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Planar current-induced magnetization switching (CIMS) driven by spin-orbit torque (SOT) requires
an in-plane uniaxial magnetic anisotropy (UMA), which can be induced by oblique-angle sputter depo-
sition of the heavy-metal underlayer in heavy-metal/ferromagnet heterostructures. To enhance the SOT
efficiency, we employ trilayer heterostructures of (Ta or W)/Co-Fe-B/Pt, where the Co-Fe-B layer exhibits
a UMA of 50 mT at a 2-nm thickness of Ta or W. The magnetization reversal in Hall-bar devices is
detected through unidirectional spin-Hall magnetoresistance for the type-y geometry (easy-axis transverse
to current) and planar Hall measurements for the type-x geometry (easy-axis parallel to current). Both
configurations exhibit CIMS with submicrosecond current pulses, reaching switching-current densities
as low as 2 x 10'" A/m? for a W (4 nm)/Co-Fe-B (1.4 nm)/Pt (2 nm) stack with a UMA of 146 mT.
Macrospin simulations reproduce the type-y switching as coherent magnetization rotation, whereas the
type-x devices switch at much lower currents than predicted, indicating that nucleation and domain-wall
propagation dominate reversal in this geometry. Our results show that combining oblique-angle depo-
sition with easy-axis engineering enables deterministic, field-free switching, paving the way for future

low-power spintronic devices.

DOI: 10.1103/qkty-8dgb

I. INTRODUCTION

Electric-current-induced spin-orbit torque (SOT) in
high-Z metals such as W, Ta, and Pt with strong spin-
orbit coupling (SOC) has recently [1] garnered attention
in vertical heterostructures for efficiently manipulating
the magnetization with low power consumption and high
switching speeds. This enables compact and fast memory,
and logic-gate devices [1-3]. Current magnetic random-
access memory (MRAM) uses spin transfer torque (STT)
[4] as a method to manipulate the magnetization of nano-
magnets; however, STT has some disadvantages, such as
the high current density degrading the tunnel barrier during
the writing process in magnetic tunnel junctions (MTJs).
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This issue is not present in SOT-MRAM due to its sep-
arate read and write current paths in a three-terminal bit
cell, which enhances the endurance of the device and
overcomes the reliability issues of STT.

In SOT-related experiments, the commonly used sam-
ple structure consists of a nonmagnetic heavy metal
(HM)/ferromagnetic metal (FM) bilayer [1,5], where the
HM serves as the source of spin current via the spin
Hall effect (SHE) [6] and the FM layer acts as the
spin-current sink. The spin current excites magnetization
dynamics as described by the Landau-Lifshitz-Gilbert-
Slonczewski (LLGS) equation [7]. Depending on the mag-
netic anisotropy of the FM layer, SOT-driven switching
can be realized in systems with either in-plane mag-
netic anisotropy (IMA) [8] or perpendicular magnetic
anisotropy (PMA) [9]. The HM-FM interface acts as a
source of SOT that arises from spin polarization generated
by SHE and the Rashba effect [6,10] in the HM underlayer
with high SOC.

In conventional HM/FM bilayers, the SOT efficiency
can be limited by use of a single HM layer as the source
of spin current. To overcome this limitation, in recent
studies [11-13], it has been demonstrated theoretically
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and experimentally that if an ultrathin FM layer is sand-
wiched between two HM layers, which leads to a trilayer
HM1/FM/HM2 structure in which the top and bottom
HM1 and HM2 layers must have opposite spin Hall angles
(SHAs), as with Ta and Pt. The two HM layers enable
spin-current injection from both interfaces with identical
polarization and enhance the SOT efficiency relative to
the bilayer system. For example, the SOT efficiency of a
W/Co-Fe-B/Pt stack has been found to be enhanced by a
factor of 1.5 compared to the bilayer W/Co-Fe-B [11,13].

SOT-driven magnetization switching occurs in three
main configurations: type x, type y, and type z. If the FM
layer has IMA with applied current / parallel or transverse
to the easy axis (EA), then it is called type x (EA || I) or
type y (EA L I), but if the FM layer has PMA, then it is
called type z. In the type-x geometry, if the current chan-
nel is canted from the EA by a few degrees, then it is
called type xy [15,16]. In a typical HM/FM heterostruc-
ture, the spin current with polarization (o) generates a
damping-like [tpL o« BpL - (m x (6 x m))] and a field-
like [tpL o BpL - (m x )] torque on the magnetization,
where m is the magnetization unit vector and Bpp /rr =
(h/2e)(OprrL/Mtem)j is the effective field given by the
DL and FL SHAs 0py /r1, the saturation magnetization Mj,
and the FM thickness #gy;. The DL torque is strong enough
to enable current-induced magnetization switching (CIMS)
in structures with both in-plane [1,17] and out-of-plane
magnetic anisotropy [18,19]; however, in type-x and type-
z configurations, the SOT symmetry needs to be broken by
an external out-of-plane field for type x [20] or an in-plane
field parallel to the current for type z [21]. In contrast, the
type-y configuration intrinsically has asymmetric torque
due to the spin polarization being either parallel or antipar-
allel to the magnetization [8,22], allowing deterministic
switching via direct torque minimization.

Field-free deterministic switching in the type-z config-
uration has nonetheless been widely demonstrated using
alternative approaches, including engineering tilted mag-
netic anisotropy [9,23], out-of-plane spin polarization
[24], domain-wall pinning [25], unconventional SOT in
two-dimensional van der Waals ferromagnets [26], SOT-
induced exchange bias in antiferromagnet/ferromagnet
heterostructures [27], interlayer Dzyaloshinskii-Moriya
interaction [28,29], and geometric current bending in per-
pendicular SOT magnetic tunnel junctions [30]. More
recently, it has been reported that a second FM layer
with IMA as the bottom layer can provide spin cur-
rent with both in-plane and out-of-plane components,
thereby enabling field-free switching at subnanosecond
timescales [31]; however, implementing these approaches
in nanoscale devices while maintaining strong PMA
remains challenging.

Deterministic field-free magnetization switching in the
type-x configuration has been achieved by introducing a
slight canting between the EA and the current channel,

enabling inversion-symmetry breaking [22,32]. For FM
layers with IMA, magnetization detection poses significant
challenges and necessitates sophisticated measurement
techniques. These include differential planar Hall effect
(DPHE) measurements [33,34], tunneling magnetoresis-
tance (TMR) measurements in three-terminal devices,
and nonelectrical probing methods such as magneto-
optical Kerr effect (MOKE) imaging [35,36]. While these
established SOT characterization methods require com-
plex experimental protocols (such as DPHE) or challeng-
ing fabrication requirements (for TMR devices), recent
advances have introduced simpler alternatives: direct-
current (dc) unidirectional spin-Hall magnetoresistance
(USMR) [8] and planar Hall effect (PHE) [32,37] tech-
niques as viable readout mechanism for SOT characteriza-
tion of the HM/FM bilayer system with uniaxial magnetic
anisotropy (UMA).

Methods for achieving UMA with preferred EA include
magnetic postannealing [38] and applying a magnetic
field during the deposition [39]; however, these methods
have limitations when strong and thermally stable mag-
netic anisotropy is required. Postannealing techniques can
cause structural modifications or stress relaxation [40,41]
during annealing. Oblique-angle deposition (OAD) is a
promising alternative method to enhance the UMA through
the formation of ripple structures, as previously reported
[14,42,43].

In this manuscript, we report on the current-induced in-
plane magnetization switching in trilayer (Ta or W)/Cogg
Feq0Byo /Pt structures. We first establish in-plane UMA
in CogoFesByo via ripple structures by OAD of the
underlayer (W or Ta) enabled by self-shadowing [44—46]
and adatom-steering mechanisms [47]. Subsequently, we
employ dc USMR and PHE measurements performed on
the same sample without the external magnetic field to
realize complete current-induced magnetization switching
intype y, type x, and type xy using submicrosecond current
pulses (0.4—1 ps). This switching duration is substan-
tially shorter than the millisecond-to-second pulse width
for HM/FM bilayer structures with in-plane magnetization
typically reported in the literature [8,16,32].

II. METHODS

A. Sample preparation

A series of samples was deposited at room temper-
ature on Si/SiO, substrates using a custom magnetron
cosputter deposition system with eight 2-in. (50.8-mm)
sources by Bestec GmbH, Berlin. Each sample con-
sisted of Ta (2 nm)/CogoFes9Bag (tpm)/Pt (2 nm), where
tem = 1.4, 1.6, 1.8, and 2 nm. In addition, a sample of
W (4 nm) /CogoFeq0Byg (1.4 nm)/Pt (2 nm) was deposited
to achieve higher SOT values and anisotropy. Through-
out the text, samples are referred to as Ta/CFB(tp\) /Pt
or W(4)/CFB(1.4)/Pt for brevity. The angle of incidence

044089-2



UNIAXIAL MAGNETIC ANISOTROPY...

PHYS. REV. APPLIED 285, 044089 (2026)

(a

~

CoFeB/Pt

Normal
Incidence (64) =0

Oblique
Incidence (85) = 60°

(d)

Bias tee Bias tee

Sense Hi | 0 | Sense Lo
1 1
I O

Force Hi ! 1 Force Lo
1 1

FIG. 1.

(b)

Hard axis (HA)

- Iwrite
-t

>
I

sense

0 F = Isense

+
w

5

<
<

v Type y

Type xy

Sample deposition geometry and CIMS measurement setup. (a) W/Ta underlayer deposited at 63 = 60° and Co-Fe-B/Pt at

64 = 0°. (b) Samples were marked along the HA direction. The EA is parallel to the microscopic ripple structure [14]. (c) In the Hall
cross, write current is injected with opposite polarities (£Vp/2), generating a virtual ground at the device center. This configuration
effectively avoids current shunting into the transverse voltage probes and enforces write-current propagation along the longitudinal
current channel. (d) Schematic illustration of type-y, type-x and type-xy switching schemes with current-channel width 5 pm. An
in-plane magnetic field H, is applied transverse to the current channel in type y, H, is applied parallel to the current channel in type x,
and it is applied at 45° in type xy. The measurement sequence of AR,, and AR, is also shown.

of the particle flux relative to the substrate carrier normal
was 30°, and the substrate-to-target distance was approx-
imately 12 c¢cm. The base pressure was lower than 5 x
10~8 mbar and the Ar working pressure was maintained
at 2 x 1073 mbar during the thin-film growth. At a 30°
incidence angle, the growth rates were 0.116 nm/s for
Ta, 0.064 nm/s for W, 0.039 nm/s for Co49Fe40B9, and
0.111 nm/s for Pt. The deposition powers were set to S0 W
in all cases, except for Ta, which was deposited at 100 W.
The layer thicknesses were measured by x-ray reflec-
tivity, and deposition times were calibrated accordingly.
For all samples, the underlayer (Ta or W) was deposited
at 60° by mounting the substrate on a 30° wedge holder

and orienting the rotational stage so that the substrate
normal was tilted 60° relative to the particle flux, while
Co-Fe-B and Pt layers were deposited at 0° by rotating
the stage to align the substrate normal with the particle
flux, with substrate rotation disabled during each deposi-
tion [as shown in Fig. 1(a)]. No external magnetic field
was applied during growth, and no postannealing was per-
formed. After deposition, samples were marked along the
hard-axis (HA) direction [as shown in Fig. 1(b)]. The HA
and EA directions were subsequently confirmed via longi-
tudinal MOKE (L-MOKE) and anisotropic magnetoresis-
tance (AMR) measurements, as described in a later section.
The samples were then patterned into micrometer-scale
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Hall-cross bars with a 5-pm current-channel width using
single-step photolithography and ion-beam etching. Three
types of current channels were fabricated, oriented at 90°,
45°, and 0° to the EA on the same sample [as shown
in Fig. 1(d)], designated as type y, type xy, and type x,
respectively.

B. Measurement setup

We employed the four-wire probe method to examine
longitudinal and transverse magnetoresistance, as illus-
trated in Fig. 1(c). Write-current pulses of identical ampli-
tude but opposite polarity were applied to the longitudinal
channel using a custom-built prober station with four 5-pm
tip-radius tungsten needles. A Keysight 33500B dual-
channel arbitrary-waveform generator was used to apply
synchronized pulses with 180° phase flip into a Pendulum
Instruments F10AD dual-channel high-voltage amplifier.
Bias tees specified for frequencies from 0.025 to 100 MHz
were used to separate the pulse path from the dc current
path. Rectangular pulses with widths between 400 ns (100-
ns rise and fall times) and 1000 ns (250-ns rise and fall
times) were found to be ideally transmitted with the bias
tees by monitoring the current on a shunt resistor.

A Keithley 2450 source measure unit (SMU) supplied
the dc sense current and measured the corresponding volt-
age [as shown in Fig. 1(c)]. The field scans used for dc
USMR and PHE measurements were recorded with alter-
nating polarity of sense current after application of the
magnetic field. The write-current loops for magnetization-
switching experiments were recorded according to the
measurement sequence shown in Fig. 1(d). After each writ-
ten current pulse, positive and negative sense currents were
used to determine a differential readout of nonlinear effects.
This will be discussed in the next section. All current
densities are given as average values over the full stack
thickness if not stated otherwise.

C. Magnetic anisotropy and electrical detection of
magnetization

1. Uniaxial magnetic anisotropy

The OAD technique is used to induce UMA with a well-
defined EA in the FM layer. This can be achieved either by
depositing the FM layer at oblique incidence or by grow-
ing it on an underlayer deposited at an oblique angle [43].
Among these, the latter approach has been shown to induce
more thermally stable anisotropy, since the former shows
a reduction in UMA due to microstructural deformation
upon heat treatment [40,41]. The magnitude of UMA is
strongly dependent on the deposition angle relative to the
substrate normal. In our previous work [48], we demon-
strated that increasing the underlayer (2 nm Ta or W)
deposition angle enhances UMA, with values approach-
ing poH, ~ 50 mT when the angle reached 6 = 60°. The
samples were marked along the particle-flux direction,
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FIG. 2. AMR and L-MOKE magnetic hysteresis loop mea-
surements. (a) Field-sweep AMR measurements for device
Ta/CFB(2)/Pt, with the sense current (/gense = 3 mA) applied
transverse to the in-plane applied field (/yense || EA). (b) Mag-
netic hysteresis loop recorded using L-MOKE while applying the
in-plane external magnetic field along the hard axis. The resid-
ual hysteresis indicates imperfect alignment of the sample in the
L-MOKE setup.

which was subsequently identified as the HA by L-MOKE
measurements. Further confirmation was obtained through
AMR measurements performed on micrometer-scale Hall
crosses. When the in-plane applied field (uof,) is along
the hard axis, while the current is along the EA, it pro-
duces longitudinal resistance variations consistent with an
anisotropy field of approximately 50 mT, as summarized
in Figs. 2(a) and 2(b).

2. Unidirectional spin-Hall magnetoresistance

The USMR effect in HM/FM bilayer systems mim-
ics current-in-plane giant magnetoresistance (CIP-GMR)
characteristics and originates from spin accumulation at
the HM/FM interface. When current is injected along the x
axis, transverse to the EA [as shown in Fig. 1(d)], SHE
or Rashba effects generate spin accumulation. This spin
accumulation vector creates a high-resistance state when
parallel to the FM magnetization and a low-resistance
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state when antiparallel. Thus, a small longitudinal resis-
tance change is observed upon magnetization reversal.
The origins of USMR have been attributed to multiple
mechanisms, such as spin-dependent and spin-flip unidi-
rectional magnetoresistance [49,50]. USMR is a promising
readout mechanism for magnetization states switched by
SOT and is particularly effective in the type-y config-
uration, where the EA is transverse to the current and
the spin polarization aligns with the y axis. USMR is
a nonlinear transport effect [51], where R,, differs for
opposite sense-current polarities due to reversal of the
interfacial spin accumulation vector. The resistance asym-
metrY7 ARXX = xx(+lsense) _RXX(_ISCHSC)a Captures this
response.

3. Direct-current planar Hall effect

The type-x configuration has the EA and current along
the x axis while spin polarization (o) is oriented along
the y axis. Due to the symmetry with EA L o, there is
no USMR response to magnetization reversal, which com-
plicates the detection of deterministic CIMS. In HM/FM
bilayers, three mechanisms give rise to transverse voltages
with odd parity with respect to the magnetization orien-
tation along the x axis: (a) field-like (FL) torque and the
planar Hall effect (PHE); (b) damping-like (DL) torque and
the anomalous Hall effect (AHE); (c) Joule heating and the
anomalous Nernst effect (ANE). While the in-plane reori-
entation due to FL torque is relatively large, the electric
response via the PHE is small in Co-Fe-B. In contrast, the
out-of-plane tilt due to the DL torque is small but the AHE
response is large. Thus, both contributions turn out to be
of similar magnitude in typical bi- and trilayer systems
[20,33,37].

The ANE contribution depends strongly on the details
of the stack and can be the dominant contribution to the
odd-parity transverse voltage. Similar to the USMR mea-
surements, we record ARy, = Ry (+Lsense) — Ryx(—Lsense)-
This ensures that all current-polarity-independent effects
are canceled out and only the nonlinear SOT and ANE con-
tributions to the transverse electrical response contribute to
the signal [52]. This method resembles a dc version of the
harmonic Hall method, which quantifies these three con-
tributions to determine Bpy and Bpp. Consequently, we
could also have used second-harmonic Hall detection to
obtain the same signal. For the type-xy configuration, we
employed the same measurement protocol as for type-x
switching.

IT1. RESULTS AND DISCUSSION

We first demonstrate CIMS measurements in the type-y
configuration. Measurements were catried out on sample
Ta/CFB(2)/Pt using the USMR technique to probe AMR
behavior. An in-plane magnetic field (uof,) was swept
along the y direction while an alternating sense current

(sense = £3 MA, joense = =1 x 10'1 A/m?) was applied
in the x direction [Fig. 1(d)]. The differential longitudi-
nal resistance (AR,.) was recorded throughout. During the
woH, sweep, magnetization reversal between =ty states
gives hysteresis loops with two clear resistance levels,
as shown in [Fig. 3(a)]. The USMR magnitude is given
by RUSMR — AR, /2 at magnetic saturation [Fig. 3(a)].
We next measured AR, during 1-ps-width write-pulse
current sweeps under identical sense-current conditions.
Full magnetization reversal between +y states occurred
at +10.7 mA (left-to-right) and —10.26 mA (right-to-
left), with an average (arithmetic mean of both polarities)
switching current of 10.48 mA (j. = 3.49 x 10" A/m?)
[Fig. 3(b)]. A slight asymmetry between the positive and
negative switching currents is observed. The asymmetry of
the switching current is due to asymmetric coercivity that
likely arises from domain-nucleation imbalance or edge
pinning induced during sputtering and fabrication [34].

We now examine type-x and type-xy CIMS, where
the EA is parallel or canted to the current. Magnetiza-
tion detection in these configurations is performed using
the dc PHE method. We first verify field-driven magne-
tization switching in type-x devices with a well-defined
EA. An in-plane field (uoH,) was swept along the EA
under alternating sense current (lsense = £2 MA, jsense =
+6.66 x 10'° A/m?). Figure 3(c) confirms that the mag-
netization state in type-x devices can be switched and
detected reproducibly between the +x orientations. Next,
we examined CIMS using the dc PHE method. We applied
0.4-ps current pulses and achieved full magnetization
reversal with the assistance of a 5-mT out-of-plane field
(noH) to break the symmetry, as shown in Fig. 3(d);
consistent with previous reports [20,22], the use of an
out-of-plane field represents a state-of-the-art approach
for field-assisted type-x switching. The critical switching
currents were +17.4 mA (left-to-right) and —13.2 mA
(right-to-left), with an average of 15.3 mA (j. = 5.1 x
10" A/m?), while maintaining the same sensing current
used in field-driven switching [Fig. 3(c)].

In the type-xy device, the symmetry is broken intrin-
sically [32], and no external field (uoH.) is required
to achieve complete magnetization switching, as demon-
strated in Figs. 3(e) and 3(f). In this case, the aver-
age critical current is reduced to 10.20 mA (j, = 3.38 x
10" A/m?), which is lower than that observed for type-
x switching in the same sample. This reduction can be
attributed to the large canting angle of 45°, which falls into
the regime of type-y switching [22,32], where a smaller
current density is sufficient to reverse the magnetization.
In all three cases, the direct comparison between field-
and current-induced switching demonstrates the complete
magnetization reversal by the CIMS.

The USMR exhibits a decrease with increasing FM
thickness, as demonstrated in Fig. 4(a). Since USMR
is predominantly interface sensitive, increasing the FM
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Type-y, type-x, and type-xy SOT switching behaviors in Ta/CFB(2)/Pt based on dc USMR and PHE: (a),(b) field-sweep

scan and field-free current-induced switching for type y (dc USMR); (¢),(d) field-sweep scan and field (uoH) assisted current-induced
switching for type x (dc PHE); (e),(f) field-sweep scan and field-free current-induced switching in type xy (dc PHE).

thickness beyond its spin-diffusion length shunts more cur-
rent away from the HM/FM interface and reduces interface
scattering [49]. With increasing FM thickness, a linear
increase of the switching current is observed [Fig. 4(b)].
We also observed that the switching-current density sim-
ilarly increases for the type-x and type-xy configurations
[Figs. 4(c) and 4(d)], consistent with the decrease of the
effective FL. and DL fields with increasing FM thick-
ness, as reported from experimental and theoretical studies
[8,53,54].

The linear fits to the /. vs Co-Fe-B thickness yield
a magnetic dead layer (MDL) of approximately 0.7—0.8
nm. This value is comparable to MDL values reported
for amorphous Co-Fe-B with different underlayers and
cap layers [55] and is consistent with interfacial mag-
netic dead layers in Ta/Co-Fe-B-based heterostructures
[56]. The effective FM layer thickness (t%‘;\f,l = tfpM — tMDL)
must be corrected, as it has been reported [57] that
in MTJs with PMA, the MDL significantly affects the
thermal stability factor and the critical switching-current
density and plays a significant role in optimizing both

the critical current density and thermal stability of the
devices.

We did not observe any appreciable change in UMA
(noH,; =~ 60 mT) for Co-Fe-B thicknesses ranging from
1.4 to 1.8 nm [Figs. 5(a)-5(c)], except for a slight reduc-
tion at 2 nm, where the woH, decreases to approximately
50 mT [Fig. 2(a)]. This trend is expected, as a thicker FM
layer generally leads to a smaller UMA, consistent with the
results reported by Fukuma et al. [43].

Further enhancement of UMA can be achieved by
depositing a thicker HM underlayer via OAD, as shown
here. To investigate the possibility of obtaining stronger
torques and stronger anisotropy, we fabricated a W(4)/Co-
Fe-B(1.4)/Pt sample via OAD and characterized its
anisotropy using AMR measurements on micrometer-sized
Hall crosses. An anisotropy field of uoH, =~ 146 mT was
obtained [Fig. 6(a)]. This larger anisotropy field is due
to the greater W thickness (compared to our Ta sam-
ples), which gives a larger ripple amplitude under oblique
deposition and thereby enhances the UMA [42]. We then
performed CIMS measurements for type-y, type-x, and
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FIG. 4. Type-y, type-x, and type-xy SOT switching behav-
iors in Ta/CFB(tpy) /Pt based on dc USMR and PHE: thickness
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type-xy configurations. As shown in Figs. 6(b) and 6(c),
full field- and current-driven switching of in-plane mag-
netization was achieved at a critical switching current
(I. = £7.44 mA, j. = 2 x 10" A/m?) for the type-y con-
figuration. For the type-x and type-xy configurations, dc
PHE measurements confirmed complete in-plane mag-
netization switching [Figs. 6(d) and 6(e)]. Notably, no
external out-of-plane field was applied to break the sym-
metry. This could arise from a slight misalignment of
the current channel with the EA during lithography, as
suggested by the small hysteresis jumps observed in the
AMR curve [Fig. 6(a)]. The field-free switching behavior
observed here in the type-x configuration is facilitated by
canting angle between the current channel and the EA, a
mechanism previously demonstrated to enable determin-
istic type-x switching [32]. Although this misalignment
occurred accidentally in our device, it is in principle
controllable, offering a practical route to achieve robust
field-free switching.

For the type-xy configuration, field- and current-driven
switching was studied at different /ps values [Figs. 6(f)
and 6(g)]. No significant influence of Iy, on I. was
observed, with the average /. remaining at 9 mA; however,
a linear dependence of AR, on [nse Was found. This is

(a)
H, 663.0 T T T TTTTT1-6- fognee = + 3MA
> 662.5 _(a) Ta/CFB(1.4)/Pt_e_ [sense =-3mA
662.0
A S L
EA ‘g 661.5
ﬁ ® 6610
sense 660.5 g
GGO'O-IIIIIIIIIIIIIIIII-
~80-60-40-200 20 40 60 80
HoH, (mT)
) (c) o
658.5 [T 634.5 T T
658.0-  Ta/CFB(1.6)Pt _ 6340  erB(- ]
657.5 6335 ]
g 657.0 € 6330 L
o 656.51 & g3a5f
656.0 r 4
- 6320 &
655.5 [-gggi® L@
FToo ] N O N B B O 1 6315 i
—80-60-40-20 0 20 40 60 80 -80-60-40-20 0 20 40 60 80
Hot, (mT) HoHy (mT)
FIG. 5. AMR magnetic hysteresis-loop measurements. (a)—(c)

Field-sweep AMR measurements for device Ta/CFB(try)/Pt,
with gy = 1.4, 1.6, and 1.8 nm, by applying the sense cur-
rent (Isense = £3 mA) transverse to the in-plane applied field
([sense ” EA)

consistent with the expected linear dependence of current-
induced SOT field on sense current [37,58]. With the thick
W layer, both an enhancement of the UMA and a reduc-
tion of the switching-current density j. were achieved. The
reduced j. despite an enhanced UMA can be explained by
the enhanced spin-Hall angle of W as compared to Ta.

The dependency of USMR (RVSMR) on [y, Was stud-
ied for the samples Ta/CFB(1.4)/Pt and W(4)/CFB(1.4)/Pt,
as shown in Figs. 7(a) and 7(b). The USMR increases
with increasing [snse, With slopes of approximately 47 and
23 mQ2/mA, demonstrating the expected nonlinear behav-
ior. The smaller slope in the W(4)/CFB(1.4)/Pt sample is
due to the larger shunting of the thicker W layer.

CIMS measurements were performed on the type-y con-
figuration using pulse widths ranging from 0.4 to 1 us.
Within this submicrosecond regime, no thermally acti-
vated variations in the critical switching current were
observed. In contrast, extended write-current pulses in the
millisecond-to-second range require an explicit treatment
of thermal activation. The average switching-current den-
sity (j.) was used to evaluate the DL SOT efficiency [1]
within the macrospin approximation as

M,
eff 2e/JLOMstic:1E/jaeﬂ’(Ha + 265)

5= = : M)

where £ is the MDL-corrected effective FM layer thick-
ness, de 1S the effective Gilbert damping parameter, Mg is
the effective magnetization, and M, is the saturation mag-
netization. For the heterostructure containing a 2-nm-thick
Co-Fe-B layer, ferromagnetic resonance (FMR) analysis
was carried out to obtain ., M, and M, as discussed
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Type-y, type-x, and type-xy SOT switching behaviors in W(4)/CFB(1.4)/Pt based on dc USMR and PHE: (a) field-sweep

AMR measurements by applying the sense current (/snse = £3 mA) transverse to the in-plane applied field (Jsense || EA); (b),(c)
field-sweep scan and field-free current-induced switching for type y (USMR); (d),(e) field-sweep scan and field-free current-induced
switching for type x (dc PHE); (f),(g) field-sweep and field-free current-induced switching in type xy (dc PHE) for different sense

(Zsense) currents.

in the Appendix. The effective SOT efficiency for the 2-
nm-thick Co-Fe-B was found to be 0.20 using Eq. (1).
This value is slightly lower than that reported in the lit-
erature using ST-FMR [11,13] for similar systems, which
may result from the lack of MDL correction in previous
reports and the FM layer thickness being greater than the
characteristic spin-dephasing length [59,60], both of which
can lead to an overestimation of the SOT.

To better understand the observed CIMS, we performed
simulations of the Landau-Lifshitz-Gilbert-Slonczewski

equation. The following parameters were used: M, =
1050 kA/m, K, = 294 kJ/m® (B, = 560 mT, My =
605 kA/m), K, = 28.9kJ/m? (B, = 55 mT), ey = 0.039,
£ = 1.3 nm, and Op; = 0.2. CIMS was simulated with
10-ns pulses and a 10-ns postpulse equilibration time. A
simple solver using the Heun method with a step size of
500 fs was implemented in PYTHON with NUMBA. Results
are shown in Fig. 8.

For the type-y switching, we obtain deterministic
switching with j = 4.1 x 10! A/m?, which is very
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FIG. 7. Sense-current (/yns.) dependence of USMR (RUSMR)

for (a) Ta/CFB(1.4)/Pt and (b) W(4)/CFB(1.4)/Pt, extracted from
the field-driven magnetization-switching loops.

close to the experimental value for Ta/CFB(2)/Pt (j. =
3.49 x 10" A/m?). The switching trajectory is shown in
Fig. 8(a) (Cartesian components as a function of time)
and Fig. 8(b) (trajectory on the unit sphere). Type-x
switching is more nuanced: it explicitly depends on the
canting angle between the current and the EA, the field-
like torque component 6gr, and the z-axis magnetic field
B.. In Figs. 8(c)-8(f) we show switching phase diagrams,
starting from M, = 1. Figs. 8(c) and 8(d) demonstrate the
effect of the field-like torque for Og = £0.04, a realis-
tic value that was obtained separately via harmonic Hall
measurements on the CFB/Pt interface (fgr = +0.046).
Notably, the Ta/CFB interface has the opposite sign for the

FL torque (8. = —0.036). As the majority of the current
flows through the Pt layer, the CFB/Pt interface is the more
relevant one, and we thus estimate the total g, =~ +0.025;
i.e., our calculations slightly overestimate the FL torque.

It can be clearly seen that the FL torque gives rise to a
vastly different switching phase diagram depending on its
sign; only for the negative sign, a random switching regime
is observed, whereas the positive sign provides determin-
istic switching without canting for current densities above
j =2.5x 10" A/m?. With an out-of-plane assist field of
B, = 100 mT, deterministic switching without canting is
obtained at j = 2.1 x 10'> A/m?. In Fig. 8(f), we show
the dependence of the switching-current density on B, and
observe that j. depends linearly on B,. For large B., a
toggle regime around zero current density is observed.

To summarize, our observed switching-current density
of the type-x configuration is not explained by the LLGS
simulations, which indicate significantly higher j. with any
realistic set of parameters. Thus, we conclude that the
switching mechanism is of the nucleation and domain-
wall-propagation type, rather than macrospin switching.
In contrast, the type-y switching can be explained as
macrospin switching. Type xy (at 45°) has j.~ 5 x
10" A/m?, close to our experimental findings and inde-
pendent of B, and O ; it thus clearly resembles type-y
switching, which shares these features with type xy (not
shown). As a final note, we mention that the effect of
temperature is not considered in these calculations.

Type y Type x
6L = 0.04 OfL = -0.04
(a) 1.0 (C) . 1.00 (e) it 1.00
0.75 0.75
0.5 _ 0.50 _ 0.50
i A
3 0.25 = 0.25
2 2
0.0 g 000 § £ 000 &
£ -0.25 €10 -0.25
-0.50 -0.50
~0.75 =30 -0.75
_10 1 T T T T T T T =10
-1.00 -1.00
0 2 4 . 6 8 10 12 =3 -2 =1 0 1 2 3 =3 -2 =1 0 1 2 3
Time (ns) Current density (A/m?) 1x10%2 Current density (A/m?) 1x10%2
(b) (d) B,=0.100T (f)
1.00 1.00
0.75 0.75
_ 0.50 0.50
i
2 0.25 0.25
2 ~
g 000 § £ 000 &
gt @
= -025 -0.25
8
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FIG. 8. (a) Cartesian components of the magnetization vector in type-y switching. (b) Same as (a), represented on a unit sphere.

(c)A(f) Type-x switching phase diagrams with initial M, = +1. (c¢),(d) Switching phase diagram of current density vs canting angle
for O, = £0.04. (e) Switching phase diagram of current density vs canting angle for B, = 0.1 T and 6y = 0.0. (f) Switching phase
diagram of current density vs B, with zero canting angle and g = 0.0. Simulation parameters are given in the text.
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We next consider the influence of Joule heating in
the present pulse-width (tpuse) regime. The temperature
rise at end of the pulse, AT, was estimated using a
two-dimensional heat-diffusion model [61,62]. The model
equation explicitly treats a metal layer on a homogeneous
substrate. In our devices, a 200-nm-thick SiO, layer is
present, which modifies the heat flow and therefore the
effective temperature scaling. To account for this effect,
we performed stationary finite-element method simula-
tions of the heat transport including the SiO, layer. From
these simulations, we find that the model result must be
multiplied by a thermal scaling factor (¢ = 2.85). Using
this scaling, the estimated temperature rise is AT ~ 60.33
K for type y (j =3.49 x 10'"' A/m?, tpuse = 1 us) and
AT~ 10737 K for type x (j = 5.1 x 10" A/m?, tpuise =
0.4 ws) (Fig. 9). The corresponding reduction of the
critical switching-current density can be obtained using an
Arrhenius-type relation [22,62],

.C 1 UL
J?_0=1—Z1n(ﬂ), 2)

where A = Ej/kg(T + AT) is the thermal stability factor,
E}, is the energy barrier, kp is Boltzmann’s constant, 7 =
293 K is room temperature, and T = 1 ns is the attempt
timescale. Since E, cannot be directly extracted from
our experiments, representative literature values of £, =
1.0 and 1.5 eV were adopted, corresponding to thermal-
stability factors of approximately 29 and 49, respectively
[22,63,64]. The resulting ratios j./j.o ~ 0.79-0.88 for

' —— Type x (Pulse width : 0.4 ps)

"o —— Type y (Pulse width : 1 ps)

100
90
80
70
60

AT (K)

50
40
30
20

10

0.0 0.4 0.8 1.2 1.6 2.0
Time (us)

FIG. 9. Time dependence of the temperature rise AT calcu-
lated for type x (j = 5.1 x 10'' A/m?, pulse width = 0.4 ps)
and for type y (j = 3.49 x 10'! A/m?, pulse width = 1 s).
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FIG. 10. In-plane FMR measurement of Ta/CFB(2)/Pt:

(a) Representative FMR spectra measured at microwave fre-
quencies from 5 to 17 GHz. (b) Frequency dependence of the
resonance field (1o H,), fitted with the Kittel equation [Eq. (A1)].
(c) Frequency dependence of the linewidth, fitted using Eq. (A2).
The spectral fits were performed using an asymmetric Lorentzian
derivative line-shape profile.

all switching geometries indicate that Joule heating may
reduce j. by 12%21%.

IV. CONCLUSION

In summary, we used dc USMR and PHE to study sub-
microsecond CIMS in in-plane-magnetized trilayer sys-
tems with an easy axis defined by oblique-angle depo-
sition. In (Ta or W)/Co-Fe-B/Pt structures, the Co-Fe-B
layer sandwiched between two HMs with opposite SHA
shows large Gilbert damping and large SOT efficiency.
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The reduction in the critical switching-current density
in Ta/CFB(1.4)/Pt by 45% compared to Ta/CFB(2)/Pt is
accompanied by an increase in USMR with decreasing
Co-Fe-B thickness. Electrical detection via direct-current
USMR or PHE was shown, and complete magnetization
reversal for type-x and type-y configurations was demon-
strated. For a quantitative understanding, the magnetic
dead layer was appropriately included in the analysis and
was easily obtained from the switching-current-density
measurements with varying FM thickness. The type-y
switching can be directly explained within a macrospin
model; the type-x switching, however, is more nuanced
and most likely progresses via domain nucleation and
propagation, which reduces the critical current density
compared to the macrospin model. These results highlight
that combining oblique-angle deposition of the heavy-
metal underlayer with easy-axis engineering for field-free
type-x and type-y switching yields efficient spintronic
devices for future low-power, high-density, and fast mem-
ory applications.
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APPENDIX

In-plane FMR measurements were carried out on the
sample Ta (2 nm)/Co-Fe-B (2 nm)/Pt (2 nm) over the
frequency range of 5-17 GHz in field-sweep mode to
investigate the magnetization relaxation [Fig. 10(a)]. We
used the OPENFMR measurement system [65]. The FMR
spectra were analyzed using the derivative of an asymmet-
ric Lorentzian line-shape function, from which the reso-
nance field (uoH,) and linewidth (ugAH) were extracted
[Figs. 10(b) and 10(c)]. The frequency dependence of the
resonance field was fitted with the Kittel relation,

f= %\/(HV+HQ)(H,+HQ+M&), (A1)

while the linewidth variation with frequency was fitted
using [65,60]

47[0[eff

S (A2)

HoAH = woAH, +

The effective Gilbert damping parameter (o) and the
effective magnetization (M.g) for the Ta (2 nm)/Co-Fe-
B (2 nm)/Pt (2 nm) heterostructure are .y = 0.039 &+
0.001 and M.y = 608.6 £ 1.256 kA/m, and the satura-
tion magnetization (M;) was estimated to be approximately
1050 kA/m, as measured with a 20-nm-thick Co-Fe-B
layer.

[1] L. Liu, C.-F. Pai, Y. Li, H. W. Tseng, D. C. Ralph, and R.
A. Buhrman, Spin-torque switching with the giant spin Hall
effect of tantalum, Science 336, 555 (2012).

[2] A. Manchon, J. Zelezn}'/, I. M. Miron, T. Jungwirth, J.
Sinova, A. Thiaville, K. Garello, and P. Gambardella,
Current-induced spin-orbit torques in ferromagnetic and
antiferromagnetic systems, Rev. Mod. Phys. 91, 035004
(2019).

[3] A. Brataas, A. D. Kent, and H. Ohno, Current-induced
torques in magnetic materials, Nat. Mater. 11, 372 (2012).

[4] D. C. Ralph and M. D. Stiles, Spin transfer torques, J.
Magn. Magn. Mater. 320, 1190 (2008).

[5] C. F. Pai, L. Liu, Y. Li, H. W. Tseng, D. C. Ralph, and R.
A. Buhrman, Spin transfer torque devices utilizing the giant
spin Hall effect of tungsten, Appl. Phys. Lett. 101, 122404
(2012).

[6] J. Sinova, S. O. Valenzuela, J. Wunderlich, C. H. Back, and
T. Jungwirth, Spin Hall effects, Rev. Mod. Phys. 87, 1213
(2015).

[71 J. C. Slonczewski, Current-driven excitation of magnetic
multilayers, J. Magn. Magn. Mater. 159, L1 (1996).

[8] Y. T. Liu, T. Y. Chen, T. H. Lo, T. Y. Tsai, S. Y. Yang, Y.
J. Chang, J. H. Wei, and C. F. Pai, Determination of spin-
orbit-torque efficiencies in heterostructures with in-plane
magnetic anisotropy, Phys. Rev. Appl. 13, 044032 (2020).

[9] L. You, O. Lee, D. Bhowmik, D. Labanowski, J. Hong,
J. Bokor, and S. Salahuddin, Switching of perpendicularly
polarized nanomagnets with spin orbit torque without an
external magnetic field by engineering a tilted anisotropy,
Proc. Natl. Acad. Sci. U.S.A. 112, 10310 (2015).

[10] K. Obata and G. Tatara, Current-induced domain wall
motion in Rashba spin-orbit system, Phys. Rev. B 77,
214429 (2008).

[11] L.Huang, S. He, Q.J. Yap, and S. T. Lim, Engineering mag-
netic heterostructures to obtain large spin Hall efficiency
for spin-orbit torque devices, Appl. Phys. Lett. 113, 022402
(2018).

[12] Z. Zheng, Y. Zhang, X. Feng, K. Zhang, J. Nan, Z. Zhang,
G. Wang, J. Wang, N. Lei, D. Liu, Y. Zhang, and W.
Zhao, Enhanced spin-orbit torque and multilevel current-
induced switching in W/Co-Tb/Pt heterostructure, Phys.
Rev. Appl. 12, 044032 (2019).

044089-11


https://doi.org/10.1126/science.1218197
https://doi.org/10.1103/RevModPhys.91.035004
https://doi.org/10.1038/nmat3311
https://doi.org/10.1016/j.jmmm.2007.12.019
https://doi.org/10.1063/1.4753947
https://doi.org/10.1103/RevModPhys.87.1213
https://doi.org/10.1016/0304-8853(96)00062-5
https://doi.org/10.1103/PhysRevApplied.13.044032
https://doi.org/10.1073/pnas.1507474112
https://doi.org/10.1103/PhysRevB.77.214429
https://doi.org/10.1063/1.5036836
https://doi.org/10.1103/PhysRevApplied.12.044032

KHAN, SHARMA, SCHNEIDER, and MEINERT

PHYS. REV. APPLIED 25, 044089 (2026)

[13]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

W. Skowronski, L. Karwacki, S. Zietek, J. Kanak, S.
Lazarski, K. Grochot, T. Stobiecki, P. Kuswik, F. Sto-
biecki, and J. Barnas$, Determination of spin Hall angle
in heavy-metal/Co-Fe-B-based heterostructures with inter-
facial spin-orbit fields, Phys. Rev. Appl. 11, 024039
(2019).

R. D. McMichael, C. G. Lee, J. E. Bonevich, P. J. Chen, W.
Miller, and W. F. Egelhoff, Strong anisotropy in thin mag-
netic films deposited on obliquely sputtered Ta underlayers,
J. Appl. Phys. 88, 5296 (2000).

C.Y.Hu, M. Y. Song, G. L. Chen, K. M. Chen, K. T. Chang,
1.J. Wang, Y. C. Hsin, S. Y. Yang, S. H. Li, J. H. Wei, T. Y.
Lee, and X. Y. Bao, 2T 1M and complementary 3T2M type-
XY SOT-MRAM with high performance and high density,
IEEE Electron Device Lett. 46, 1341 (2025).

N. H. D. Khang and P. N. Hai, Spin-orbit torque as a method
for field-free detection of in-plane magnetization switching,
Appl. Phys. Lett. 117, 252402 (2020).

S. Fukami, T. Anekawa, C. Zhang, and H. Ohno, A spin-
orbit torque switching scheme with collinear magnetic easy
axis and current configuration, Nat. Nanotechnol. 11, 621
(2016).

1. M. Miron, K. Garello, G. Gaudin, P. J. Zermatten, M. V.
Costache, S. Auffret, S. Bandiera, B. Rodmacq, A. Schuhl,
and P. Gambardella, Perpendicular switching of a single
ferromagnetic layer induced by in-plane current injection,
Nature 476, 189 (2011).

L. Liu, O. J. Lee, T. J. Gudmundsen, D. C. Ralph, and R.
A. Buhrman, Current-induced switching of perpendicularly
magnetized magnetic layers using spin torque from the spin
Hall effect, Phys. Rev. Lett. 109, 096602 (2012).

R. Posti, A. Kumar, M. Baghoria, B. Prakash, D. Tiwari,
and D. Roy, Odd symmetry planar Hall effect: A method of
detecting current-induced in-plane magnetization switch-
ing, Appl. Phys. Lett. 122, 152405 (2023).

J. Torrejon, F. Garcia-Sanchez, T. Taniguchi, J. Sinha, S.
Mitani, J.-V. Kim, and M. Hayashi, Current-driven asym-
metric magnetization switching in perpendicularly mag-
netized CoFeB/MgO heterostructures, Phys. Rev. B 91,
214434 (2015).

Y. T. Liu, C. C. Huang, K. H. Chen, Y. H. Huang, C. C. Tsai,
T. Y. Chang, and C. F. Pai, Anatomy of type-x spin-orbit-
torque switching, Phys. Rev. Appl. 16, 024021 (2021).

W. J. Kong, C. H. Wan, X. Wang, B. S. Tao, L. Huang,
C. Fang, C. Y. Guo, Y. Guang, M. Irfan, and X. F. Han,
Spin—orbit torque switching in a T-type magnetic configu-
ration with current orthogonal to easy axes, Nat. Commun.
10, 233 (2019).

Y. Liu, G. Shi, D. Kumar, T. Kim, S. Shi, D. Yang, J. Zhang,
C. Zhang, F. Wang, S. Yang, Y. Pu, P. Yu, K. Cai, and H.
Yang, Field-free switching of perpendicular magnetization
at room temperature using out-of-plane spins from TalrTe,,
Nat. Electron. 6, 732 (2023).

J. M. Lee, K. Cai, G. Yang, Y. Liu, R. Ramaswamy,
P. He, and H. Yang, Field-free spin—orbit torque switch-
ing from geometrical domain-wall pinning, Nano Lett. 18,
4669 (2018).

L. Pandey, B. Zhao, K. Tenzin, R. Ngaloy, V. Lamparska,
H. Bangar, A. Ali, M. Abdel-Hafiez, G. Zhang, H. Wu,

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

044089-12

et al., Tunable unconventional spin-orbit torque magneti-
zation dynamics in van der Waals heterostructures, Nat.
Commun. 16, 8722 (2025).

C.-Y. Lin, T.-C. Huang, T.-C. Hsin, and C.-F. Pai, Field-free
spin-orbit torque-induced exchange bias switching, ACS
Appl. Electron. Mater. 7, 6655 (2025).

Y.-C. Li, Y.-H. Huang, C.-C. Huang, Y.-T. Liu, and C.-F.
Pai, Field-free switching in symmetry-breaking multilay-
ers: The critical role of interlayer chiral exchange, Phys.
Rev. Appl. 20, 024032 (2023).

S. Husain, N. F. Prestes, O. Fayet, S. Collin, F. Godel, E.
Jacquet, T. Denneulin, R. E. Dunin-Borkowski, A. Thiav-
ille, M. Bibes, et al., Field-free switching of perpendicular
magnetization in an ultrathin epitaxial magnetic insulator,
Nano Lett. 24, 2743 (2024).

V. Kateel, V. Krizakova, S. Rao, K. Cai, M. Gupta, M. G.
Monteiro, F. Yasin, B. Sorée, J. De Boeck, S. Couet, et al.,
Field-free spin-orbit torque driven switching of perpendicu-
lar magnetic tunnel junction through bending current, Nano
Lett. 23, 5482 (2023).

Q. Yang, D. Han, S. Zhao, J. Kang, F. Wang, S. C. Lee, J.
Lei, K. J. Lee, B. G. Park, and H. Yang, Field-free spin-
orbit torque switching in ferromagnetic trilayers at sub-ns
timescales, Nat. Commun. 15, 1814 (2024).

Y.-T. Liu, Y.-H. Huang, C.-C. Huang, Y.-C. Li, C.-L.
Cheng, and C.-F. Pai, Field-free type-x spin-orbit-torque
switching by easy-axis engineering, Phys. Rev. Appl. 18,
034019 (2022).

G. Mihajlovi¢, O. Mosendz, L. Wan, N. Smith, Y. Choi, Y.
Wang, and J. A. Katine, Pt thickness dependence of spin
Hall effect switching of in-plane magnetized CoFeB free
layers studied by differential planar Hall effect, Appl. Phys.
Lett. 109, 192404 (2016).

F. Xue, S. J. Lin, M. Song, W. Hwang, C. Klewe, C. M. Lee,
E. Turgut, P. Shafer, A. Vailionis, Y. L. Huang, W. Tsai, X.
Bao, and S. X. Wang, Field-free spin-orbit torque switching
assisted by in-plane unconventional spin torque in ultrathin
Pt/Coy, Nat. Commun. 14, 3932 (2023).

S. Shi, S. Liang, Z. Zhu, K. Cai, S. D. Pollard, Y. Wang, J.
Wang, Q. Wang, P. He, J. Yu, ef al., All-electric magneti-
zation switching and Dzyaloshinskii-Moriya interaction in
WTe, /ferromagnet heterostructures, Nat. Nanotechnol. 14,
945 (2019).

Y. Wang, D. Zhu, Y. Yang, K. Lee, R. Mishra, G. Go,
S.-H. Oh, D.-H. Kim, K. Cai, E. Liu, et al., Magnetiza-
tion switching by magnon-mediated spin torque through an
antiferromagnetic insulator, Science 366, 1125 (2019).

X. Fan, J. Wu, Y. Chen, M. J. Jerry, H. Zhang, and J.
Q. Xiao, Observation of the nonlocal spin-orbital effective
field, Nat. Commun. 4, 1799 (2013).

M. Takahashi, T. Kono et al., Magnetic annealing of Co and
Co-Ni alloys, J. Phys. Soc. Jpn. 15, 936 (1960).

S. K. Kedia, N. Kumar, N. Sharma, and S. Chaudhary,
Grain diameter-dependent tuning of exchange anisotropy in
the ion-beam sputtered Co-based full Heusler alloy coupled
with antiferromagnet, J. Appl. Phys. 135, 053903 (2024).
S. van Dijken, G. Di Santo, and B. Poelsema, Influence of
the deposition angle on the magnetic anisotropy in thin Co
films on Cu(001), Phys. Rev. B 63, 104431 (2001).


https://doi.org/10.1103/PhysRevApplied.11.024039
https://doi.org/10.1063/1.1323436
https://doi.org/10.1109/LED.2025.3582797
https://doi.org/10.1063/5.0033158
https://doi.org/10.1038/nnano.2016.29
https://doi.org/10.1038/nature10309
https://doi.org/10.1103/PhysRevLett.109.096602
https://doi.org/10.1063/5.0143904
https://doi.org/10.1103/PhysRevB.91.214434
https://doi.org/10.1103/PhysRevApplied.16.024021
https://doi.org/10.1038/s41467-018-08181-y
https://doi.org/10.1038/s41928-023-01039-2
https://doi.org/10.1021/acs.nanolett.8b00773
https://doi.org/10.1038/s41467-025-64109-3
https://doi.org/10.1021/acsaelm.5c00974
https://doi.org/10.1103/PhysRevApplied.20.024032
https://doi.org/10.1021/acs.nanolett.3c04413
https://doi.org/10.1021/acs.nanolett.3c00639
https://doi.org/10.1038/s41467-024-46113-1
https://doi.org/10.1103/PhysRevApplied.18.034019
https://doi.org/10.1063/1.4967318
https://doi.org/10.1038/s41467-023-39649-1
https://doi.org/10.1038/s41565-019-0525-8
https://doi.org/10.1126/science.aav8076
https://doi.org/10.1038/ncomms2709
https://doi.org/10.1143/JPSJ.15.936
https://doi.org/10.1063/5.0188113
https://doi.org/10.1103/PhysRevB.63.104431

UNIAXIAL MAGNETIC ANISOTROPY...

PHYS. REV. APPLIED 285, 044089 (2026)

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

[50]

[51]

[52]

[53]

[54]

H. Ono, M. Ishida, M. Fujinaga, H. Shishido, and H. Inaba,
Texture, microstructure, and magnetic properties of Fe-Co
alloy films formed by sputtering at an oblique angle of
incidence, J. Appl. Phys. 74, 5124 (1993).

S. Scheibler, O. Yildirim, I. K. Herrmann, and H. J. Hug,
Inducing in-plane uniaxial magnetic anisotropies in amor-
phous CoFeB thin films, J. Magn. Magn. Mater. 585,
171015 (2023).

Y. Fukuma, Z. Lu, H. Fujiwara, G. J. Mankey, W. H. Butler,
and S. Matsunuma, Strong uniaxial magnetic anisotropy in
CoFe films on obliquely sputtered Ru underlayer, J. Appl.
Phys. 106, 076101 (2009).

X. Zhu, Z. Wang, Y. Zhang, L. Xi, J. Wang, and Q. Liu,
Tunable resonance frequency of FeNi films by oblique
sputtering, J. Magn. Magn. Mater. 324, 2899 (2012).

Z. Ali, D. Basaula, K. F. Eid, and M. Khan, Anisotropic
properties of oblique angle deposited permalloy thin films,
Thin Solid Films 735, 138899 (2021).

W. T. Soh, X. Zhong, and C. K. Ong, Dependence of
dynamic magnetization and magneto-transport properties
of FeAlSi films with oblique sputtering studied via spin
rectification effect, Appl. Phys. Lett. 105, 112401 (2014).
S. van Dijken, L. C. Jorritsma, and B. Poelsema, Steering-
enhanced roughening during metal deposition at grazing
incidence, Phys. Rev. Lett. 82, 4038 (1999).

A. Khan, N. S. Beermann, S. Sharma, T. d. O. Schneider,
W. Zhang, D. Turchinovich, and M. Meinert, Efficient spin-
tronic THz emitters without external magnetic field, Appl.
Phys. Lett. 126, 032403 (2025).

C. O. Avci, J. Mendil, G. S. Beach, and P. Gambardella,
Origins of the unidirectional spin Hall magnetoresistance
in metallic bilayers, Phys. Rev. Lett. 121, 087207 (2018).
T. Y. Chang, C. L. Cheng, C. C. Huang, C. W. Peng, Y. H.
Huang, T. Y. Chen, Y. T. Liu, and C. F. Pai, Large unidi-
rectional magnetoresistance in metallic heterostructures in
the spin transfer torque regime, Phys. Rev. B 104, 024432
(2021).

C. O. Avci, K. Garello, A. Ghosh, M. Gabureac, S. F.
Alvarado, and P. Gambardella, Unidirectional spin Hall
magnetoresistance in ferromagnet/normal metal bilayers,
Nat. Phys. 11, 570 (2015).

F. Xue, S.J. Lin, P. Li, W. Hwang, Y. L. Huang, W. Tsai, and
S. X. Wang, Spin-orbit torques of an in-plane magnetized
system modulated by the spin transport in the ferromagnetic
Co layer, APL Mater. 9, 101106 (2021).

Y. Ou, C.-F. Pai, S. Shi, D. C. Ralph, and R. A.
Buhrman, Origin of fieldlike spin-orbit torques in heavy
metal/ferromagnet/oxide thin film heterostructures, Phys.
Rev. B 94, 140414(R) (2016).

A. Manchon, Spin Hall effect versus Rashba torque: a
diffusive approach, arXiv:1204.4869.

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[64]

[66]

044089-13

S. Y. Jang, S. H. Lim, and S. R. Lee, Magnetic dead layer
in amorphous CoFeB layers with various top and bottom
structures, J. Appl. Phys. 107, 09C707 (2010).

M. Cecot, L. Karwacki, W. Skowronski, J. Kanak, J. Wrona,
A. Zywczak, L. Yao, S. van Dijken, J. Barnas, and T. Sto-
biecki, Influence of intermixing at the Ta/CoFeB interface
on spin Hall angle in Ta/CoFeB/MgO heterostructures,
Sci. Rep. 7, 968 (2017).

M. Frankowski, A. Zywczak, M. Czapkiewicz, S. Zietek, J.
Kanak, M. Banasik, W. Powroznik, W. Skowronski, J. Che-
cinski, J. Wrona, et al., Buffer influence on magnetic dead
layer, critical current, and thermal stability in magnetic tun-
nel junctions with perpendicular magnetic anisotropy, J.
Appl. Phys. 117, 223908 (2015).

K. Garello, I. M. Miron, C. O. Avci, F. Freimuth, Y.
Mokrousov, S. Bliigel, S. Auffret, O. Boulle, G. Gaudin,
and P. Gambardella, Symmetry and magnitude of spin-orbit
torques in ferromagnetic heterostructures, Nat. Nanotech-
nol. 8, 587 (2013).

A. Ghosh, S. Auffret, U. Ebels, and W. E. Bailey, Penetra-
tion depth of transverse spin current in ultrathin ferromag-
nets, Phys. Rev. Lett. 109, 127202 (2012).

G. Sala and P. Gambardella, Giant orbital Hall effect and
orbital-to-spin conversion in 3d, 5d, and 4f metallic het-
erostructures, Phys. Rev. Res. 4, 033037 (2022).

C.-Y. You, I. M. Sung, and B.-K. Joe, Analytic expression
for the temperature of the current-heated nanowire for the
current-induced domain wall motion, Appl. Phys. Lett. 89,
222513 (2006).

K. Fritz, L. Neumann, and M. Meinert, Ultralow switching-
current density in all-amorphous W-Hf/Co-Fe-B/TaO,
films, Phys. Rev. Appl. 14, 034047 (2020).

Y. Takeuchi, H. Sato, S. Fukami, F. Matsukura, and
H. Ohno, Temperature dependence of energy barrier
in CoFeB-MgO magnetic tunnel junctions with per-
pendicular easy axis, Appl. Phys. Lett. 107, 152405
(2015).

Q. X. Guo, Z. C. Zheng, L. H. Wang, K. Wang, X. M.
Wang, S. Cheng, W. He, G. H. Yu, H.-W. Lee, Y. Q. Guo,
et al., Spin-orbit torque induced magnetization switching
in the W/CoFeB/Zr/MgO multilayers with high thermal
stability, APL Mater. 11, 111126 (2023).

T. de Oliveira Schneider, S. Sharma, A. Khan, and M.
Meinert, OpenFMR: An open-source broadband ferromag-
netic resonance spectrometer, Rev. Sci. Instrum. 96, 033901
(2025).

S. Hait, S. Husain, H. Bangar, L. Pandey, V. Barwal, N.
Kumar, N. K. Gupta, V. Mishra, N. Sharma, P. Gupta, et al.,
Spin pumping through different spin-orbit coupling inter-
faces in B-W/interlayer/Co,FeAl heterostructures, ACS
Appl. Mater. Interfaces 14, 37182 (2022).


https://doi.org/10.1063/1.354299
https://doi.org/10.1016/j.jmmm.2023.171015
https://doi.org/10.1063/1.3223538
https://doi.org/10.1016/j.jmmm.2012.04.035
https://doi.org/10.1016/j.tsf.2021.138899
https://doi.org/10.1063/1.4895721
https://doi.org/10.1103/PhysRevLett.82.4038
https://doi.org/10.1063/5.0247998
https://doi.org/10.1103/PhysRevLett.121.087207
https://doi.org/10.1103/PhysRevB.104.024432
https://doi.org/10.1038/nphys3356
https://doi.org/10.1063/5.0048917
https://doi.org/10.1103/PhysRevB.94.140414
https://arxiv.org/abs/1204.4869
https://doi.org/10.1063/1.3355992
https://doi.org/10.1038/s41598-017-00994-z
https://doi.org/10.1063/1.4922499
https://doi.org/10.1038/nnano.2013.145
https://doi.org/10.1103/PhysRevLett.109.127202
https://doi.org/10.1103/PhysRevResearch.4.033037
https://doi.org/10.1063/1.2399441
https://doi.org/10.1103/PhysRevApplied.14.034047
https://doi.org/10.1063/1.4933256
https://doi.org/10.1063/5.0168705
https://doi.org/10.1063/5.0241406
https://doi.org/10.1021/acsami.2c09941

	I. INTRODUCTION
	II. METHODS
	A. Sample preparation
	B. Measurement setup
	C. Magnetic anisotropy and electrical detection of magnetization
	1. Uniaxial magnetic anisotropy
	2. Unidirectional spin-Hall magnetoresistance
	3. Direct-current planar Hall effect


	III. RESULTS AND DISCUSSION
	IV. CONCLUSION
	ACKNOWLEDGMENTS
	A. APPENDIX
	. References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.5
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


