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In this work we demonstrate a spin-orbit-torque (SOT) magnetic field sensor, designed as a
Ta/CoFeB/MgO structure, with high sensitivity and capable of active offset compensation in all three spa-
tial directions. This is described and verified in experiment and simulation. The measurements of magnetic
fields showed an offset of 35, 42, and 3 µT for x-, y-, and z-fields respectively. Furthermore, the sensitiv-
ities of these measurements had values of 590, 580, and 490 V A−1 T−1 in the x-, y-, and z-direction,
respectively. In addition, the robustness to bias fields is demonstrated via experiments and single-spin
simulations by applying bias fields in the y-direction. Cross sensitivities were further analyzed via single-
spin simulations, performing a parameter sweep of different bias fields in the y- and z-direction up to
±1 mT. The extraction of the SOT parameters ηDL and ηFL is shown via an optimization of a single-spin
curve to the experimental measurements.
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I. INTRODUCTION

Magnetic field sensors are a fundamental part of our
modern-day society. They are used in various systems,
including but not limited to automobiles , cell phones, and
robotics. In multiple applications such as electric current
sensors via magnetic fields, it is required to measure the
absolute value of the magnetic field with the highest accu-
racy. Here, the zero-field offset is the main limiting factor
in state-of-the-art sensors.

On the one hand, a big part of today’s magnetic field sen-
sors are Hall-based devices that use the spinning-current
technique to achieve active offset compensation in the
microtesla range [1,2]. On the other hand, magnetoresis-
tive devices, such as tunneling magnetoresistance sensors,
offer very high signal-to-noise ratios but typically lack
offset compensation [3–6].

In this work we utilize a modulation principle of the
magnetization to reduce the offset. This is realized by
spin orbit torque (SOT) that is highly energy efficient and
allows for integration into standard CMOS techniques.
The SOT effect is under intense focus due to the poten-
tial applications in memory and sensor applications [7–9].
Efforts have recently been made to utilize the current-
induced SOT effect for magnetic field sensing devices
[10–12]. We present a sensor based on this effect, designed
with active offset compensation. In contrast to Refs. [12]
and [13], our sensor is also able to measure z-fields offset-
free, which enables a true three-dimensional (3D) sensor
using only one sensitive element. Offset compensation in
the z-direction is achieved through the spinning-current
technique, commonly used in conventional Hall devices
[14,15].

II. THEORY

The geometry of the device studied is conceived as a
crosslike structure with an overall length of 10 µm and
a width of the individual arms of 2 µm [see Fig. 1(a)].

(a) (b)

FIG. 1. (a) The device analyzed is designed as a crosslike structure, with a ferromagnetic layer on top of a heavy metal layer. (b)
Spin separation via the spin Hall effect . Spin polarized current acts like a torque, through the components m × HDL and m × HFL, on
the magnetization of the ferromagnetic (FM) layer under the influence of an external magnetic field (Hext).

The sensor is composed of a ferromagnetic (FM) layer
of Co60Fe20B20 (1 nm) deposited on a heavy metal
(HM) layer of Ta (6 nm), which is in the β-phase.
A MgO (1.5 nm)/Ta (5 nm) heterostructure is subse-
quently deposited over the active layers, although this
is not depicted in Fig. 1(a). The whole stack is Ta
(6 nm)/Co60Fe20B20 (1 nm)/MgO (1.5 nm)/Ta (5 nm), with
the applied current flowing in the Ta (6 nm)/Co60Fe20B20
(1 nm) bilayer. This design enables the measurement of
the perpendicular voltage (Vxy) in response to an electrical
current (Ixx) [see Fig. 1(a)].

In order to describe the sensor principle we use the
Landau-Lifshitz-Gilbert equation augmented with the SOT
torque:

∂tm = −γ m × Heff + αm × ∂tm + T. (1)

Here γ is the gyromagnetic ratio, α the Gilbert damping
factor, and Heff the effective magnetic field. The torque
term T [16], given by

T = γ HFLm × p + γ HDLm × (m × p) , (2)

is orthogonal to the magnetization and can be expressed as
a fieldlike (FL) part (first term) and a dampinglike (DL)
part (second term). The spin polarization is expressed with
p, which points in the positive y-direction (p = (0, 1, 0)T)
[see Fig. 1(b)]. HDL and HFL represent the amplitudes of
the field components corresponding to the two distinct
parts, which can be expressed over the SOT coefficients
ηFL and ηDL as [10]

HDL/FL = pf · ηDL/FL, (3)

with

pf = je�
2eμ0tMs

. (4)
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Here je is the electrical current density flowing through
the HM layer, t the thickness of the FM layer, and Ms the
saturation magnetization of the FM layer.

The torque term T in Eq. (2) can be inserted into Eq. (1)
as field contributions [HFL = HFLp and HDL = HDLm ×
p, with m × HDL/HL visible in Fig. 1(b)] which act on the
magnetization of the FM layer [17]:

∂tm = −γ m × (
Heff − HFLp − HDLm × p

)+ αm × ∂tm.
(5)

With the magnetization initially aligned along x by the
external magnetic field, the dampinglike torque acts as an
effective field along z, resulting in an out-of-plane (OOP)
magnetization. Simultaneously, the fieldlike torque relaxes
the magnetization toward ±y, depending on the SOT cur-
rent direction. If the current direction is flipped in the other
direction, HDL and HFL change signs, leading to opposite
OOP magnetization. This can be described by analytically
solving Eq. (5) in the linear regime, assuming small fields
in the x- and/or z-directions (Hx, Hz), and a vanishing field
in the y-direction (Hy = 0). The detailed calculation can
be seen in Appendix A, which leads to

mz,I± = ∓Hx
∣∣pf
∣∣ ηDL + Hz(

∣∣pf
∣∣ ηFL)

(∣∣pf
∣∣ ηDL

)2 + (
∣∣pf
∣∣ ηFL)(

∣∣pf
∣∣ ηFL − Hk)

. (6)

Here Hk is the amplitude of the anisotropy field pointing in
the z-direction. It can be seen that if the z-magnetization
(mz,I−) with negative current is subtracted from the z-
magnetization with positive current (mz,I+) the response
is only sensitive to Hx-fields to first order, canceling any
cross sensitivities. The signal corresponding to external
x-fields (Sx) therefore takes the form

Sx (Hx) = Rs

2
· (mz,I+ − mz,I−

)

= −Rs
ηDLHx

−ηFLHk + (η2
DL + η2

FL)
∣∣pf
∣∣ . (7)

Here Rs is the anomalous Hall coefficient, used to convert
the equation into units of ohms (see Sec. VIII B). This fac-
tor was introduced to compare simulation data with mea-
sured data. Alternatively, if the magnetizations from the
two cases are added, the Hx component is canceled, leaving
the system sensitive primarily to external Hz-fields of first
order. This yields the signal for z-fields (Sz), which allows
the measurement of external fields without sensitivities in
other directions:

Sz (Hz) = Rs

2
· (mz,I+ + mz,I−

)

= Rs
ηFLHz

−ηFLHk + (η2
DL + η2

FL)
∣
∣pf
∣∣ . (8)

III. MEASUREMENT OF THREE-DIMENSIONAL
MAGNETIC FIELDS

To measure an external magnetic field using the SOT
effect, the anomalous Hall resistance Rxy = Vxy/Ixx was
determined from the anomalous Hall voltage (Vxy), which
was measured perpendicular to the current flow (I+

xx) [see
Fig. 1(a)] [18]. Since this method is sensitive to OOP mag-
netization, the anomalous Hall resistance is proportional to
mz. As mentioned earlier, to eliminate cross sensitivities,
the SOT current direction is reversed, and the subtrac-
tion of both resistance values yields the final signal. This
approach also has the advantage that any electrical offset
present in the measurement is canceled out, resulting in
an offset-compensated signal. This occurs because the off-
set remains constant for both current directions, leading to
a cancelation when subtracting the two cases, which can
be seen in Figs. 2(a) and 2(b). An external Hx-field can
therefore be determined using Eq. (7), represented by the
blue data in Fig. 2(d). By substituting Eq. (19) into Eq. (7),
the expression can be rewritten in terms of Rxy , which is
directly measurable:

Sx = 1
2

· (Rxy
(
I+
xx

)− Rxy
(
I−
xx

))
. (9)

Here Rxy
(
I±
xx

)
is the anomalous Hall resistance for the pos-

itive/negative SOT current direction. Due to symmetry, it
is possible to obtain the signal for external Hy-fields in
the same way, illustrated as the blue curve with squares
in Fig. 2(e):

Sy = 1
2

·
(

Ryx

(
I+
yy

)
− Ryx

(
I−
yy

))
. (10)

In this case the SOT current is applied in the y-direction,
denoted by Iyy , and the anomalous Hall voltage measured
in the x-direction (Vyx). In the analytical expression (7),
this case can be evaluated simply by exchanging x and y.

For measuring external z-fields, Eq. (8) can be used,
where any cross sensitivities are canceled out due to the
summation of mz,I+ and mz,I−. However, this does not
result in offset compensation, which is more challenging,
as the signal does not reverse when the direction of the
SOT current is changed [see Eq. (8) and Fig. 2(c)]. In
other literature such as Ref. [12], the Hz-field was obtained
by adding up the anomalous Hall effect (AHE) resistances
for ±Ixx or ±Iyy as in Eq. (8), which does not lead to
an offset compensation for the measurement of Hz-fields.
Additionally, in Ref. [13], the measurement of external z-
fields lacks offset compensation, and it was noted that the
remaining offset was subtracted from the data manually.
In contrast, we employ a compensation method similar
to the spinning-current principle used in commercial Hall

064037-3



SEBASTIAN ZEILINGER et al. PHYS. REV. APPLIED 24, 064037 (2025)

(a) (b) (c)

(d) (e) (f)

FIG. 2. (a) Measured Rxy for 2.7 mA current strength under external Hx-fields for I+
xx (blue dashed curve with circles) and I−

xx (red
dashed curve with circles). (b) Measured Ryx for 2.7 mA current strength under external Hy -fields. (c) Measured Rxy and Ryx for 2.7 mA
current strength under external Hz-fields for I±

xx (dashed curves with circles) and I±
yy (dashed curves with rectangles). (d) The sensor

response (blue curve with squares) for 2.7 mA current strength and single-spin simulation results (red curve with circles) under external
Hx-fields. The linear range is shown as the grey shaded area. (e) The same plot but for an external Hy -field sweep. (f) The response
under external Hz-fields.

sensors [14,15]:

Sz = 1
2

·
⎛

⎝
(

Rxy
(
I+
xx

)+ Rxy
(
I−
xx

)

2

)

−
⎛

⎝
Ryx

(
I+
yy

)
+ Ryx

(
I−
yy

)

2

⎞

⎠

⎞

⎠ . (11)

Summing the anomalous Hall resistances of I+
xx and I−

xx as
well as I+

yy and I−
yy , rather than subtracting them, elimi-

nates the SOT contributions from the signal. Subsequently,
a standard spinning-current technique can be applied, by
subtracting the two remaining terms. This allows an offset
compensated measurement of external magnetic fields in
all three directions, which is visible in Figs. 2(d)–2(f). The
experimental data were acquired using a current density of
je = 1.71 · 1011 A m−2 (Ixx = 2.7 mA), under an external
magnetic field ranging from μ0Hext = −10 mT to 10 mT.
The reported current density je refers specifically to the
value within the HM layer, while the value in parenthe-
ses indicates the total current applied across the Ta/CoFeB
bilayer. Details regarding the calculation of the current

density are provided in Sec. VIII D. The recording time
was tr = 0.5 s for each measurement.

The sensitivity or slope (κi can be extracted within the
linear range, utilizing the equation

κi = 1
Rs

dSi

dHi
[mA−1]. (12)

Here, Rs represents the anomalous Hall coefficient, which,
in our case, is Rs = 0.687 � [19] (see Sec. VIII B). Since
the sensitivities were measured in units of V A−1 T−1,
we define ξi = (Rs/μ0)κi to match the commonly used
units and simplify notation, accepting that both κi and ξi
represent sensitivity in different unit systems.

To extract the values from the experimental data an iter-
ative symmetric-fitting algorithm was used. Starting with
symmetric data points around zero magnetic field, a linear
regression was performed and compared to the next outer
data pair. If the relative deviation δr, defined as

δr = |Vmeas − Vfit|
|Vmeas| , (13)

was below 10%, the fitting window was expanded and
the process repeated. Here Vmeas is the measured voltage
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and Vfit the fitted voltage. The iteration stopped once
this criterion was no longer met. The resulting slope
provides the sensitivity, the intercept gives the field off-
set, and the largest accepted symmetric field interval
(±μ0Hmax) defines the linear range. For all three sensor
axes, the algorithm was initialized with an initial win-
dow of ±0.3 mT. Using this approach, the linear range
was found to be ±0.65 mT in the x-direction, ±0.6 mT in
the y-direction, and ±0.85 mT in the z-direction, which
is also shown in Figs. 2(d)–2(f). The extracted sensi-
tivity values of the sensor for the presented data are
ξx = −590 V A−1 T−1 (−1.59 V/T) in the x-direction,
ξy = −580 V A−1 T−1 (−1.57 V/T) in the y-direction,
and ξz = 490 V A−1 T−1 (1.32 V/T) in the z-direction. The
values in the parentheses were multiplied by the current
strength to show the sensitivities also in units of V T−1.
For comparison, commercially available tunnel magne-
toresistance (TMR) sensors exhibit significantly higher
performance metrics. For example, an Infineon TMR sen-
sor reports a linear range of 35 mT and a sensitivity of
9 × 104 V A−1 T−1 [10]. The device studied here exhibits
a more limited linear range and sensitivity, but in con-
trast enables active offset compensation in all three spatial
dimensions. Additional sensitivities reported in the liter-
ature can be found in Ref. [10]. The offset (oi) perfor-
mance of the sensor for vanishing field was ox = 35 µT
in the x-direction, oy = 42 µT in the y-direction, and oz =
3 µT in the z-direction, without shielding from the Earth’s
magnetic field.

To illustrate the thermal effects on the sensor behav-
ior, measurements under external x- and z-fields up to
40 mT at different SOT current strengths are included
in Appendix D, where the influence of temperature is
analyzed in detail.

To validate these results, the experimental data were
compared with single-spin simulations, shown as red cir-
cles in Figs. 2(d)–2(f). It can be seen that the simula-
tion agrees well with the experiment within the linear
range. For the cases with external in-plane (IP) fields the
simulation deviates slightly for higher external fields.

The parameters used for the simulations were
γ = 2.2128 · 105 mA−1 s−1, α = 0.01 [20,21], Ms =
1.2/μ0 A m−1, je = 1.71 · 1011 A m−2, Hk = 3049 A m−1,
t = 1 nm, ηFL = 0.0360, and ηDL = 0.0436. The anisotropy
field Hk and the SOT efficiency parameters ηDL and ηFL
were extracted from the experimental data using the ana-
lytical approach described in the following section. With
these values and Eq. (4), one obtains pf = 46 898 A m−1.
Unless stated otherwise, these parameters were used for all
simulations.

IV. EXTRACTION OF SOT PARAMETERS

A key challenge that arose during this process was the
lack of knowledge about the SOT efficiency parameters

(ηFL, ηDL) and the anisotropy field (Hk). Equations (7)
and (8), which connect these three parameters, can be uti-
lized to determine these values. This approach assumes
that the FM layer can be modeled as a single-spin sys-
tem and that the magnetization turns for sufficiently high
SOT current with vanishing external field into the negative
y-direction (see Appendices A and B).

From these equations one can derive the following
formulas for ηFL and ηDL:

ηFL = κz + Hkκ
2
z∣∣pf

∣∣ (κ2
x + κ2

z

) , (14)

ηDL = −κx − Hkκxκz∣∣pf
∣∣ (κ2

x + κ2
z

) , (15)

which only depend on the slopes κx and κz and the
anisotropy field Hk. Since the slopes are determined from
the experimental data (ξi = (Rs/μ0) κi), the only remain-
ing unknown is Hk, which can thus be determined.

To calculate the value for the anisotropy field the follow-
ing scheme was used. Single-spin simulations are carried
out, with the SOT parameters defined over the analytical
equations (14) and (15). The absolute difference between
the measured and simulated curves within an external field
range of ±10 mT is minimized by adjusting the Hk value,
which also determines the values of ηFL and ηDL. Because
the slope is fixed in the analytical solution, it does not
change with a change in Hk. The code optimizes the behav-
ior beyond the linear range. This process was performed
simultaneously for the data with external Hx- and Hz-
fields, shown in Figs. 2(d) and 2(f). An initial interval was
selected for the anisotropy field Hk. The algorithm identi-
fied the optimal value with the smallest deviation from the
measured signal, by evaluating equidistant points within
the initial interval, then creating a smaller interval around
this value and repeating the process. This procedure was
iterated five times in total. A detailed mathematical for-
mulation of the optimization algorithm can be found in
Appendix C.

Utilizing Eqs. (15) and (14), the values for ηDL and ηFL
were calculated:

μ0Hk = 3.83 mT,

ηDL = 0.0436,

ηFL = 0.0360.

(16)

The final outcome of the extraction is illustrated in
the simulation results of Figs. 2(d)–2(f), which show
the comparison between simulation and experiment. The
strength of the perpendicular magnetic anisotropy essen-
tially results from the balance of the perpendicular inter-
face anisotropy and the IP shape anisotropy. The behavior
of the anisotropy as a function of temperature for different
SOT current strengths for a different sample is shown in
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Appendix D. Additionally, the anisotropy field is extracted
there for two different current amplitudes.

V. MAGNETIZATION STATE

In the analytical solution, it was assumed that the mag-
netization could be approximated as a single-spin sys-
tem. Consequently, analyzing the magnetization state of
the FM layer is crucial. In the experiment, the resis-
tance Rxx = Vxx/Ixx along the current flow was measured
with a standard four probe configuration to minimize
the influence of contact resistance. (see Fig. 3). For the
measurement a current density of je = 1.84 · 1011 A m−2

(Ixx = 2.9 mA) and an external field between ±10 mT
was applied in the x-direction. The current pulse time
was dt = 0.3 s and the recording time was tr = 0.25 s.
A clear effect is visible between ±4 mT in the measure-
ment, where the Rxx values go down from 1070.55 �

to 1070.46 � [see Fig. 3(a)]. Reference [22] reports a
change in Rxx due to a dependency on the magnetiza-
tion direction in W/CoFeB/MgO heterostructures, which
can be explained mainly by spin Hall magnetoresistance
(SMR ∝

(
1 − m2

y

)
). In addition, anisotropic magnetore-

sistance (AMR ∝ m2
x) arises in the system but is reported

to be negligible. To examine the magnetization of the FM
layer in greater detail, single-spin and micromagnetic sim-
ulations were performed [see Fig. 3(b)]. For the micromag-
netic simulations, the GPU-enhanced finite-difference sim-
ulation software, MAGNUMNP, was utilized [23]. The sim-
ulation parameters for the micromagnetic simulation were
Aex = 1.3686 · 10−11 J m−1, Ku = 5.7479 · 105 J m−3, k =
(0, 0, 1)T, and D = 0.06 · 10−3 J m−2, taken from Ref. [24].
Here, Aex represents the exchange stiffness, Ku the uni-
axial anisotropy constant, k the anisotropy axis, while
D denotes the Dzyaloshinskii–Moriya interaction (DMI)
coefficient. We computed the uniaxial anisotropy constant

Ku from the extracted anisotropy field Hk. Using the satu-
ration magnetization Ms, the uniaxial anisotropy constant
can be expressed as (see Ref. [25])

Ku = μ0HkMs

2
+ μ0M 2

s

2
. (17)

The first term represents the intrinsic uniaxial anisotropy,
while the second term accounts for the shape (demagne-
tization) contribution, which is particularly relevant for
thin films. The values for the SOT parameters were taken
from the extraction mentioned in Eq. (16). The remaining
parameters are the same as in the single-spin simulation.
The SMR effect is visualized as the blue data, with a solid
line and circular markers for the single-spin simulation.
The dotted lines with point markers denote the micro-
magnetic simulations. In the simulation, the SMR effect is
limited to ±4 mT external magnetic field with a sharp peak
for the single-spin simulation. The AMR effect visualized
in red has a wider range without a peak for single-spin and
micromagnetic simulations. The shape and range of the
experimental data agree with the simulated SMR effect and
hint at a negligible AMR effect, agreeing with Ref. [22].
For the SMR the resistance scales with 1 − m2

y , leading to
lowest resistance values for a maximum m2

y magnetization
and therefore parallel/antiparallel alignment to the spin
polarization. The micromagnetic simulation only shows a
partial dip in 1 − m2

y , not agreeing with the assumption of
the analytical solution. Since the correlation between the
resistance decrease and the my magnetization in the sample
is unknown, a definitive conclusion on the magnetization
state cannot be drawn.

To better understand this, we compare the data from
the micromagnetic simulation, performed under an exter-
nal magnetic field sweep in the x-direction in the range
μ0Hx = ±10 mT, with a single-spin simulation. This com-
parison is illustrated in Fig. 4(a), where the single-spin

(a) (b)

FIG. 3. (a) Measured Rxx data over an external Hx-field. The reduced resistance due to the combined anisotropic magnetoresistance
(AMR) and spin Hall magnetoresistance (SMR) effect around weak external Hx-fields is visible. (b) The result of the single-spin
simulation (solid lines with circular markers) and the micromagnetic simulation (dotted lines with point markers) of the same situation.
The AMR effect (∝m2

x) is plotted as the red curve and the SMR effect (∝(1 − m2
y)) as the blue curve over the external Hx-field.
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(a)

(b)

FIG. 4. (a) Comparison of Sx over an external Hx-field sweep of the single-spin simulation (blue curve) and the micromagnetic
simulation (red curve) with an applied SOT current density je = 1.71 · 1011 A m−2. (b) Snapshots of the micromagnetic simulation over
an external Hx-field sweep for positive (top row) and negative (bottom row) SOT current. The mz-component of the magnetization for
the same Hx-field sweep is visualized. Blue areas denote negative magnetization values and red positive values, which can be seen in
the colorbar on the right.

simulation (blue curve) and the micromagnetic simulation
(red curve) are shown. The calculated signal is plotted
as a function of the external Hx-field. The micromagnetic
simulation shows good agreement with the single-spin
simulation, albeit with a slightly increased amplitude. In
Fig. 4(b) snapshots of the mz magnetization for different
Hx-field values and different SOT current directions can
be seen. Blue areas denote negative magnetization values
and red areas positive magnetization values, visualized in
the colorbar on the right in Fig. 4(b). The top row shows
snapshots for positive SOT currents, while the bottom row
corresponds to negative SOT currents. The cross-sectional
views reveal that, at low external fields (|μ0Hx| < 1.4 mT),
the magnetization adopts a multidomain OOP state with a
limited IP magnetization [see also Fig. 3(b)]. This behav-
ior deviates from the assumption of a uniform single-spin
system and thus does not align with the results of single-
spin simulations. The split in multiple domains explains
the big difference in SMR effect between single-spin and
micromagnetic simulations [see Fig. 3(b), blue lines].

Nevertheless, in the region |μ0Hx| ≤ 1.4 mT, the sig-
nals from both the single-spin and micromagnetic simula-
tions exhibit good agreement. This correspondence arises
because the combined effects of SOT and DMI induce
domain wall motion that shifts the domains outwards,
effectively resulting in a single-domain state [26]. In the

limit of vanishing external fields, a multidomain state
emerges with compensating domains, forming wavelike
patterns driven by the combined SOT and DMI effects.
These domains move under the SOT current, being anni-
hilated on one side while created on the other, such that
their contributions to the signal nearly cancel. Conse-
quently, consistency is observed in this regime as well [see
Fig. 4(b)].

VI. BEHAVIOR UNDER BIAS FIELDS

For a 3D magnetic field sensor, the cross sensitivities of
all three field components have to be investigated. On the
one hand, there is the possibility of IP bias fields while
measuring OOP fields. On the other hand, there are IP
and OOP bias fields when an IP component (x or y) is
measured. Low cross sensitivity is a prerequisite for the
simultaneous measurement of magnetic fields in any arbi-
trary direction. In Fig. 5(a) the case for an IP field (x-field)
measurement with an IP bias field in the y-direction is
shown. The measured anomalous Hall resistances Rxy(I+

xx)

and Rxy(I−
xx) are visualized for the cases without (blue

data) and with bias field (μ0Hy = 0.5 mT, red data). A cur-
rent density je = ±1.71 · 1011 A m−2 (Ixx = ±2.7 mA) was
applied for a pulse length dt = 0.6 s. The recording time
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(a) (b) (c)

FIG. 5. (a) The measured response curve for an external Hx-field sweep, with zero bias field (blue curve with squares) and μ0Hy =
0.5 mT bias field (red curve with squares), for SOT current in the ±x-direction. (b) The simulated data for the same two cases, utilizing
a single-spin simulation. (c) The calculated sensor curve for the measured data, using Eq. (9).

was set to tr = 0.5 s and the external μ0Hx-field was swept
from μ0Hext = 10 mT to −10 mT.

The data measured under the influence of a transverse
bias field in the y-direction reveal an increased amplitude
of the AHE signal for one SOT current polarity and a
decreased amplitude for the opposite polarity. This asym-
metry arises from the interplay between the fieldlike torque
and the transverse bias field, which together influence the
equilibrium configuration of the magnetization. As visible
in Eq. (A10) in Appendix A, the OOP magnetization com-
ponent mz in the presence of an x-directed external field
is inversely proportional to a denominator that depends on
the difference between the fieldlike torque and the applied
bias field Hy . When the bias field and the fieldlike torque
act in the same direction, their combined effect reduces
the denominator, enhancing mz and thereby increasing
the AHE signal. Conversely, if they partially cancel, the
denominator becomes larger, reducing the effective canting
and leading to a weaker AHE response.

This can be seen in the red curve of Fig. 5(a). For the
signal, starting at top left, the amplitude of the red curve
is slightly lower compared to the blue curve. The oppo-
site happens for the signal with opposite current direction,
where the amplitude is increased. For comparison a single-
spin simulation of the system was performed, which is
visible in Fig. 5(b). The z-magnetization is visualized over
an external Hx-field sweep for the same two cases, with-
out bias field (blue curve with circles) and with μ0Hy =
0.5 mT bias field (red curve with circles). Also in the sim-
ulation, the amplitude increases for one current direction
and decreases for the other direction, as in the experiment.

In Fig. 5(c), the signal (Sx) is plotted as a function of
the external Hx-field. The cases with no bias field (blue
curve with diamonds) and with a bias field of μ0Hy =
0.5 mT (red curve with diamonds) are shown. Both curves
exhibit nearly identical sensitivities (slopes), indicating
robustness to magnetic fields that are not aligned with

the measurement direction. This can be explained by the
increasing amplitude for one current direction and the
decreasing amplitude for the other current direction in
the measured anomalous Hall voltage, which almost per-
fectly cancels out the effect of external Hy bias fields.
The offset changes from ox(μ0Hy = 0 mT) = 50 µT to
ox(μ0Hy = 0.5 mT) = 76 µT in the presence of an exter-
nal bias field in the y-direction. The sensitivity changes
from ξx(μ0Hy = 0 mT) = 583 V A−1 T−1 to ξx(μ0Hy =
0.5 mT) = 557 V A−1 T−1.

For bias fields in the y- and z-directions, single-spin
simulations were performed over various amplitudes up to
±1 mT in each direction, as shown in Fig. 6. For every Hy
and Hz bias field, a full Hx sweep was performed, as is vis-
ible in Fig. 5. This allowed the extraction of the sensitivity
and offset data. The resulting sensitivities and offsets natu-
rally depend on the strength of the SOT, determined by the
SOT current and associated parameters, and in this case
correspond to the experimental conditions shown in Fig. 2.
In the case where both Hy and Hz bias fields were applied
simultaneously, only simulations could be conducted, as
the magnetic coils were limited to generating a 2D mag-
netic field. In Fig. 6(a) the sensitivity data ξx are visualized.
The color code defines the amplitude of the data. On the x
(y) axis the Hy-field (Hz-field) is varied. As can be seen, an
Hy bias field does not change the slope a lot, which agrees
with the measurement in Fig. 5(c). For higher Hy bias
fields, the sensitivity decreases from ξx = 577 V A−1 T−1

in the absence of a bias field to ξx = 538 V A−1 T−1 at
μ0Hy = 0.5 mT. This reduction occurs because, as the
external bias field increases, the SOT effect becomes less
significant in comparison. As a result the magnetization of
the FM layer will align with the external magnetic field and
therefore decrease the SOT effect for both current direc-
tions. This will also lead to a decrease in the sensitivity,
which can be observed in Fig. 6(a). This becomes notice-
able above the linear range of the sensor, which is around
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(a) (b)

FIG. 6. (a) The simulated sensitivity (ξx) in units of V A−1 T−1 over external Hx-fields for different external bias fields in the y- and
z-directions utilizing single-spin simulations. (b) The extracted offset values for different external bias fields in the y- and z-directions.

±0.6 mT for IP fields. For the case of external μ0Hz-fields
the sensitivity drops significantly at bias fields just above
0.5 mT from ξx = 577 V A−1 T−1 to ξx = 301 V A−1 T−1

for μ0Hz = 0.8 mT.
In Fig. 6(b) the simulated offset values for different

bias fields can be seen. When the bias field is applied in
only one direction (either the y- or z-direction), the off-
set remains zero. However, when the bias field has both
y- and z-components, the offset becomes nonzero. For
smaller external bias fields up to ±0.6 mT (within the lin-
ear range), the offset remains relatively small (less than
50 µT). Beyond this range, the magnetization response to
external fields is not linear anymore and therefore can not
be utilized for detecting these fields. Despite this the sim-
ulation can still be performed successfully, and it appears
that the offset begins to decrease again in the region from
μ0Hy = 0.5 mT to μ0Hz = 0.75 mT, suggesting the onset
of some compensation.

VII. DISCUSSION AND CONCLUSION

A 3D magnetic field sensor with offset compensation in
all three dimensions has been shown. Utilizing a modula-
tion principle of the magnetization via SOT, an offset per-
formance of the order of tens of microteslas was achieved.
For the measurement of the x-component of an external
magnetic field with small (within the linear range of the
sensor) Hy bias fields, no cross sensitivities were mea-
sured. An approach has been introduced to also measure
the Hz-component without offset, employing a technique
similar to the conventional spinning-current method in
Hall effect sensors [15].

While the linear range of the present device is more
limited compared to commercial sensors, strategies such

as multilayer designs, alternative material stacks, or inter-
face engineering could be employed to extend the linear
regime. These approaches remain promising directions for
future development, with the multilayer design already
demonstrated in Ref. [27]. Such improvements are partic-
ularly relevant given the observed device instability and
degradation over its operational lifetime.

The sensitive element is able to detect external magnetic
fields in all three directions, without major cross sensitiv-
ities or changes in the offset, within a certain field range.
If the amplitude of the bias field exceeds the linear range
of the sensor (exceeding 0.6 mT for IP fields and 0.85 mT
for OOP fields), then there is a noticeable change in the
sensitivity and therefore in the signal.

The present study focused on the quasistatic behavior of
the samples. While a full frequency-dependent characteri-
zation could provide additional insight, previous work on
similar Ta/CoFeB/MgO/Ta devices [12] indicates that the
noise is dominated by 1/f and Johnson contributions, sug-
gesting that quasistatic measurement methods such as the
spinning-current technique remain valid.

The magnetization state of the FM layer could not
be fully determined experimentally. Attempts to capture
magneto-optic Kerr effect images of the structure were not
successful due to nontransparent layers on top of the sen-
sitive structure. Consequently, the analytical extraction of
the SOT parameters should be interpreted with caution, as
it relies on the assumption of a single-spin system. Notably,
the signs of the SOT parameters are the same, in contrast
to the literature (see p. 31 in Ref. [16]), which reports
opposite signs. Despite these limitations, the observed
behavior was well reproduced by single-spin simulations.
This method is expected to perform optimally for an IP
FM layer consisting of a single domain and should inspire
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researchers to extract the SOT parameters (ηFL and ηDL)
from measurements, utilizing this approach.

VIII. METHODS

A. Sample fabrication

The samples examined in this work were produced on
the same wafer with the same structure as those described
in Ref. [10]. For the sake of completion, the production
method is repeated here.

The SOT structure was produced on a 8-inch silicon
wafer using a Singulus Rotaris system. Prior to depositing
the three-layer film stack, an aluminum metallization layer
was added to the wafer to establish electrical contact with
the SOT structure from below. The aluminum layer was
connected to the SOT structure through tungsten vias, sep-
arated by a SiO2 insulating layer. A chemical mechanical
polishing step was performed to smooth the surface before
proceeding with the deposition of the SOT film stack. The
stack consisted of Ta (6 nm)/Co60Fe20B20 (1 nm)/MgO
(1.5 nm)/Ta (5 nm) and was deposited using physical vapor
deposition in a vacuum environment, with a base pres-
sure of less than 5 · 10−9 torr, ensuring no vacuum breaks
between layers. Argon served as the sputtering gas for all
the layers, with metal layers deposited in dc mode and the
MgO layer in rf mode. After deposition, the wafers were
annealed in a nitrogen atmosphere for 2 h at 280◦C. The
Hall bars used in this study were patterned from the films
using conventional optical lithography and Ar ion etching.
To protect the SOT structure from corrosion, a passiva-
tion layer was deposited. Further encapsulation, involv-
ing aluminum-filled vias around and metallization layers
on top of the SOT structure, enhances heat dissipation.
Finally, the pads were released by opening the passiva-
tion layer, and standard mechanical dicing techniques were
used for separation.

B. Determination of Rs

To convert resistance values into the normalized mag-
netization in the z-direction (mz), the anomalous Hall
resistivity ρxy can be used [19]:

ρxy = R0Hz + RsMz. (18)

R0Hz represents the ordinary Hall resistivity, with R0
denoting the ordinary Hall coefficient, while RsMz rep-
resents the anomalous Hall resistivity, with Rs denoting
the anomalous Hall coefficient. Because the ordinary Hall
effect is almost always negligible compared to the AHE,
the measured resistance Rxy , in the experiment, can be
linearly correlated with the magnetization [28]:

Rxy ≈ Rsmz. (19)

The AHE coefficient Rs was determined via the AHE
resistance Rxy for a sample saturated in the z-direction.

For the calculation of the AHE coefficient the Hz mea-
surement data were used, which can be seen in Fig. 2(f).
The amplitude of Sz, in units of ohms, at highest applied
external magnetic field was used (Sz (μ0Hz = ±40 mT)).
This value was defined equivalent with mz = 1 for a cur-
rent density je = 1.71 · 1011 A m−2 (Ixx = 2.7 mA), which
leads to the AHE coefficient Rs:

Rs = 0.5 · [Sz (μ0Hz = 40 mT) − Sz (μ0Hz = −40 mT)]

= 0.687 �. (20)

This allows the conversion from resistance values in units
of ohms to unit magnetization, which enables the direct
comparison between experimental results and simulations,
visible in Figs. 2(d)–2(f).

C. Measurement equipment

For the measurements the following equipment was
used. To apply external magnetic fields, 2D coils from the
company Brockhaus Messtechnik GmbH & Co. KG were
used, powered by 2 Kepco power supply units. The power
supply and measurement units for the test samples were
provided by National Instruments. A PXIe-4139 SMU card
was used as the power supply unit, while a PXIe-6366
card with a resolution of 2 MS/s served as the measure-
ment unit. The entire experimental setup was connected
to a computer, which controlled all operations. LABVIEW
(National Instruments) was used to measure the samples
and send commands to the power supply units. All mea-
surements in this work were conducted using pulsed dc
currents. For each value of the external magnetic field, both
positive and negative SOT current pulses were applied.
After sweeping through both current directions, the exter-
nal field was incremented, starting and ending with a
positive value. During each pulse, a dc current was applied
to the test sample, and the measurement was performed.
A short rest period followed each pulse. To minimize dis-
turbances from time-varying magnetic fields, the external
field was held constant throughout each pulse sequence.

D. Determination of current density in heavy metal

Since only the applied current in the Ta/CoFeB
(HM/FM) bilayer is known, the current density within the
HM layer, relevant for the SOT effect, must be calculated.
As the individual layer resistivities were not measured, lit-
erature values are used for this purpose. For the Ta layer,
which is in the β-phase, Ref. [29] reports a resistivity
of approximately ρTa = 200 µ� · cm at a temperature of
T = 300 K. Considering the sample heating due to high
current densities, we assume a slightly reduced resistiv-
ity of ρTa = 190 µ� · cm. For the CoFeB layer, Ref. [29]
also provides a resistivity value of ρCoFeB = 100 µ� · cm.
Using these two values and a two-resistors model, we get
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the two resistances for the two individual layers with the
equation

R = ρ · L
w · t

. (21)

Here ρ is the sheet resistivity, L the length of the Hall
bar the current is traveling through, w the width of the
Hall bar, and t the layer thickness. We have the following
values: L = 10 µm, w = 2 µm, tTa = 6 nm, and tCoFeB =
1 nm. The resistivities were already mentioned above. With
Eq. (21) one obtains RTa = 1583 � and RCoFeB = 5000 �,
which leads to a total resistance of Rtotal = 1203 �. This is
close to the measured resistance of Rxx = 1070 �, visible
in Fig. 3(a). Assuming ideal parallel conduction without
interfacial resistance, the individual layer currents can be
derived from the applied total current. In the measurements
(see Fig. 2), a total current of Ixx = 2.7 mA was used. This
leads to ITa = 2.05 mA and ICoFeB = 0.65 mA, with the
current densities following from these values: jTa = 1.71 ·
1011 A m−2 and jCoFeB = 3.25 · 1011 A m−2. This means
that for the case of an applied current of Ixx = 2.7 mA we
have a current density of jTa = 1.71 · 1011 A m−2 flowing
through the HM layer. Because the total resistance does
not agree perfectly with the measured resistance the cor-
rect values could be a bit off and lead to slightly different
SOT parameters [see ηDL and ηFL in Eq. (16)]. However,
the exact value does not impact the validity of the results
because the extracted SOT parameters, ηDL and ηFL, scale
inversely with the applied current density [the pf factor in
Eqs. (A18) and (A19) in Appendix A]. Consequently, any
variation in the simulated current density is exactly offset
by a proportional adjustment in the extracted parameters.
Put differently, doubling the current density would simply
halve the SOT parameters, and vice versa. Therefore, the
absolute value of the current density used in the simulation
acts merely as a scaling factor and does not affect the fun-
damental physics or the interpretation of the extracted SOT
parameters. It reflects the experimental situation of the data
used for the extraction, which can be seen in Fig. 2.
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APPENDIX A: ANALYTICAL SOLUTION

The magnetization measured and simulated in this work
can be described with an analytical equation which will be
derived below. This approach assumes that the FM layer
can be modeled as a single-spin system. If the spins are
polarized in the y-direction, p can be represented as

p =
⎛

⎝
0
1
0

⎞

⎠ . (A1)

The total effective field (Heff,total), including the DL and FL
field, can be expressed as

Heff,total = Heff − HFLp − HDLm × p, (A2)

with Heff defined as

Heff = H + Hk, (A3)

in which H denotes the contribution from external fields,
and Hk is the effective anisotropy field, which in our case
always points along the z-direction. The anisotropy field is
defined as

Hk = Hk (m · k) k, (A4)

with the anisotropy axis k pointing in our case in the z-
direction [30], and the amplitude

Hk = 2K1

μ0Ms
. (A5)

Here Ms is the saturation magnetization and K1 the
anisotropy constant. In equilibrium the total effective field
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has to be parallel to the magnetization [see Eq. (5)]. In
other words, Heff,total = g · m, which leads to

Hx + mz · HDL = g · mx,

Hy − HFL = g · my ,

Hz − mx · HDL + mz · Hk = g · mz.

(A6)

Here mi is the ith component of the magnetization unit
vector and g a proportionality factor. Rearranging this
equation yields

mz = myHz
(
Hy − HFL

)− m2
yHxHDL

(
Hy − HFL

) (
Hy − HFL − Hkmy

)+ m2
yH 2

DL
. (A7)

It is possible to replace HDL and HFL, utilizing Eq. (3):

mz = myHz
(
Hy − pf ηFL

)− m2
yHxpf ηDL

(
Hy − pf ηFL

) (
Hy − pf ηFL − Hkmy

)+ m2
ypf

2η2
DL

(A8)

For small Gilbert damping and sufficiently strong posi-
tive current (I+

xx), we assume values for ηDL and ηFL so that
the magnetization almost points completely in the negative
y-direction [31]:

m =
⎛

⎝
mx
−1
mz

⎞

⎠ . (A9)

A more detailed analysis of the equilibrium magnetization similar to Ref. [31] is given in Appendix B. This leaves us
with the following expression for the z-magnetization for positive SOT current:

mz,I+ = −Hx
∣∣pf
∣∣ ηDL + Hz(

∣∣pf
∣∣ ηFL − Hy)

(∣∣pf
∣∣ ηDL

)2 + (
∣∣pf
∣∣ ηFL − Hy)(

∣∣pf
∣∣ ηFL − Hk − Hy)

. (A10)

For negative current the magnetization will point in positive y-direction and also the signs of
∣∣pf
∣∣ ηDL/FL change. This

leaves us with

mz,I− = Hx
∣∣pf
∣∣ ηDL + Hz(

∣∣pf
∣∣ ηFL + Hy)

(∣∣pf
∣∣ ηDL

)2 + (
∣∣pf
∣∣ ηFL + Hy)(

∣∣pf
∣∣ ηFL − Hk + Hy)

. (A11)

Equations A10 and A11 can be combined into a single equation:

mz,I± = ∓Hx
∣∣pf
∣∣ ηDL + Hz(

∣∣pf
∣∣ ηFL ∓ Hy)

(∣∣pf
∣∣ ηDL

)2 + (
∣∣pf
∣∣ ηFL ∓ Hy)(

∣∣pf
∣∣ ηFL − Hk ∓ Hy)

. (A12)

Now assuming vanishing Hy-fields, the equation becomes

mz,I± = ∓Hx
∣∣pf
∣∣ ηDL + Hz(

∣∣pf
∣∣ ηFL)

(∣∣pf
∣∣ ηDL

)2 + (
∣∣pf
∣∣ ηFL)(

∣∣pf
∣∣ ηFL − Hk)

. (A13)

By subtracting the solution for positive SOT current from
that for negative SOT current, one can derive the analytical
expression for the signal for external x-fields Sx:

Sx (Hx) = Rs

2
· (mz,I+ − mz,I−

)

= −Rs
ηDLHx

−ηFLHk + (η2
DL + η2

FL)
∣∣pf
∣
∣ . (A14)

Similarly, by summing the two cases, the signal Sz for
external z-fields can be obtained:

Sz (Hz) = Rs

2
· (mz,I+ + mz,I−

)

= Rs
ηFLHz

−ηFLHk + (η2
DL + η2

FL)
∣
∣pf
∣∣ . (A15)

Utilizing the definition of the slopes [Eq. (12)], one obtains

κx = − ηDL

−ηFLHk + (
η2

DL + η2
FL

) ∣∣pf
∣∣ , (A16)

κz = ηFL

−ηFLHk + (
η2

DL + η2
FL

) ∣∣pf
∣∣ . (A17)

Rearranging these equations in terms of the SOT parame-
ters ηFL and ηDL, one is left with the final equation utilized

064037-12



SPIN-ORBIT-TORQUE-ENABLED. . . PHYS. REV. APPLIED 24, 064037 (2025)

for the extraction:

ηFL = κz + Hkκ
2
z∣∣pf

∣∣ (κ2
x + κ2

z

) , (A18)

ηDL = −κx − Hkκxκz∣∣pf
∣∣ (κ2

x + κ2
z

) . (A19)

APPENDIX B: EQUILIBRIUM MAGNETIZATION

Understanding the equilibrium magnetization under
varying SOT strength is essential. To this end, we begin
with the explicit Landau-Lifshitz-Gilbert-Slonczewski
equation including SOT, as described in Ref. [17]:

∂tm = − γ

1 + α2 m × [Hk + (αHDL − HFL) p] − αγ

1 + α2 m ×
(

m ×
[

Hk −
(

1
α

HDL + HFL

)
p
])

, (B1)

To obtain a representation independent of the magnitude of Hk, we introduce relative coordinates HDL/Hk and HFL/Hk,
yielding

∂tm =
(

γ Hk

1 + α2

)(
−m ×

[
êzmz +

(
α

(
HDL

Hk

)
−
(

HFL

Hk

))
p
]

− αm ×
(

m ×
[

êzmz −
(

1
α

(
HDL

Hk

)
+
(

HFL

Hk

))
p
]))

.

(B2)

Here, êz = (0, 0, 1) denotes the unit vector in the z-direction. We now perform a rescaling of the time t to make both sides
of the equation dimensionless. However, caution is required when Hk changes sign, as this would formally correspond to
negative time evolution. To avoid this issue, we separate the sign and magnitude of Hk, treating |Hk| in the prefactor and
keeping the sign explicitly in the dynamics:

∂tm =
(

γ |Hk| sgn (Hk)

1 + α2

)(
−m ×

[
êzmz +

(
α

(
HDL

Hk

)
−
(

HFL

Hk

))
p
]

−αm ×
(

m ×
[

êzmz −
(

1
α

(
HDL

Hk

)
+
(

HFL

Hk

))
p
]))

. (B3)

We now define the rescaled time t′ via

t′ = t ·
(

γ |Hk|
1 + α2

)
. (B4)

This rescaling allows for a unified treatment of cases where Hk is positive or negative, while always evolving the system
forward in (rescaled) time. The resulting dimensionless equation is

∂t′m = −sgn (Hk) ·
(

m ×
[

êzmz +
(

α

(
HDL

Hk

)
−
(

HFL

Hk

))
p
]

+ αm ×
(

m ×
[
êzmz −

(
1
α

(
HDL

Hk

)
+
(

HFL

Hk

))
p
]))

.

(B5)

Since we are only interested in the final equilibrium
state and not the full time evolution, the specific value
of t′f merely determines when the system has relaxed.
Equation (B5) is integrated using the vode solver from
the SciPy library, configured with the backward differ-
entiation formula method, across a range of values for
HDL/Hk and HFL/Hk. The initial magnetization is set to
minit = (1, 0, 0), which contrasts with Ref. [31], where the
initial state pointed along the z axis. We use a rescaled time

step of �t′ = 0.1, and integrate up to t′f = 100. The damp-
ing parameter in our simulations is fixed at α = 0.05, and
a positive anisotropy field is assumed. References [20,21]
report low damping around 0.01, varying with CoFeB
thickness. The value α = 0.05 is representative, and, as
shown in Ref. [31], varying the damping parameter slightly
does not significantly affect the simulation results. The
remaining simulation parameters were kept unchanged and
are listed at the end of Sec. III (Fig. 7).
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(a) (b) (c)

FIG. 7. Simulated equilibrium magnetization in the x- (a), y- (b), and z-direction (c) for different SOT strengths, normalized to the
anisotropy field. Values range up to ±1.5 · HFL/DL/Hk.

The results show that, for sufficiently strong SOT(∣∣HDL/FL/Hk
∣∣ > 0.5

)
, the magnetization predominantly

relaxes into the y-direction. For positive values of the
dampinglike torque the system relaxes mostly in the nega-
tive y-direction, agreeing with the assumption of the ana-
lytical solution (see Appendix A). The thin, nearly vertical
features correspond to persistent magnetization oscilla-
tions, indicating nonconverging dynamics, consistent with
the observations in Ref. [31].

APPENDIX C: ANISOTROPY FIELD
EXTRACTION

To determine the optimal anisotropy field Hk, an itera-
tive minimization scheme was employed based on mini-
mizing the absolute error between measured and simulated
signals under external fields Hx and Hz. Since the measured
and simulated signals are subtracted from each other, a dis-
tinct nomenclature becomes necessary, even though they
represent the same quantity.

1. Definitions

Let Smeas
x (Hx,i) and Smeas

z (Hz,i) be the measured signals,
Ssim

x (Hx,i, Hk) and Ssim
z (Hz,i, Hk) be the simulated signals

dependent on Hk, and μ0Hx/z,i ∈ [−10 mT, 10 mT] be a set
of NH equidistant external field points.

2. Error function

The total error for a given Hk is defined as the sum
of absolute differences between simulated and measured
signals:

�(Hk) =
NH∑

i=1

(
Smeas

x (Hx,i) − Ssim
x (Hx,i, Hk)

)2

+
NH∑

i=1

(
Smeas

z (Hz,i) − Ssim
z (Hz,i, Hk)

)2
. (C1)

3. Optimization procedure

(1) Initialize a search interval for Hk: [Hk,min, Hk,max].
(2) Choose the number of discrete evaluation points per

iteration, Nk, and total number of refinement steps, niter.
(3) For each iteration j = 1, . . . , niter:
(a) Define Nk equidistant test points, H (1)

k , . . . , H (Nk)

k ,
within the current interval.

(b) Evaluate �(H (i)
k ) for all i = 1, . . . , Nk.

(c) Identify the minimizing value:

H ∗
k = arg min

H (i)
k

�(H (i)
k ).

(d) Define a new narrower interval around H ∗
k :

H (j +1)

k,min = H ∗
k − δj , H (j +1)

k,max = H ∗
k + δj ,

with δj = (H (j )
k,max − H (j )

k,min)/Nk.
(4) After the final iteration, the optimal anisotropy field

is taken as:
H opt

k = H ∗
k .

In this work we used μ0Hk,min = 0 mT, μ0Hk,max =
100 mT, Nk = 20, and niter = 5.

APPENDIX D: TEMPERATURE INFLUENCE

Joule heating occurs due to the strong SOT currents and
therefore requires careful investigation. To study this, Rxy
was measured for one of the samples at different current
strengths. The measurement employed pulsed dc currents
with a pulse duration of dt = 0.3 s and a recording time of
tr = 0.25 s. The external magnetic field was swept between
μ0Hext = ±40 mT in increments of 0.1 mT.

The data measured under OOP magnetic fields are
shown in Fig. 8(a). The applied current amplitude was
varied from Ixx = 1.9 mA to Ixx = 2.9 mA, represented by
a gradual change in color from dark purple (lowest cur-
rent strength) to bright yellow (highest current strength). A
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(a) (b) (c)

FIG. 8. (a) Measured Rxy values for different applied SOT currents along the x-direction (Ixx) under external OOP magnetic fields Hz .
The region from μ0Hz = 0 mT to μ0Hz = 2 mT is shown enlarged at bottom right. (b) Measured Rxy values for the same SOT currents
under external magnetic fields applied along the x-direction. (c) Measured effective anisotropy fields Hk as a function of temperature
for different FM layer thicknesses in the stack Ta (6)/Co60Fe20B20 (tFM)/MgO (1.5)/Ta (5).

decrease in the saturation magnetization due to Joule heat-
ing is observed. Both current directions were measured,
with positive currents indicated by circles and negative
currents by squares. This difference is more clearly visible
in the enlarged plot from μ0Hz = 0 mT to μ0Hz = 2 mT,
where a slight asymmetry between positive and negative
current directions can be seen.

In Fig. 8(b), the measured Rxy data under an external
magnetic field applied along the x-direction for the same
SOT currents are shown. With increasing current, not only
does the maximum amplitude decrease, but the shape of
the curve also changes. This behavior can be explained by
the decreasing magnetic anisotropy with rising tempera-
ture, with clear OOP characteristics gradually transitioning
to a more IP magnetization. This observation is consis-
tent with the experimentally measured anisotropy fields
(Hk) shown in Fig. 8(c). The Hk values were measured
as a function of temperature up to T = 250◦C for differ-
ent FM layer thicknesses [Ta (6)/Co60Fe20B20 (tFM)/MgO
(1.5)/Ta (5)]. For these measurements, an external mag-
netic field was applied without SOT current, and the sat-
uration point was taken as the anisotropy field. For tFM =
1.02 nm, the anisotropy field shows a transition from OOP
to IP magnetization between T = 150◦C and T = 200◦C,
which corresponds approximately to the device temper-
ature at the highest current. This also agrees with the
extracted anisotropy for the sample analyzed in Sec. III.
The change in anisotropy is further reflected in Fig. 8(a),
where the measured data before saturation shift with
increasing current. For higher current amplitudes, larger
fields are required to reach complete saturation.

Applying the anisotropy field extraction algorithm to
the data of the device shown in Figs. 8(a) and 8(b)
for a SOT current amplitude of Ixx = 2.7 mA, with an
external magnetic field swept between μ0Hext = ±40 mT,
yields an anisotropy field of μ0Hk = 3.85 mT, which
is nearly identical to the value reported in Sec. IV.

This shows low variation in device-to-device perfor-
mance regarding the anisotropy field. For a higher SOT
current (Ixx = 2.9 mA), the extracted anisotropy field
decreases to μ0Hk = 2.50 mT, demonstrating the reduc-
tion in anisotropy with increasing current strength.
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