structure. Field-free switching is achieved
with a wedge-shaped HfO, layer, but not with a flat HfO,
buffer layer. The field-free switching ratio is tunable by vary-
ing the HfO, thickness, with a maximum efficiency at 25 nm.
This is linked to the lateral anisotropy gradient in the Co layer,
caused by the wedge-shaped HfO, buffer layer. The study
demonstrates that the anisotropy of the Co layer can be tuned
by the HfO, buffer layer thickness, and the thickness gradient
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of HfO, along the wedge structure leads to a lateral anisotropy
gradient in the Co layer. The anisotropy is most sensitive to
thickness variation at 25 nm for HfO,, aligning with the opti-
mized switching ratio. Additionally, the spin—orbit efficiency
can be adjusted by the HfO, layer. These results demonstrate
that the field-free SOT switching can be achieved by design-
ing a buffer layer, which presents a new method of designing

spin—orbit devices.

2. Sample preparation and film characterization

In this study, HfO,/Pt/Co/TaO, multilayers were de-
posited on Si/SiO, substrates by using high-vacuum mag-
netron sputtering. The structure is schematically shown in
Fig. 1(a).

To study the influence of the HfO, buffer layer on the
SOT-induced magnetization switching, we only changed the
the thickeness of the buffer layer, while the thicknesses of
other films were fixed, with Pt(3)/Co(1.4)/TaO,(2) (number
in parentheses is in nanometers). The HfO, buffer layer was
deposited at room temperature. We both fabricated the films
with wedge-shaped and uniform HfO,. The HfO, was wedge-
shaped unless otherwise stated. To form a wedge-shaped
HfO,, an oblique angle sputtering technique was used, where
the substrate was not rotated and was maintained at a fixed an-
gle relative to the HfO, target.[>* By controlling the oblique
direction of the target with respect to the substrate, the wedge
directions could be controlled (fixed along the y axis in this
study) as shown in Fig. 1(a); while uniform layers could be ob-
tained by rotating the substrate uniformly during film growth.
Besides, except the HfO, layer, other layers were flat. We
used the average thickness (fyro,) to denote the thickness of
the wedge-shaped HfO,, which varied from 3 nm to 33 nm.
Four-probe electrical measurements revealed that the resis-
tance of the HfO; layer is approximately on the order of MQ.
Furthermore, the deposition of HfO, did not reduce the re-
sistance or the Hall resistance (Ry) of the Co/Pt layer, indi-
cating that the HfO, layer is well insulated and the shunt ef-
fect from HfO, is negligible. The in-plane magnetic hysteresis
(M-H) loop and out-of-plane M—H loop for the sample with
tafo, = 25 nm are shown in Fig. 1(b). The results reveal that
the in-plane saturation field and out-of-plane saturation field
are 1000 Oe (1 Oe=79.5775 A-m~") and 140 Oe, respectively.
The square out-of-plane M—H loop indicates strong perpendic-
ular magnetic anisotropy of the film. The values of saturation
magnetization (M) were measured in samples with varying

HfO, thickness. The results show that M; is approximately

800 emu/cm? and M is essentially unchanged with a thickness
of tyro,. For electrical characterization, the films were pat-
terned into Hall-bar structures, each with 20 um in length and
5 pum in width, by using lithography and ion milling. The Hall
resistance measurements (with a sensor current of 0.1 mA) for
the samples with g0, ranging from 3 nm to 33 nm are shown
in Fig. 1(c). The results indicate that the field-induced change
in the Hall resistance (ARy) is about 1.23 Q, which does not
vary with HfO; thickness.

Figure 1(d) shows the effective perpendicular anisotropy
field (Hk) as a function of HfO, thickness, where we used
films with uniform HfO, thickness (not wedge-shaped) for the
characterization of Hy (characterized by the electrical mea-
surement and is explained in the supplementary materials S1).
The result shows that Hk of the Pt/Co layer is significantly
influenced by the HfO, buffer layer, with an observable de-
crease at 25 nm. The decrease in Hx may originate from
the phase transition in the HfO, film. It is established that
HfO; has three different structures: tetragonal, orthorhombic,
and monoclinic phases. These different phases have prefer-
ences with respect to the film thickness. The orthorhombic
phase, which is responsible for the ferroelectricity in this ma-
terial, decreases when the thickness of HfO, exceeds a certain
value, 232! while the nonpolarized monoclinic phases prefer
larger thicknesses. The critical thickness for such a phase tran-
sition is approximately 30 nm, at which the ferroelectricity of
HfO, normally quickly decreases.>>2”! The critical thickness
for the phase transition aligns with the thickness for the drop
Hx.

This can be understood as follows: first, the structural
evolution (the film could change from orthorhombic phase
to monoclinic phase) during the phase transition results in a
change in lattice strain for the film deposited on it, conse-
quently changing the magnetic properties of the Pt/Co layer
due to magnetoelectric effects. Second, the decrease in ferro-
electricity during the phase transition also influences the mag-
netic properties of Pt/Co due to the coupling between mag-
netism and ferroelectricity. %%

It should be noted that although the insertion of a 3-nm-
thick Pt layer between HfO, and Co could reduce the coupling
strength, it could not eliminate the coupling. This is because
3-nm-thick Pt can also be treated as a magnetic film, as Pt can
be easily magnetized by the Co film due to the magnetic prox-
imity effect. However, the exact physical origin still needs

further confirming.
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Fig. 1. (a) Schematic diagram of the film stacks (left), with wedge-shaped HfO, realized by using the oblique angle sputtering technique
(right). (b) In-plane and out-of-plane magnetic hysteresis loop for the film with 70, = 25 nm, with inset showing M as a function of the HfO,
thickness. (c) Out-of-plane Rapg loop for the film with ryro, = 25 nm, with inset displaying Ry with various HfO, thicknesses. (d) Hk as a
function of HfO; thickness, with films with uniform HfO, thickness (not wedge-shaped) used for characterizing Hg .

3. SOT switching

Next, the SOT switching of the sample was characterized.
Figure 2(a) shows the setup for the experiment. To drive the
SOT switching of the magnetization, successive current pulses
with a duration of 30 pus (current from negative value to posi-
tive value and then back to negative value) were applied along
the x axis of the Hall bar, while a small sensing current of
0.1 mA was applied after each pulse to detect the magnetiza-
tion state via Ry (Ry o< M;). External fields of different am-
plitudevalues of H, along the current direction were applied to
assist the switching. Figure 2(b) shows the switching behavior
for the film with g0, = 25 nm. The Ry loops can be observed
clearly when current pulses of various amplitudes are scanned,
except for the case with H, = 10 Oe. Notably, switching oc-
curs even in the absence of H, demonstrating that the field-
free switching is realized in these devices. In control experi-
ments, it was found that the field-free switching does not occur
in device with a flat HfO, buffer layer or in device without an
HfO, buffer layer, underscoring that the wedge-shaped HfO»
plays a critical role in realizing the field-free switching. The
switching does not occur when H, = 10 Oe, and the switching
polarity reverses across H, = 10 Oe. The reversal of switch-
ing polarity is consistent with the typical characteristic of SOT

switching of perpendicular magnetization, indicating the SOT

origin of the switching. the reversal of the switching polarity
at H, = 10 Oe also indicates that wedge-HfO, can induce a
10-Oe effective field, which promotes switching at zero field.
Figure 2(c) shows the current (Hy = 0 Oe) and field induced
change of Hall resistance (ARy). The results show that the
current-induced switching ARy is 1.1 Q, which is nearly 90%
of the field-induced change of Ry (R}}**), which means that
the field-free switching ratio (defined as ARy /RF™ x 100%)
is 90%. This value is comparable to that achieved by using
wedge-shaped ferromagnet.*”! To quantitatively evaluate the
field-free switching for samples with tyso,, figure 2(d) shows
the H-dependent switching ratio, for samples with different
values of tgro,. These results reveal that the switching ra-
tio increases with the amplitude of H, and saturates when
H, reaches 100 Oe. The zero switching ratio occurs when
H, =10 Oe, indicating that the wedge-shaped HfO, can gener-
ate an effective field of approximately 10 Oe. To assess device
endurance, magnetization was alternately switched by using
positive and negative current pulses (13 mA), as shown in
Fig. 2(e). After approximately 560 switching cycles, the Hall
resistances in two distinct states do not show observable de-
cay, indicating that our system has high durability. In a de-
vice with either a uniform HfO, buffer layer or no HfO, layer,
field-free switching was not achievable, highlighting that the
wedge-shaped HfO, buffer plays a pivotal role in facilitating
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field-free switching. Figure 2(d) also reveals that for samples
with different values of tyf0,, the field-free switching ratio (at
H, = 0) exhibits an observable difference. Figure 2(f) shows

the field-free switching ratio as a function of tg¢o,. The results

reveal that with the increase of yfo,, the switching ratio first
increases and then decreases with an optimized switching ratio
observed at tyfo, = 25 nm, at which the switching ratio could
reach 90%.
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Fig. 2. (a) Schematic diagram of experimental setup. (b) SOT switching for sample with fyyt0, = 25 nm, measured at different values of Hy. (c) Comparison
of the field and current induced (Hy = 0) change of the Ry. (d) Switching ratios as a function of Hy for samples with different values of 0, . (¢) Switching
stability for the sample with g0, = 25 nm. Negative (—13 mA) current pulse and positive (13 mA) current pulse are alternatively applied; Ry does not
decay after approximately 500 switching cycles. (f) Blue dot line represents the field-free switching ratio for samples with different values of 0, . Red line
corresponds to the absolute value of the first derivative of Hx with respect to tyro, , calculated from Fig. 1(d).

The physical origin of the field-free switching is then dis-
cussed. It is important to note that the switching mechanism
differs from that in the MgO buffer layer.!?!! Previous studies
have indicated that MgO buffer layers can also lead to field-
free switching, which is attributed to the out-of-plane spin
current induced by spin reflection. However, there are two
reasons for a different mechanism in this study. First, the ex-
periment demonstrates that only wedge-shaped HfO, buffer
layer leads to field-free switching, unlike uniform HfO; layer.
This contradicts the mechanism of out-of-plane polarized spin
current-induced field-free switching, which does not depend
on symmetry breaking. The absence of a loop shift at zero ex-
ternal in-plane bias field, as seen in supplementary materials,
further indicates the noninvolvement of an out-of-plane polar-
ized spin current. Additionally, the saturation thickness of the
switching ratio is 25 nm, inconsistent with the spin tunnel-
ing length of HfO,, which is typically below 10 nm. This in-
consistency excludes the possibility of spin reflection-induced
out-of-plane spin current-induced field-free switching. The
field-free switching is not induced either by uneven current

density due to shunting effects, > as experiments demonstrate

high resistance in HfO;, and negligible influence on Hall resis-
tance. We attribute the field-free switching in the system to
the anisotropy gradient induced by the wedged-shaped HfO,
buffer layer. As shown in Fig. 1(d), the Hx of Co changes
with the thickness of the HfO, buffer layer (tyf0,). For the
presented wedge-shaped HfO;, the thickness gradient along
the wedge structure (y direction) can result in a nonuniform
Hg in the film structure, and such a lateral anisotropy gradi-
ent (dHx /dy) could induce field-free switching.>*2%311 Qur
micromagnetic simulation further demonstrated that the field-
free switching can be realized in the system with a lateral
Hg gradient but cannot when Hk is uniform (see the sup-
plementary materials). Figure 1(d) shows that at 25 nm, Hg
decreases and attains a maximum value of the Hx gradient
(dHx/ dtgro,). This means that when tyso, = 25 nm, H is
most sensitive to the thickness variation, thus the dHg/dy
along the wedge should have a maximum value if the slope
of the wedge is assumed to be fixed (dtyro, /dy, mainly deter-
mined by the angle between the substrate and the sputtering
target, which is fixed in this study). The y¢0,, dependent on
dHy/ dtyro,, could further be obtained from the first deriva-
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tive of Fig. 1(d), and is plotted in Fig. 2(d). The magnitude
of the tyfo,, dependent on dHk / dturo,, is consistent with the
field-free switching ratio, both of which have maximum values
when tgr0, ~ 25 nm, demonstrating that the Hk gradient plays
a critical role in establishing field-free switching. The lat-
eral Hk gradient-induced field-free switching is understood by
analyzing the mirror symmetry as discussed above, the field-
free switching only occurs when mirror symmetry is broken.
The lateral Hk gradient (perpendicular to the current direc-
tion) could break the mirror symmetry and facilitate field-free
switching, which is similar to that in Ta/CoFeB/MgO systems

3.0 -
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» o
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4. Second harmonic measurement

The current-induced SOT field was quantitatively evalu-
ated by analyzing the harmonic Hall voltage. As indicated
in the inset of Fig. 3(a), we measured the first harmonic Hall
voltage (V) and the second harmonic Hall voltage (V,4) un-
der an alternating current (/,.) (@ = 13.7 Hz) along the x di-
rection, while sweeping a large enough in-plane external mag-

netic field along the current direction.
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Fig. 3. (a)-(b) The first and second harmonic Hall voltages as a function of in-plane magnetic field H, under different amplitudes of . with
tifo, = 3 nm, with inset showing experiment setup schematically. (c) HpL as a function of I c, for films with different values of tyro, . (d) BoL

and Bsy as a function of tyso, .

Figures 3(a) and 3(b) show the field dependence of Vj,,
Vo for films with tgro, = 3 nm, which are measured under
different values of I,.. The in-plane damping-like SOT effec-
tive field (Hpr) could be estimated by fitting high-field data

through the following equation:

Hpr,
|Hx| _Hk

ARIIIl'laX
2

R = + Roffset (1
where Roffe 18 the resistance offset. We characterize the Hpp,
for samples with different values of ty¢o, as shown in Fig. 3(c).
For all the samples, the values of Hpp exhibit a linear de-
pendence with the amplitude of I,., demonstrating the current
origin of the Hpy. The values of Hpp have distinguishable
differences for the samples with different values of tyfo,. To
quantify this difference, we further calculate the in-plane spin

torque efficiency, which is defined as Bpy, = Hpy./J, where J

is the current density. The spin Hall angle of the device could
further be calculated from the following equation:

2
Osu = <he) HoMtemPBor, )

where e, 71, and U are the elementary charge, reduced Planck
constant, and permeability of vacuum, respectively; M, and
trpm are the saturation magnetization and thickness of the FM,
respectively. We plot the and Osy as a function of tgro, as
shown in Fig. 3(d). With the increase of tyf0,, both Bpr and
Osy first increase and reach their maximum values when the
thickness of HfO, increases to 20 nm, after that Spp. decreases
with the increase of fyfo, - BpL and Osy each exhibit a peak
value at 20 nm. This behavior is different from that of the field-
free switching,whose maximum is at 25 nm. Such a discrep-

ancy can be attributed to pinning effects. The SOT effective
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field is not the only factor affecting the switching current. Ad-
ditionally, the pinning field significantly affects the switching
current as discussed by Zhu et al." In our samples, due to de-
fects and inevitable roughness at the Hall bar structure’s edge,
the pinning effects could be considerable, as evidenced by the
larger H. in the out-of-plane Hall loop (device) than that in the
VSM (film). The pinning field varies across devices,resulting
in the discrepancy between the switching current and the SOT
effective field.

5. Conclusions

In conclusion, field-free switching has been demonstrated
in a wedge-shaped HfO,/Pt/Co/TaO, structure. The field-free
switching ratio and spin—orbit efficiency exhibit the thickness
dependence of HfO,, peaking at 25 nm. This approach dif-
fers from previously reported wedge-shaped capping layer-
induced field-free switching strategies,!'829 as HfO, does
not contact the FM layer. This is attributed to the asymmet-
ric magnetic anisotropy of Co induced by the wedge-shaped
HfO, buffer layer. It is shown that the perpendicular magnetic
anisotropy of Co displays a thickness dependence of HfO,
with a maximum gradient at 25 nm, correlating with the field-
free switching ratio and SOT efficiency. These results demon-
strate that field-free switching can be achieved by designing
buffer layer, thus presenting a new method of designing spin—

orbit devices.
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