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Single-device offset-free magnetic field sensing with tunable sensitivity and linear
range based on spin-orbit torques

Sabri Koraltan®,"2" Christin Schmitt,? Florian Bruckner,' Claas Abert,'* Klemens Priigl®,’
Michael Kirsch,® Rahul Gupta®,’ Sebastian Zeilinger,® Joshua M. Salazar-Mejia®,'-?
Milan Agrawal,” Johannes Giittinger, Armin Satz,® Gerhard Jakob®,?> Mathias Klaui,® and

Dieter Suess

1,4

1Physics of Functional Materials, Faculty of Physics, University of Vienna, Vienna, Austria

Vienna Doctoral School in Physics, University of Vienna, Vienna, Austria

’ Institute of Physics, Johannes Gutenberg University Mainz, Mainz 55099, Germany

*Research Platform MMM Mathematics-Magnetism-Materials, University of Vienna, Vienna, Austria
5Inﬁneon Technologies AG, Regensburg, Germany
6lnﬁneon Technologies AG, Villach, Austria
7lnﬁneon Technologies AG, Munich, Germany

® (Received 23 March 2023; revised 5 August 2023; accepted 22 September 2023; published 30 October 2023)

We propose a novel device concept that uses spin-orbit torques to realize a magnetic field sensor, where
we eliminate the sensor offset using a differential measurement concept. We derive a simple analytical for-
mulation for the sensor signal and demonstrate its validity with numerical investigations using macrospin
simulations. The sensitivity and the measurable linear sensing range in the proposed concept can be tuned
by varying the effective magnetic anisotropy or the magnitude of the injected currents. We show that
undesired perturbation fields normal to the sensitive direction preserve the zero-offset property and only
slightly modulate the sensitivity of the proposed sensor. Higher harmonic voltage analysis on a Hall cross
experimentally confirms the linearity and tunability via current strength. Additionally, the sensor exhibits
a nonvanishing offset in the experiment, which we mostly attribute to the anomalous Nernst effect.
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I. INTRODUCTION

Spintronics has been a very active field of research
since the discovery of the giant magnetoresistive effect
[1,2]. With the ability to control the magnetization of mag-
netic materials using spin-polarized currents [3—5], new
possibilities have emerged for spintronic devices [6-9].
Spin-orbit-torque-induced magnetization switching pro-
cesses have been proven to be ultrafast and energy efficient
[10-14]. Furthermore, spin currents have been used to
propagate chiral objects such as domain walls [15] or
skyrmions [16—19]. A newly developed topic in this area
is the use of spin-orbit torque (SOT) for magnetic field
sensing [8,20-22].

Accurate sensors for magnetic field measurements [23]
are very important for various applications, such as biosen-
sors and biochips for medical use [24], read heads for
magnetic recording devices [25], or for speed wheel sen-
sors with vortex sensors used in the automotive industry
[26]. Conventional magnetoresistive field sensors rely on
the response of a rather soft magnetic layer to the external
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field. An additional hard magnetic layer that is insensitive
to changes in the external field acts as a reference system,
introducing a field-dependent magnetoresistivity. The lin-
ear regime for these systems can be tuned to various field
ranges by adjusting the material properties or geometry of
the soft magnetic layer.

To obtain a sensor output around zero, conventional
magnetoresistive sensors are operated in Wheatstone
bridge configurations. However, this leads to zero-field off-
sets due to fabrication tolerances of different elements and
thermal drift within and between different elements.

Alternative approaches have emerged over the past
years, where instead of exploiting magnetoresistive effects,
current is sent through the magnetic layers directly and
transverse voltages are measured. The changes in the mag-
netization cause this transverse voltage, which is called
the anomalous Hall voltage. Anomalous Hall effect (AHE)
sensors have been proven to be ultrasensitive and accurate
for sensing low magnetic fields [27-29]. Note that, due
to Ohm’s law, magnetoresistance measurements operated
without a Wheatstone bridge exhibit an offset at vanishing
fields. Thus, it is difficult to obtain accurate measurement
results for small external fields without proper calibration.

© 2023 American Physical Society
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In commercial tunnel magnetoresistive (TMR) sensors this
offset is around 1 mT, and thus the limiting factor for
absolute field sensing. Therefore, it is a key challenge
in magnetic field measurement applications to reduce or
eliminate the zero-field offset. There are several designs
in which the offset can be reduced or almost eliminated.
These solutions are based on spinning current techniques
for Hall sensors or still use Wheatstone bridges where four
distinct magnetic stacks are required to eliminate the off-
set [20]. Recently, a three-dimensional (3D) magnetic field
sensor using SOTs was reported [21], where a change in
the position of the domain wall leads to a sensor signal.
However, in both cases, the linear range is extremely small.

In this work, we propose a sensor concept for magnetic
field measurements that takes advantage of the symmet-
ric nature of SOT to eliminate the sensing offset. Using
micromagnetic simulations, we demonstrate that a dif-
ferential measurement method using SOT eliminates the
offset error. We reveal how increasing the amplitude of
the injected current can be used to tune the sensor’s sensi-
tivity, whereas higher perpendicular magnetic anisotropies
enhance the linear range. The robustness of the mea-
surement scheme is tested by investigating the role of
perturbation fields normal to the sensitive direction on the
offset and sensitivity. The proposed concept is experimen-
tally tested on a Hall cross stack, where a Ta layer is
used as the heavy metal layer and spin polarizer and a
thin film of Co-Fe-B is deposited on top as the magnetic
layer. Second harmonics measurements are performed to
obtain the linear sensor signal via the anomalous Hall
effect.

(a)
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FIG. 1.

II. CONCEPT

The proposed sensor concept is based on a Hall cross
with a heavy metal (HM) underlayer and a ferromagnetic
(FM) top layer with perpendicular magnetic anisotropy
(PMA); see Fig. 1. Subject to an electric current in the £x
direction, the spin Hall effect [30] in the HM layer leads to
a spin current with polarization in the Fy direction flowing
into the magnetic layer. This leads to a spin torque called
the spin-orbit torque [5].

If an in-plane current is injected through the HM layer, a
transverse voltage can be measured using the AHE. If neg-
ligible SOT currents are applied, changes in magnetization
can be measured caused by externally applied magnetic
fields. When the magnitude of the charge current increases,
the SOT scales accordingly. The higher SOT torques we
discuss later will change the magnetization state. In this
case, an anomalous Hall voltage modulated by SOT can
be measured. Therefore, the proposed sensing concept is
an anomalous Hall voltage sensor enabled by SOT. For a
vanishing external field and charge current, the equilibrium
magnetization in the magnetic layer is perfectly aligned out
of the plane (OOP) due to PMA. The response of the mag-
netic system to the spin-orbit torque is perfectly symmetric
[31] when changing the sign of the electric current in the
heavy metal layer; see Fig. 1(a). However, if an external
field is applied, the equilibrium position of the magnetiza-
tion is tilted, and the AHE response to the SOT becomes
asymmetric; see Fig. 1(b).

The main idea of the proposed sensing principle is
to perform differential measurements with direct currents
applied subsequently in the opposite direction to exploit

(b)

Schematic illustration of the zero-offset magnetic field sensor. The ferromagnetic layer (orange, in experiment CogoFe29Beo)

is situated on top of the heavy metal layer (gray, in experiment Ta) that acts as a spin polarizer. Upon application of a charge current
through the HM layer J a spin-polarized current flows along n into the FM layer with polarization p = (J x n). The behavior of the
single-domain OOP magnetization is illustrated first in (a) with a vanishing external field, where the initial magnetization my is now
tilted to m(/,,) for a positive charge current and to m(/_,) for a negative charge current. The angle of deviation ® is the same for
both current directions. After tilting, the magnetization will have both x and y components in addition to the z component. The change
induced by an external field applied in the plane is illustrated in (b), where the presence of the external field disturbs the symmetry
of the SOT. The magnetic field is applied at an angle ¢y that defines the sensitive direction (x-y plane), where tan ¢y = Hq/Hy. The
resulting angles ® and ®_ now differ in magnitude.
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this symmetry and eliminate the offset for the zero-field
case.

To better highlight the advantages of the proposed
sensing concept, we have a look at the recent advances
in AHE-, SOT-, or spin-Hall-magnetoresistance- (SMR)
enabled sensors that make use of a similar approach. The
aim was to use either an HM-FM bilayer or a Co-Fe-B
layer to generate a linear response to an externally applied
magnetic field. Table I summarizes recent relevant work
in which magnetic field sensors have been realized experi-
mentally. Commercially available Hall sensors from Alle-
gro [32] have a high sensitivity and linear range in their
final products. The current dc offset is below 1 mT. Infi-
neon technologies offer a TMR sensor based on Ref. [26]
to sense B fields. In this case, the TMR enables a very high
sensitivity and also a good linear range. However, there is
still a dc offset of 1 mT, which limits the sensing reso-
lution. Zhu et al. [27] considered an in-plane magnetized
Co-Fe-B layer deposited on Ta and measured the change
in transverse resistance via the AHE when the low charge
current is sent directly through the magnetic layer. Thus, a
highly sensitive AHE sensor can be achieved with a linear
range of approximately =1 mT and a maximum sensitiv-
ity of approximately 237.6 ©2/T. Peng et al. [28] showed
that, compared to regular Ta/Co-Fe-B/MgO trilayers, the
insertion of an additional ultrathin Gd or Hf layer between
Ta and Co-Fe-B can increase both the linear range and the
sensitivity to £3.5 mT and 10 040 2 /T, respectively. Note
that the insertion of Hf leads to an even higher sensitiv-
ity of 28282 /T, but reduces the linear range to 1 mT.
Xu et al. [20] chose a different approach, where the HM-
FM layer was composed of Pt and NiFe ellipses, which are
built in a Wheatstone bridge configuration. Similarly to our
approach, the charge current is sent through the HM layer,
which generates a SOT that acts on the in-plane magneti-
zation of NiFe ellipses. Note that the sensor signal is then

The idea of a SOT sensor using a perpendicularly magne-
tized sample was demonstrated by Li ez al. [21], where they
used a thin Co-Fe-B layer on a large Hall cross to gener-
ate a long domain wall in the center of the cross. When an
in-plane current is applied through the HM layer (Ta), the
magnetization experiences a SOT. With the applied exter-
nal field, the domain wall position changes, leading to a
symmetric change in the measured AHE voltage. The mea-
surable linear range is again limited to only &1 mT, while
the sensitivity to measure the x component is 205 2/T.
Since this approach allows 3D sensing, it should be noted
that the OOP component can be measured with a much
higher sensitivity of about 1845 /T, but with a lower
linear range of 0.4 mT.

Although the summarized academic cases show very
high sensitivities, the measurable linear ranges remain
below 3.5 mT. Thus, a sensing concept with a higher mea-
surable linear range, and eliminated dc offset is a crucial
advance in spin-orbitronic devices for sensing magnetic
fields, as most applications such as position and speed
wheel sensors in the automotive industries require larger
measurable ranges.

I1I1. MODELING

In order to verify the feasibility of the proposed concept,
we perform a series of macrospin simulations in which the
SOT interactions with the magnetization are described by
the Landau-Lifshitz-Gilbert (LLG) equation [33,34]

dm = —ym x H" + am x ;m + Tgamp + Thera, (1)

where y is the gyromagnetic ratio, HT is the effective field
of the FM layer, and « is the Gilbert damping coefficient.
The LLG equation is extended by two additional current-
induced torques [34-36]

measurgd as the average dc clontrlbutl.on after applylng. an Taamp = Netamp Jeyh m x (m x p) )
alternating charge current with subkilohertz frequencies. 2eotM,
TABLEI. Comparison of recent sensor concepts which use FM/HM layers or anomalous Hall effect to read.
Linear Sensitivity Linear range Offset

Type Component range (mT) (2/T) X sensitivity (€2) (mT)
Allegro [32] Hall B, +37.5 4444 .44 166.67 0.62
Infineon TMR By +35 90000 3150 1
Zhu et al. [27] AHE B, +1 237.6 0.2376 .
Peng et al. [28] AHE B, +3.5 10040 35
Xu et al. [20] SOT SMR B, +0.05 3464 0.17
Lietal [21] SOT AHE B, +1 205 0.205
Lietal [21] SOT AHE B, +1 282 0.282
Lietal [21] SOT AHE B, +0.4 1845 0.738 e
This work, H; = 200 SOT AHE By, +180 0.017 0.003 0

and j, = | MAcm ™2

This work, H; = 200 SOT AHE B, +15 1.32 0.2 0

and j, = 50 MAcm 2
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and

h
Theg = nﬁeldLm X p, 3)

2e:u“0tM\‘
with & being the reduced Planck constant, e being the ele-
mentary charge, and wo being the vacuum permeability.
The magnitudes of the two torques depend on the charge
current density j. applied in the heavy metal layer, on the
parameters of the ferromagnetic layer, i.e. saturation mag-
netization Mj, thickness ¢, and on the dimensionless SOT
coefficients 1gamp and nfeld.
Equation (1) can then be written as

dm = —ym x (HT — Hym x p — Hyp) + am x 9,m,

4)
where
Jeh
Hy=—""——. 5
dl 2epotM, Na Q)
and
Jeh
Hy= ——. 6
= oo, N (6)

are the magnitudes of the current-induced dampinglike and
fieldlike torques.

A. First-order analytical approximation

The magnetization dynamics of a perpendicularly mag-
netized system can be described by macrospin simulations
where Eq. (4) is solved numerically or by employing an
analytical approach similar to that proposed by Hayashi
et al. [37]. Here, we derive a simpler first-order approxi-
mation based on the Stoner-Wolfarth formalism.

Let us now assume that the ferromagnetic layer is homo-
geneously magnetized along the [001] direction, my =
(0,0,1)T. When a homogeneous magnetic field is applied
in the x-y plane, the effective field H°" is given solely by
the contribution of the anisotropy and Zeeman energies
[34] as

[‘Ieff = Hy s (7)
Hy,

where H, and H, are the components of the applied in-
plane field, and H; is the effective anisotropy field.

To account for the spin-orbit torque, the effective field
must be complemented according to Eq. (4). In the case of
a spin polarization in the y direction, the fieldlike torque
only contributes via the y component of the effective field
given by

I_I;ff = Hy — Py Hy, (8)

whereas the dampinglike torque contributes to the x com-
ponent as

H™ = H, — (m x p), - Hy. )

The magnitude of the external field applied along the
sensitive direction and the SOT fields is then given by

Hy = /(HET? 4 (HET2, (10)

According to the hard-axis approximation of the Stoner-
Wohlfarth model, the parallel component of the magneti-
zation is given as

Hy

(11
where Hj is the anisotropy field.

The z component of magnetization can then be simply
obtained from the unit magnetization constraint where

m. =+,/1—mj, (12)

with the sign depending on the initial sign of .

Consider now that we apply a dc current /; along the +x
direction. For simplicity, we refer to this current as /. If
the current is applied along the —x direction, /_, = —I,.
As explained in Sec. II, this leads to a change in magne-
tization, with the new magnetization state being m,(/,),
which is proportional to the anomalous Hall resistance,
where

ny (I+x) = ARAHE""lz([+x) (13)

with ARapg the anomalous Hall coefficient. Thus, we
obtain the Hall voltage Vi, (/1) = ARAuEM: (1) L1x.

The sensor signal can be obtained as the difference in
measured resistances

S = ny(1+x) _ny(l—x): (14)
or as a sum of measured AHE voltages:
Sxy = ny(b—x) + ny(l—x)' (15)

The linear sensor signal S can be derived directly from
Eq. (12). Let us now assume the most general case, where
both SOT coefficients are included and a field with compo-
nents H, and H, is applied to be aligned with the sensitive
direction. We can then write

(Hy F Hq))*> + (H, + Hp)?

ny(]+x) = :IZARAHEI+x\/1 - )
Hk
(16)

After expanding Eq. (16) in a Taylor series at H, = 0 and
H, = 0 and summing up the resulting voltages given in
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Egs. (AS) in Appendix A according to Eq. (15), one obtains
the simplified analytical approximation of the sensor signal
where

Sy = 28Rl  Ha 22 Hy 22
Xy = AHEL0 cqu2 + ﬂsz
+O[H,] + O[H,T. (17)

The field components H, and H, can be written as H, =
H cos ¢y and H, = H sin ¢y, respectively. Therefore, the
total sensor signal becomes

H(Hg cos ¢y F Hy singy)
Hp
+ O[H,)* + O[H,]*. (18)

Sy = 2ARAuely

B. Equivalency to higher harmonic voltage
measurements

For systems where very low signals are expected or
highly accurate measurements are desired, a higher har-
monic voltage analysis (HHVA) can be performed [14,31,
37,38]. In this case, one applies an ac current instead of
performing two subsequent measurements with opposite
currents. The applied frequencies are generally in the hertz
range.

Consider again the perpendicularly magnetized system,
where the magnetization is modulated by SOTs. Upon
application of the current /() = [y sin(wf?), the magnetiza-
tion component m., and thus R,,, oscillates with angular
frequency 2w. The time-dependent Hall voltage can be
expressed as

Vo () = Ry, 1(1). (19)

Substituting R,, with the temporal evolution of Eq. (13)
one obtains

Viy () = ARAngl (Hm (1), (20)

which can be further completed with the first-order approx-
imation for the z component of the magnetization:

Vi (£) = £ ARzl sin (1)

XJLjM¢%MVH%+%®V

7 . (21)

As described in Appendix B, one can then perform a
second-order Fourier series expansion of Eq. (21) with

respect to wt, and arrange the terms accordingly to obtain

IhAR HyH, == HqH,
V() = 0 ARAug (HyH, F HyH,)

2H;?
I ARAne 3 (Hg + Hy) — 16H; +4(H +Hy2))
8H?
x sin(w?)
B IOARAHE(HdIIiX F Hatly) cos(Cwt). (22)
2H;

Based on the common higher harmonics voltage analysis,
where the time-dependent AHE voltage is given as

Vi (6) = Vo + Vo, sin (wt) + V3, cos Qowt), (23)
one can express the second harmonic voltage as

_ LoARxue(HaH, F HyH,)

Vaw
. 2H,?

; (24)

which differs from our sensor signal approximation in
Eq. (18) by only a constant factor.

Thus, one can measure the sensor signal either by the
sum of AHE voltages for positive and negative currents,
by applying an ac current and measuring the dc con-
tribution, or by measuring the field dependence of the
second harmonic voltage using HHVA, e.g., with a lock-in
amplifier.

C. Micromagnetic simulations

In order to check the accuracy of the analytical model,
we additionally perform fully dynamical LLG simulations.
For the sake of simplicity, we use a macrospin approx-
imation to simulate the magnetic layer using the micro-
magnetic simulation software magnum.np [39]. For the
effective field, we consider only the effective anisotropy
field and the external field. The effect of the demagneti-
zation field is considered in terms of a contribution to the
anisotropy field. As material parameters, we have chosen
saturation magnetization uoM; = 1.2 T and Gilbert damp-
ing constant &« = 1 as suitable material parameters for a
Ta/Co-Fe-B/MgO system [5,40]. Note that the saturation
magnetization and effective anisotropy strongly depend on
the thickness of the FM layer. If the Ta/Co-Fe-B/MgO tri-
layer is annealed in an external magnetic field and (or) the
annealing temperatures are varied, the saturation magneti-
zations [40] can be tuned. Typically, oM, varies between
0.7 and 1.5 T. However, injecting a charge current that is
too large will cause Joule heating, which will reduce not
only saturation magnetization but also the effective PMA.
As we are interested only in the magnetic equilibrium
states, we are using the high Gilbert damping parame-
ter « = 1. Since the thickness of the magnetic layer is
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crucial for the strengths of current-induced torques, we
assume everywhere a thickness of # = 1 nm, and for the
thickness of the HM layer, we choose fi = 6 nm. To
obtain the voltage from the magnetization component m.,
we consider a cross section A =L x t =10 wum x 7 nm
to calculate the applied current from the magnitude of
the applied current density j., and assume that ARapg =
0.15 Q.

IV. EXPERIMENTAL METHODS

Our numerical investigations are accompanied by exper-
imental validations, where a SOT stack consisting of an
HM layer, Ta, and an FM layer, Co-Fe-B is used. Because
of the equivalence shown in Sec. III B, we measure the
second harmonic voltage with a lock-in technique to inves-
tigate the field dependency of the sensor signal.

A. Sample fabrication

The SOT structure was grown on an 8-in. silicon wafer
using a Singulus Rotaris tool. Before the film stack was
deposited, the wafers received an aluminum metalliza-
tion layer to contact the SOT structure from the bottom.
The connection of the SOT structure to the aluminum
metal layer through an insulation layer SiO, was made
with tungsten vias. To have a smooth surface before
depositing the SOT film stack, a chemical mechani-
cal polish was carried out. The film stack consisted of
Ta[6 nm]/CgoFez9Bso[1 nm]/MgO[1.5 nm]/Ta[S nm]. It
was grown without vacuum brake by physical vapor depo-
sition with a base pressure < 5 x 10~ torr. The sputter
gas used was argon for all layers. Metal deposition was
performed in the dc sputtering mode, and MgO deposition
was performed in the rf mode. After deposition, the wafers
were annealed for 2 h at a temperature of 280 °C under
vacuum. Patterning of the SOT structure can be done by
reactive ion etching with chlorine or by ion beam etching,
whereas the latter needs an additional hard mask. The Hall
bars used in this study were patterned from the films using
conventional optical lithography and Ar ion etching. To
prevent the SOT structure from corrosion, a passivation
layer was deposited. Note that further encapsulation by
aluminum-filled vias surrounding and metallization layers
on top of the SOT structure leads to better heat dissipation.
Finally, the pads were released by opening the passivation
layer. Standard separation techniques (mechanical dicing)
were used.

B. Second harmonic measurements

The harmonic voltages are measured using a standard
second harmonic lock-in amplifier detection-based tech-
nique, where we utilize a vector magnet to apply the mag-
netic field in different directions. We used standard wire
bonding to connect the Hall bar device with the sample

holder. The Hall bar was connected to 50-$2 resistance
in series to measure the input sinusoidal current dur-
ing measurement. The schematic is shown in Fig. 1(a).
Before harmonic measurements, the Hall bar device was
presaturated along the 4z direction. We applied a sinu-
soidal voltage with constant amplitude (V) using a lock-in
amplifier (model number HF2LI by Zurich instrument) to
the Hall bar device with a reference frequency of 13.7 Hz.
Two other lock-in amplifiers (model numbers 7265 and
7225) were used to measure the first and second harmonic
voltages in phase simultaneously.

V. RESULTS
A. Role of SOT coefficients

We begin our numerical investigation with a thorough
investigation of the role of the SOT coefficients on the
equilibrium states, as this will define the sensitive direc-
tion of our magnetic field sensor. By using a macrospin
approximation as explained in Sec. III C, we vary the field-
like and dampinglike coefficients 7gamp and 7ge1q that will
alter the strengths of the torques exerted on the magne-
tization. For this purpose, we use an effective anisotropy
field woH; = 200 mT, and apply a SOT current density of
magnitude j, = 1 MAcm ™2,

In Fig. 2, one can see the influence of the SOT
coefficients on the equilibrium magnetization state. As
expected and briefly mentioned during the derivation of
the first-order analytical approximation, the variation of
nq only changes the x component of the magnetization;
see Fig. 2(a), while the variation of ng modulates m,, as
illustrated in Fig. 2(b). Both torques contribute to the incli-
nation of magnetization in a symmetric way, as shown in
Fig. 2(c). In principle, the choice of the HM layer will
lead to a specific pair of 7gamp and 7geiq [5], which in
return will then modulate the sensitive direction of the
sensor. The strengths of the SOT coefficients can then be
determined by measuring the first and second harmonic
voltages and applying the Hayashi method for perpendic-
ularly magnetized systems [37]. If the planar Hall effect
is negligible, the expressions for V, and V,, given in
Eq. (22) can also be used. Alternative techniques such as
spin-torque ferromagnetic resonance [5] exist that lead to
precise determination of the dampinglike coefficient.

We have chosen ngamp = —0.4 and ngeq = 0.5 for all
future investigations, so that the sensitive direction is
slightly away from the [110] axis. The sensitive axis can
also be calculated simply from the ratio of the two current-
induced torques given in Egs. (5) and (6) where tan ¢y =
Hyg1/Hy. Note that the signs of the SOT coefficients depend
on their definition in the LLG equation. In our case, a posi-
tive fieldlike coefficient means that the torque acts parallel
to the Oersted field that is generated by the current flow in
the SOT stack [5].
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FIG. 2. Dependence of the SOT coefficients on the equilibrium magnetization when a SOT current is applied to a macrospin. In
(a) we see that the dampinglike torque modulates the x component. From (b) we observe that the fieldlike coefficient modulates the y
component of the magnetization, whereas from (c) we learn that both torques contribute to the modulation of the z component of the

magnetization.

B. Operation as a linear magnetic field sensor

Using our macrospin simulations, we subsequently
apply the charge current in opposite directions, where
je=1 MAcm™ and poH; =200 mT. Now, we apply
a magnetic field along the obtained sensitive axis H.
Figure 3(a) shows the evolution of V,, as the response
of magnetization to the applied field. As in the sim-
plified analytical model [Eq. (16), lines], the macrospin
simulations (filled symbols) yield a parabolic dependence
of V,, from the measured field /. For opposite charge
currents, the magnetization is modulated symmetrically
around the vanishing magnetic field. If the applied mag-
netic field exceeds a specific threshold then the magneti-
zation changes sign. Note that the simulated voltages are
calculated by assuming a ARapg = 0.15 Q. Changing this
value with experimentally measured values will affect the
quantitative analysis of the relevant sensing parameters.
Thus, only a qualitative analysis between numerical results
and experimental studies can be considered if ARAyE is not
chosen realistically.

Using the proposed differential measurement, we obtain
the sensor signal shown in Fig. 3(b). The sensor signal is
obtained as the sum of Hall voltages. These signals are

obtained from macrospin simulations (red), from Eq. (15)
(blue), and from Eq. (18) (green line). A high linear range
is observed, which is slightly smaller than the anisotropy
field. Figure 3(c) shows an enlarged view of the relevant
section from (b), which shows good agreement between all
three curves in the limit of small fields. The sensitivity of
the sensing device, given by the slope of the sensor signal,
starts to deviate significantly from the analytical solutions
for higher fields, where we are approaching the anisotropy
field. It is worth recalling that the small field limit was an
approximation we did in Sec. III A. Investigating the trans-
fer curves clearly yields offset-free sensor signals for all
theoretical models.

To better understand the sensing performance, we inves-
tigate the role of the effective anisotropy woH; and the
applied SOT current J,. First, we vary poHy, while keeping
the applied current constant at j, = 1 MAcm 2. The sen-
sor signals obtained numerically are illustrated in Fig. 4.
We observe that it is possible to modulate both the sensi-
tivity and the linear range of the sensor by changing the
anisotropy field. The strength of the effective anisotropy
field can be tuned via the thickness of the FM layer (if the
PMA originates as an interface effect). In materials such as

(a) 100 (b) 40 A4 Vv Macrospin (c) 2.0
© Analytical, Egs. (15),(16) 1.5 3
L : 3
50 20 .~ Analytical, Eq. (17) 1.01
< —@— Macrospin, /,x < < 0.5
?:1. 0 —@— Macrospin, /_yx %_ 0 &-—; E_ 0.0
4 —— Eq. (16), l+x > ey NI = Y]
= —— Eq. (16), I w v | B —05
-50 —20 ¥ -1.04
i 9
_1.5 4
-100 -40 ¥
. : : . : . : : . : -2.0 : | :
-200 -100 O 100 200 -200 -100 0 100 200 ~100  -50 0 50 100
HoH I (mT) B I (mT) B 1 (mT)
FIG. 3. The simulated (pink, green) and calculated (red, blue) AHE voltages using simple approximation from Eq. (12) are depicted

in (a) for both current directions starting from my = (0,0, 1)T. The calculated sensor signal is then plotted in (b). Very good agreement
between the analytical solutions and the simulations can be observed in the lower field limit, highlighted in (c), which shows an

enlarged view of the relevant range.
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FIG. 4. Dependence of the sensor signal S,, on the strength of
the perpendicular magnetic anisotropy is shown in (a), where the
linear range increases with 119 Hj, but to the cost of the sensitivity.
The applied charge current density is depicted in (b), where one
can see that a higher current increases the sensitivity of the sensor
signal, but, in exchange, it reduces the measurable linear range.

Ta/Co-Fe-B or Pt/Co, which are the materials of choice for
SOT investigation, the anisotropy field at room tempera-
ture can vary between 50 and 300 mT [5]. On the basis of
the desired application, it is possible, in principle, to tune
the linear range by either changing materials or adjusting
the thickness of the FM layer. Further techniques can be
applied to change the effective anisotropies. That is, the
annealing or growth temperature will affect not only the
SOT parameters but also the effective magnetic anisotropy
[40—42]. In the Ta/Co-Fe-B/MgO structures that we con-
sider in our work, variations in the thickness of the FM
layer or the thickness of the MgO will result in differ-
ent PMAs [43]. Furthermore, low-concentration nitrogen
doping of Ta can significantly increase PMA [44].

A second measure to tune the sensitivity and linear
range of the sensor is the magnitude of the electric current
applied to the heavy metal layer; see Fig. 4(b). At higher
currents, the magnetization switches much faster into
the in-plane state, owing to the stronger current-induced
torques, limiting the linear range to be used for mag-
netic field detection. Higher modulations can be obtained
using currents below the switching threshold, leading to an
increase in sensitivity. Note that a similar effect could be
obtained by changing the material acting as HM in order
to scale the exerted torques via the SOT coefficients, or
alternative spin polarizing materials can be chosen that use
different physics, such as the orbital orbit torque effect [45].
However, the dependence of the sensitivity on the applied
current allows us to obtain a magnetic field sensor with tun-
able sensitivity and linear range. Independent of the chosen
parameters, the sensing signal always remains offset-free.

We highlight in Table I the performance prediction
for our tunable sensing concept. Assuming that woH; =
200 mT, the linear range of the sensor is found to
be woH; = 180 mT for a low current density regime
where j, = 1 MAcm ™2, while the sensitivity is rather low
(0.017 /T). Thus, a high linear range is obtained at the
cost of sensitivity. The product between the linear range
and the sensitivity is 0.003 €2. The sensitivity can be

tuned by increasing the amplitude of the current density.
Assuming that j, = 50 MAcm ™2, the sensitivity increases
to 1.32 Q/T, but the linear range drops to 15 mT. The
product between these two values increases significantly to
0.2 Q. This is similar to the sensor performance reported by
Li et al. [21], but the linear range of our concept increases
by a factor of 15.

C. Sensor performance

Magnetic field sensors can be best compared with
respect to their properties such as linear range, offset, or
sensitivity. Therefore, we are interested in the dependence
of the linear range and sensitivity on the applied cur-
rent density J, and the anisotropy field poHy. The latter
is a measure of the material used. We numerically sim-
ulate with our macrospin model the full sensor transfer
curve. We fit this curve with a linear fit around the zero
field. The slope defines the sensitivity. The linear range is
computed as the field that is required to switch the magne-
tization, compromising the sensing principle. Figure 5(a)
illustrates the dependence of the effective anisotropy cho-
sen and the applied current on the linear measurement
range obtained from the magnetic sensor. From Fig. 5, it
can be seen that the linear range is very well tunable with
changes of uoH; and J,. The sensitivity of the sensor sig-
nal depicted in Fig. 5(b) shows two phases. Below a certain
given threshold of anisotropy and current, the sensitivity
drops significantly, and it cannot be tuned with the current
anymore.

The robustness of the sensor against components of the
magnetic field that are perpendicular to the measured field
direction is another important measure of its performance.
Generally, a random magnetic field will have a parallel
component /| that can be projected along the sensitive
direction and a perpendicular component H, that is nor-
mal to it. The latter can alter the equilibrium state at zero
fields, resulting in a decrease in sensor performance.

To investigate the influence of perpendicular pertur-
bation fields (H,), we vary the strength of the normal
component H,, as well as the applied angle 6, which is

N}

Linear range (mT)
Sensitivity log((V/A)/T)

-2

20 40
Jx (MA cm‘z)

20 40
Jx (MA cm‘z)

FIG. 5. Magnetic field sensing properties as a function of
applied SOT current J, and effective magnetic anisotropy oHy,
where the measurable linear range is shown in (a), and the
sensitivity is shown in (b).
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FIG. 6. Influence of the external bias fields on the offset of the
sensor signal (a) and on the sensor sensitivity (b). Although in
principle the sensor signal remains always offset free, the sensi-
tivity changes slightly, but not significantly, with the amplitude
of the perpendicular field 4 .

the angle between the z axis and the applied field. That is,
if 6 =0, then H, is applied parallel to the z axis and if
0 = /2 then H, is in the x-y plane. The angle between
H, and the equilibrium magnetization is always /2.

Figure 6(a) shows that H, does not influence the sen-
sor offset, regardless of the amplitude and angle. Note that
if H, > Hj then the magnetization will point along H,,
compromising the general sensing concept. A weak depen-
dence of the sensitivity on the amplitude of H, and 6 can
be seen in Fig. 6(b). When the normal field is applied, the
sensitivity increases, as the equilibrium state is slightly
modulated if positive or negative currents are applied.
However, again there exists a threshold H; < 30 mT,
where the sensitivity of the sensor signal remains rather
constant and independent of the angle of magnetization.
There is no clear angle dependence.

D. Higher harmonic voltage measurements

To demonstrate the sensor concept developed, we fab-
ricated a Hall cross structure, as explained in Sec. IV.
Using the anomalous Hall effect, one can measure the
change in m,. Since our sensor is based on a differential
measurement to eliminate the sensing offset, we employ
second-harmonic measurements, as discussed in Sec. IV B.

Figure 1(a) illustrates the considered Hall structure. The
measured V>, curves are plotted as a function of the
applied magnetic field in Fig. 7. While the dependence of
V2, on H, is given in Fig. 7(a), the dependence of H, is
illustrated in Fig. 7(b). The red (blue) curves show the sig-
nal if the sample was presaturated along 4z (—z) direction
using an OOP magnetic field. The charge current density
for SOT sensing was J, = 28.6 MAcm 2.

As expected from our simple analytical derivation, as
well as from the derivations of Hayashi [37], the 2w sig-
nal should change sign when the magnetic field is applied
along the current direction if the initial magnetization state
changes sign. If the magnetic field is applied perpendicu-
lar to the current direction, that is, /,, then the slope of the
measured signal changes, as shown in Fig. 7.

If one decreases the applied SOT current then the sen-
sitivity of the sensor signal decreases, as theoretically
described above and experimentally demonstrated and
depicted in Fig. 7(c).

Overall, all signals are linearly dependent on the applied
magnetic field, which allows us to experimentally validate
the sensor principle using SOT. However, a significant off-
set is observed if the magnetization is presaturated along
the —z direction. In most experimental work in which the
HHVA is employed, this offset is usually ignored because
the offset does not play a crucial role in the subsequent
analysis of the data. This offset is attributed to the mea-
surement setup’s electronics. Unfortunately, it limits the
sensing performance of our single-device magnetic field
sensor. Part of the offset can indeed originate from the mea-
surement setup’s electronics. Additionally, this offset can
have a more fundamental origin. Since it is very difficult to
deposit perfect interfaces, we expect that irregularities on
the surface between HM and FM could locally change the
material parameters that lead to pinning centers [46] and,
thus, to an offset that we do not observe in our numerical
investigations. Controlled intermixing at the interfaces will
not only increase the Dzyaloshinskii-Moriya interaction,
but will create a smoother interface with a lower number

(@ 1.0 (b) 1} (c)
- m,>0 0.5
0.5 —— m,<0
0.0
—~ 0.01 —~ 0 —
> > > -0.5
=3 05 = - m,>0 =
3 s‘ 1 —— m,<0 ‘3_1_0
o~ -1 4
> 1.0 > >
_1'5_
—1.51 —v— jx=3.9MAcm™2
—21 207 o j=5.9MACm™
-2.0 | | | ‘ |
10 0 10 -10 0 10 -10 0 10
[JoHX(mT) /JOHy(mT) ,UOHy(mT)

FIG. 7.

Experimental results obtained from the second harmonic measurements. In (a) the field parallel to the current direction (H,)

is swept, starting from both magnetization states. The transverse field is swept in (b). The tunable sensitivity can be observed in (c),
where we sweep the longitudinal field for the charge current densities j, = 3.9 MAcm 2 (green, triangles) and j, = 5.9 MAcm 2 (blue,

circles).
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of defects [47], minimizing this error. However, unwanted
intermixing, such as diffusion of B in the Ta layer, leaves
behind a crystallized CoFe layer [48] that could show a
slightly rotated anisotropy axis. On the same note, Ta can
also diffuse into the Co-Fe-B layer, locally changing and
varying the anisotropy, thus creating further pinning sites.

The offset can also originate from the anomalous Nernst
effect, which contributes to the AHE. With this correc-
tion (which do not plot here to show the real measurement
data), only a minor offset remains, which we attribute to
the system’s electronics.

Consider now that current flow in the x direction causes
an increase in temperature due to Joule heating. Assuming
that the change in temperature is small enough not to alter
any material parameters, we expect to have temperature
gradients (V7).

When magnetization m and V T are normal to each other,
then the anomalous Nernst effect (ANE) gives an addi-
tional contribution due to the generated electrical field [49]

Eang = OspoM;(m x VT), (25)

where Qs is the ANE coefficient.

Let us now consider that the temperature gradient has
only a z component and we have an arbitrary magneti-
zation state. Thus, the ANE generates an electric field
given by

my 0 my, 0. T
EANE(I+x) = QS/’LOMS my | X 0 = | -m0.T
m;, 0, T 0
(26)
The measured Hall voltage then becomes
Viy(Iix) = Vane(I4x) + Vane(U1x), (27)

(@)

FIG. 8.

- TMR contacts
- SOT HM layer

Possible design for a TMR stack for reading out the sensor signal to avoid contributions from ANE and to increase the

where
VANE(1+x) = WEy(1+x) = _WQSMOMsmxazT- (28)

For the opposite current, magnetization changes sign for
the x and y components, leading to

Vane(—x) = WEy (I—x) = wQspoM;m, 0. T. (29)

Summing up the Hall voltages measured for the sensing
signal according to Eq. (15) shows that the contributions
from the ANE due to 9, T are vanishing. Thus, we conclude
that the z component of the temperature gradient that origi-
nates in the dissipation of Joule heating does not cause any
offset.

Let us now consider obtaining a gradient in the temper-
ature where

VT =

T
01, (30)
0

which can originate in the imperfections in current flow
and small symmetry distortion, e.g., slightly nonsymmetri-
cal arrangements of vias due to lithography tolerances.

The contribution of ANE to the Hall voltage then
becomes

VaNe (L) = WEy (I1x) = wQspoMm; 0, T. (3D
Changing the sign of magnetization leads to the same term,
Vane(I—x) = WEy (I—x) = WQS/'LOMsmzaxT: (32)

which leads to the offset 2wQ,uoM;m. 0, T when measured
voltages are added. These considerations indicate that the
nonvanishing offset obtained in the experiments can prob-
ably be attributed to ANE. However, this is not due to

(b)

I erendicular saF [ Oxide layer
-AF coupling layer I:I Free layer

sensitivity, where the SOT current flows through the HM layer (gray), and the TMR read-out current flows through TMR-contacting
layers (gold). The TMR stack consists of a perpendicular synthetic antiferromagnet (blue) antiferromagnetically coupled through a
spacer layer (green). The free layer (orange) is separated from the SAF layer by a thin oxide layer (gray).

044079-10



SINGLE-DEVICE OFFSET-FREE MAGNETIC FIELD SENSING...

PHYS. REV. APPLIED 20, 044079 (2023)

the z component of the gradient caused by the cooling of
the sample toward the heat sink, as originally expected,
but due to the broken symmetry of the Hall bar due to
fabrication defects, tolerances, or misalignments.

VI. OUTLOOK

The second harmonic measurements performed allowed
us to deliver a proof of concept that the proposed sensing
method is applicable and second harmonic analysis can be
performed to obtain a linear sensing signal. Furthermore,
an increase in applied current leads to a higher sensitivity,
allowing for the realization of a tunable sensor. However,
the experimental validations show that the AHE is not per-
fectly suitable to measure the change in magnetization, as
the anomalous Nernst effect contribution leads to an offset.
This additional offset can be eliminated if magnetization
is read through a TMR stack [22], as illustrated in Fig. 8.
Here, one could make use of a regular HM-FM-oxide tri-
layer as the SOT material. A perpendicularly magnetized
synthetic antiferromagnetic (SAF) layer is utilized to read
the magnetization in the free layer via the TMR effect.
Thus, very high sensitivities can be achieved in a range
> kQ/T. The ANE will not be present in the TMR signal;
thus, one might probably eliminate the sensing offset we
currently observe in our experimental validation.

VII. CONCLUSION

In this work, we propose a novel concept for magnetic
field sensing based on spin-orbit torques. The proposed
concept is equivalent to the experiments performed to
extract the SOT-induced torques, as in the well-established
Hayashi method [37].

In this sensing concept, the SOT leads to a symmet-
ric inclination of the initial out-of-plane magnetization for
opposite current directions. We investigate the roles of the
SOT coeflicients 1gamp and ngelq, which are a measure of
the dampinglike and fieldlike torques, respectively.

Our numerical investigations reveal that the sensor sig-
nal evolves linearly with the applied magnetic field in
the working regime. This sensing principle shows a large
linear range (hundreds of millitesla), whereas the offset
vanishes in the absence of an external field. The sensitivity

J

as well as the linear range can be tuned by varying the
amplitude of the charge current and anisotropy fields,
respectively.

Perturbation fields applied in the normal plane to the
sensitive direction do not affect offset elimination. How-
ever, they slightly change the sensitivity of the sensor, and
thus lead to poorer sensor performance.

Second harmonic measurements on a Ta/Co-Fe-B/MgO
trilayer structured on a Hall cross allowed us to validate
the sensing principle, where the sensor signal can be tuned
with the applied current. Furthermore, we proposed a TMR
stack that will lead to a higher sensitivity and probably
eliminate the sensing offset occurred in an AHE device.
We believe that our proposed sensing concept will help
develop a new generation of sensing devices for accurate
absolute field sensing.

The data supporting the findings of this study are
available upon reasonable request from the corresponding
author.
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APPENDIX A: TAYLOR EXPANSION OF THE SENSOR SIGNAL

One can expand Eq. (16) in a Taylor series first at H, = 0, which yields

—H3 — Hi — 2HgH, + H} — H?

y

ny (I+x)|Hx:0 = ARAHE]+x\/_

Hy

[—Hq

— H} — 2HyH, + H}

— H2)/H}

+ ARAne! 4 HaH,

HP U+ [-H}, — (Hy + H,)?)/H

+ O[H,]*. (A1)
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For the opposite current /_,, we obtain

—Hg — Hj + 2HpH, + H} — H?
Hy

ny(lfx)le=O = ARAHEIX\/_

\/[_Hgl — H} + 2HaH, + H} — H2|/H}
—H} — H} + 2HgH, + H} — H?

— ARanpl_ HyH, + O[H,]*. (A2)

Evaluating Eq. (16) at H, = 0 yields

— H3 + 2HgH, + H? — H?
H}

—Hj
Vi (i) l,=0 = ARARE x| —

JI-H3 — H + 2HyH, + H — H2)/H}

— ARanel  HyH, O[H,]? A3
ARETRT 2 — HE + 2HaH, + HE — H? 7] (A3
for positive current /., and
—Hg — Hi — 2HpH, + H} — H?
Vi U= =0 = ARAHEI—x\/_ 5 > 2
Hk
JI-HE — HE = 2HyH, + H — H2)/H; X
+ ARpuel_ HyH, + O[H,] (A4)

HR U+ [-H] — (Hy + H)M/H]

for negative current /_,.
We can then simplify \/ —(—H} — H} + 2HaH, + H} — H?)/H} ~ 1, since in the first-order approximation one has
to consider —H 31 — Hé + 2H4H, — sz < H,?, which leads to even further simplifications, where

Hlex 2
Vi 4x) =0 = ARanelo + ARauely 0 + O[H,]", (ASa)
k
HleX 2
ViyU—x) =0 = —ARanelo + ARanelo 77 + O[H,] (A5b)
k
HyH;
Vi U4 =0 = ARauelo — ARAHEIOH—zy +O[H, ], (A5¢)
k
HyH
Vo (I)liy—0 = —ARanely — ARaely—a” + O[H, . (A5d)

H;

Summing up all the Taylor expansions, one can then obtain the sensor signal according to Eq. (15).

(

APPENDIX B: FOURIER EXPANSION OF THE ac
SENSOR SIGNAL Vi (£) = ARanelo sin (i) \/ 1

The measured time-dependent voltage output Vi, (7)
upon application of an ac SOT current can be divided
into four cases. If one starts with an initial magnetiza-
tion pointing along [001], i.e., m, > 0, and the magnetic
field is applied along the x direction, the AHE voltage is
given by Ha(t) = Hq sin (wt) (B2)

H, — Hy(0))?
( 2dl(f)) . B

k

where the current-induced dampinglike torque is now time
dependent and becomes
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with w being the frequency of the applied ac current. Thus,
one can write Eq. (B1) as

. (H, — Hy sin (w1))?
ny (1) = ARapgelysin (wt) - |1 — 2 .
k

(B3)

Using the approximation /1 —a/b?> ~ 1 —a/2b* for
(a < b?), one can further simplify Eq. (B3) to

(H; — Hg sin (wl))2>

Vi (£) = ARapgly sin (wf)| 1 —
o) AHEL (w)( 217

(B4)

The second-order Fourier expansion of Eq. (B4) at wf can
then be written as

Io AR snpHy H
ny(t) = %
3
IyARxue(BH? — 8H? + 4H?
_ DoARAuE(3H ! P +4H?) sin(wr)
8 I
To AR upHaH,
_ LEZ‘”’C cos(2wt). (B5)
2H;

Considering that one starts with the opposite magnetization
state ([001], m, < 0), the Fourier expansion becomes

Iy ARAneHyH.
ny (t) = 211;132 z
k
N IoARAnE(3HS, — 8HP + 4H?)
8H}
_ lyARsneHaH;x
2H,?

sin(wt)

cos(2wt). (B6)

Thus, as a general case, one can then write

IyAR e HaH.
ny (t) _ 0 ;11:11E2 dlf1x
k
IoARAnE(3HS, — 8HP + 4H?)
i SH?
_ lyARaneHaH;x
2H;?

sin(wt)

cos(wt). (B7)

Analogously, one can derive the Fourier expansion if the
magnetic field is applied along the y direction. In this case,

the general form can then be written as

IyARAuEHyH,
2H,?
IoARAne(3HG — 8H] + 4H?)
8H}
IpARAneHyH,
2H,?

ny O=%

sin(wt)

+ coswi). (BY)

Considering both initial magnetization states, as well as
the different applied magnetic fields, a general equation of
V. (#) can be given:

_ Do ARxue(HaHy F HyH,)

Vi (t) = 21,2
IyARAneB(Hg + Hy) — 16H] +4(H? + H}))
8H}
X sin(wt)
IoARaug (HaH, F HyH
o ARAuE(Ha ! F HyH,) cosQal). (B9)
2H;
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