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ABSTRACT: Three-dimensional (3D) vector magnetic sensors play a significant role in a variety of industries, especially in the
automotive industry, which enables the control of precise position, angle, and rotation of motion elements. Traditional 3D magnetic
sensors integrate multiple sensors with their sensing orientations along the three coordinate axes, leading to a large size and
inevitable nonorthogonal misalignment. Here, we demonstrate a wide linearity range 3D magnetic sensor utilizing a single L1,-FePt
Hall-bar device, whose sensitivity is 291 VA™' T' in the z-axis and 27 VA™' T™' in the in-plane axis. Based on the spin—orbit
torque-dominated magnetization reversal, the linear response of anomalous Hall resistance within a large linear range (+200 Oe) for
the «, y, and z components of magnetic fields has been obtained, respectively. Typically, it exhibits a relatively lower magnetic noise
level of 7.9 nV at 1 Hz than previous results, improving measurement resolution at the low frequency. Furthermore, we provide a
straightforward approach for noncontact angular position detection based on a single Hall-bar device, which shows great potential
for application in rotational motion control.

KEYWORDS: L1, FePt, perpendicular magnetic anisotropy, spin—orbit torque, 3D magnetic sensor, angular position detection

1. INTRODUCTION

A variety of magnetic sensors' have been widely employed in
geomagnetic navigation,” biomagnetic sensing,’ and the
automotive industry.”> Especially, the demand for magneto-
resistive sensors, including anisotropic magnetoresistance6
(AMR), giant magnetoresistance’ (GMR), and tunnel
magnetoresistance8 (TMR) sensors, is increasing dramatically
due to their low cost, robust endurance, and high reliability in
the automotive industry.””'" Besides, the superconducting
quantum interference device (SQUID) is the most sensitive

complicated microelectronic design, a large sensor size, low
spatial resolution, and inevitable nonorthogonal misalign-
ment."® Thus, the development of 3D vector magnetic sensors
based on a single planar-type device with low power
consumption and a simple measurement unit is necessary.lé
Recently, intriguing physical phenomena such as spin—orbit
torque (SOT) and the anomalous Hall effect (AHE) are
promising to motivate the development of a planar 3D
magnetic sensor beyond traditional Hall and MR devices.'’
Based on the SOT effect, Wu et al. proposed the spin torque

technology for some ultrasensitive electronic and magnetic
12
measurements. ~ However, most of the commonly used

magnetic sensors create an output electrical signal that is

gate (STG) magnetic field sensor, which can achieve a linear

response to magnetic field without any magnetic bias, in a

proportional to the scalar quantity of the magnetic field along a Received: February 20, 2024 EAPPLIED rts
principal axis. To detect the field components in three Revised:  May 8, 2024

orthogonal directions directly, the traditional approach is to Accepted: May 8, 2024

integrate multiple sensitive devices with their sensitive Published: May 14, 2024

directions along the three coordinate axes.'”'* This not only

necessitates three power sources but also leads to a
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Figure 1. (a) Hall-bar device structure. (b) XRD spectra of the 6 nm L1y-FePt sample. (c) AHE loops of the device with high PMA. (d—j) L1,
FePt crystal structure and TEM picture of FePt. (i,j) Energy dispersive X-ray (EDX) elemental mapping of Fe and Pt, respectively.

simple Hall bar structure.'® Additionally, You et al. have put sensor exhibits a relatively lower magnetic noise level of 7.9 nV
forward an ingenious approach to distinguishing the three Hz "2, improving measurement resolution at the low
magnetic field components (H, H,, and H,) with alternatin frequency. The high perpendicular magnetic anisotropy
driving current directions in a single Hall-bar device.'”” (PMA) of L1,FePt is able to reduce the sensitivity to
Moreover, Liu et al. demonstrated the ultrahigh sensitivity and temperature variations and external magnetic fields, ensuring
low current density in the SOT device with easy-cone magnetic reliable long-term performance. Furthermore, we provide a
state by exquisite engineering of the magnetic anisotropy in the straightforward scheme for noncontact magnetic angular
Pt/Co/Ta heterostructure.”’ However, the linear range of the position detection based on a single Hall-bar device, which
above 3D sensors is relatively small, only tens of Oe for the in- shows great potential for application in rotational motion
plane (IP) and out-of-plane (OP) magnetic field components. control.

For applications such as current sensing”> and automotive
systems4 (antilock braking systems, camshafts, crankshafts, 2. EXPERIMENTAL SECTION
pedal positions, transmission speeds, etc.), some properties,

. ! ; . . . Utilizing high-temperature deposition at 500 °C, followed by
including a large linear sensing regime, relaxed design

annealing to room temperature within the primary sputtering

requirements for the field-generating components (such as chamber, we obtained the epitaxial growth of 6 nm Llj-ordered
permanent magnets), negligible magnetic hysteresis, and low- FePt films on the (001) MgO single-crystal substrate. This was
frequency noise, are required. accomplished through DC sputtering of the FesPt,s target under an

Here, we demonstrate a wide linearity range 3D magnetic argon pressure of 3 mTorr and 50 W power. The magnetron
sensor utilizing a single L1,-FePt Hall-bar device with large sputtering system maintained a base vacuum pressure smaller than §

X 107® Torr. Subsequently, the sample underwent patterning into a
Hall bar structure using photolithography and ion milling techniques.
The line widths for the current in the x and y channels are both
15 pm, as shown in Figure la. Utilizing electron-beam lithography

coercivity. Based on the SOT-dominated magnetization
reversal, the linear response of anomalous Hall resistance
within a wide linear range (200 Oe) for the x, y, and z

components of magnetic fields has been obtained, respectively. (EBL), we fabricated submicron Hall-bar devices with current line
More importantly, compared to the previous studies by Li et al. widths of 500 and 800 nm, respectively (Section S1, Supporting
(1450 nV Hz™2)'® and Guo et al. (411 nV Hz ?),*° our Information). X-ray diffraction (XRD) is employed to characterize the
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Figure 2. (a) MOKE images of SOT-driven domain wall nucleation and motion. (b) Current-induced magnetization switching with different

external fields H,.
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Figure 3. R, as a function of (a) H,, (b) H,, and (c) H, when I, = +38 (red curves) and —38 mA (blue curves). Magnetic fields are scanned
forward and backward between +200 and —200 Oe in each direction. R, as a function of (d) H,, (e) H,, and (f) H, under I,=+38 (red curves)

and —38 mA (blue curves).

crystal structure of the films, while transmission electron microscopy
(TEM) is used to analyze the microstructure of the films. For the
electrical measurements, we applied DC currents with a precision
current source (Keithley 6221) and measured the Hall voltage with a
nanovoltmeter (Keithley 2182A). We measure the anomalous Hall
resistance Ry, which is proportional to the average vertical component
of the FePt magnetization M,. For the DW motion observations
stated in the main article, a pulse current with a duration of 1 ms was
utilized. The anomalous Hall resistance was measured using a
continuous reading current of 0.1 mA. The magnetization reversal
process was visualized using magneto-optical Kerr effect (MOKE)

27919

microscopy to elucidate the magnetization switching mode. To
perform noise measurements, we used an SR780 FFT network signal
analyzer (Stanford) to measure the low frequency noise character-
ization of our device, and we applied the read current continuously
until the noise spectrum was scanned during each measurement. All
measurements were performed at room temperature.

3. RESULTS AND DISCUSSION

The XRD spectra of the FePt film sample are shown in Figure
1b. FePt (001) and FePt (002) peaks are observed in Figure
1b, indicating a good L1, structure for FePt films. Moreover,

https://doi.org/10.1021/acsami.4c02874
ACS Appl. Mater. Interfaces 2024, 16, 27917—27925
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Figure lc illustrates the anomalous Hall resistance Ry as a
function of H, with a small reading current (0.1 mA),
indicating that the FePt sample possesses excellent PMA.
Furthermore, high-resolution cross-sectional scanning trans-
mission electron microscopy (STEM) and energy-dispersive X-
ray spectroscopy (EDS) were employed to obtain the high-
quality phase maps of FePt film. Highly ordered alternately
stacked Fe and Pt atomic layers can be seen in the high-
resolution high-angle annular dark field (HAADF) image in
Figure 1h. Remarkably, both the Pt and Fe compositions
display spatial variations, as shown in Figure 1g. The EDS
mappings in Figure 1ij illustrate the corresponding element
distributions of both Fe and Pt.

Current-induced magnetization switching was under the
external IP magnetic field, while pulsed currents (pulse
duration of 500 us) with varying amplitude were applied to
the 15 ym line-width Hall-bar device. By using polar MOKE
microscopy, as seen in Figure 2a, the switching process was
simultaneously captured and observed. As the bright and dark
contrasts in the Kerr pictures scale with the up and down
magnetization components, respectively, the sequential
changes in Kerr contrast exhibited in Figure 2b demonstrate

perpendicular magnetization switching in the Hall-bar device.
It is noted that there exists a partial switching behavior by
comparing the switching loop in Figure 2b with the anomalous
Hall loop in Figure Ilc, which is similar to the previous
results.””** The switching ratio increases with increasing the
external magnetic field H, and the maximal switching ratio is
around 10%. Moreover, the switching direction reverses with
the direction of the magnetic field, as shown in Figure 2b. The
role of the SOT effect can be equivalent to an OP effective
field, the magnitude of which is given by”’

SOT — h 9 m
T 2eMy SR THO) 1)

where t is the thickness of ferromagnetic layer, h is the reduced
Planck’s constant, e is the electron charge, M, is the saturation
magnetization, @y is the spin Hall angle, and ] is the current
density.

Based on the opposite responses to the contrary pulse
polarities, we consider the sensing of a vector magnetic field.
Then, we first investigated R,,(R,,) as a function of H, and H,
under I,(I,) = 38 mA. As shown in Figure 3a,d, both R,,—H,

https://doi.org/10.1021/acsami.4c02874
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measurement. (f) Noise spectrum of the sensor device, measured at a reading current of 0.1 mA, plotted as Sy

12 versus frequency.

and R,—H, curves are symmetrical with respect to the
horizontal coordinate, which can be attributed to the different
polarities of SOT. As indicated in eq 1, the direction of the
SOT effective field is determined by both the current direction
and the IP magnetic field. For example, the current I,(I,) =
+38 mA generates a positive SOT effective field and promotes
driving grain switching from downward to upward, resulting in
positive R, (R,,) under positive H,(H,). In contrast, when
I(I,) = —38 mA, the opposite variations of R,(R,,) are
obtained. Meanwhile, from Figure 3a,d, it can be seen that R,,
and Ry, fluctuate linearly with H, and H,, respectively, within
the range of —200 to +200 Oe. In contrary, the AHE resistance
remains constant when the applied current is directed
perpendicular to the magnetic field, as shown in Figure 3b,c.
On the other hand, because the H -induced grain reversal is
independent of the IP current direction, the variation

27921

correlations between ny(Ryx) and H, are the same regardless
of whether I,(,) is positive or negative [Figure 3d,f].

In order to sense the 3D magnetic field, which may be
divided into three mutually orthogonal magnetic field
components (H,, H,, and H,), we can take advantage of the
differing responses of ny(Ryx) to IP and OP fields under
positive and negative IP currents. R,,(+L,), Ry, (=L,), R,.(+1,),
and R,,(~I,) represent the AHE resistance values for positive
and negative writing currents in the x and y axes, respectively.
We can make a subtraction operation between R, (+I,) and
ny(—Ix) to remove the contribution from H, in accordance
with the symmetry of R—H curves under various current
polarities. The H, field component makes no contribution to
the Hall resistance when I, is applied, hence eq 2 can be used
to get the net resistance contribution from just the H,
component. As our Hall-bar device is designed with equal

https://doi.org/10.1021/acsami.4c02874
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Table 1. Performance of Our 3D Magnetic Sensor and Comparison with Other 3D Sensors”

characteristics system structure

SOT/domain nucleation (this work) one Hall bar (FePt single

layer)
15 X 50 ym?

SOT/domain nucleation® one Hall bar
(W/CoFeB/MgO)

40 X 200 ym?”

SOT/domain wall motion'’ one Hall bar
(Ta/CoFeB/MgO)

50 X 200 pm?>

one Hall bar
(Co/Pt bilayer)

50 X 250 um?

AHE/SOT*!

AHE + 2 AMR sensors

SOT/ easy-cone magnetic state with 2 AMR
! (planar)

sensors

AMR sensor (HMC1023, Honeywell) 3 Wheatstone bridges

GMR sensor”” fluxguide+ 4 GMR sensors

TMR sensor”® (TMR 2305, MultiDimension

3 Wheatstone bridges
Technology)

Fluxgate magnetometer”’ one fluxgate
one planar excitation coil

four planar pick-up coils

Research Article

dynamic linearity
range resolution sensitivity error noise @1 Hz

+200 Oe 2873 nT 275 VAT T™! 2.8% 7.9 nV Hz ™2
(H,)

+200 Oe 2959 nT 267 VA™! T! 3.0%
(H,)

+200 Oe 2712 nT 2912 VA™' T™! 5.1%
(H.)

+20 Oe 1090 nT 377 VA™' T™! 2.3% 411 nV Hz™'2
(H,)

+200e (H,) 1191nT 345 VA™' T 2.9%

+20 Oe (H,) 657.6 nT 625 VA™' T™! 3.3%

+10 Oe 7073 nT 205 VA™' T™! 3.2% 1450 nV Hz™'/2
(H,)

+100e (H,) S142nT 282 VA™' T 2.7%

+4 Oe (H,) 786 nT 1845 VA~ T! 4.3%

+30 Oe 3386 nT 410 VA™' T7! 3.2% 3386 nT Hz /2
(H,)

+250e (H,) 2869 nT 484 VA™' T 2.9% 2869 nT Hz /2

+1 Oe (H,) 88nT 15,778 VA~! T7! 1.9% 88 nT Hz '/

+1.5 Oe 1.44 nT 28.5 vv i T7! NA 1.44 nT Hz 2
(H,)

+1.5 Oe 1.84 nT 30.5 vvi 7! 1.84 nT Hz 2
(H,)

+0.5 Oe 27.7 nT 31,196 Vv T! 27.7 nT Hz ™12
(H.)

+6 Oe (H,) 8.5nT 10 vviT! NA 8.5 nT Hz /2

+6 Oe (H,) 85nT 10 v 1! 8.5 nT Hz /2

+6 Oe (H,) 85nT 10 vviT! 8.5 nT Hz /2

+3 Oe (H,) 3-9nT 575 vvi T NA 1380 nV Hz™'2

+3 Oe (H) 3-9nT 600 Vv T! 1440 nV Hz™ '

+3 Oe (H,) 3-9nT 550 vy T 1320 nV Hz™'/2

+10 Oe 2 nT 250 vvi 7! 2% 500 nV Hz'2
(H,)

+10Oe (H,) 2nT 250 vV T 2%

+10Oe (H,) 2 nT 250 vvi 77! 2%

+1.5 Oe 0.11 nT 122.4 V/T 10% 13.5 nV Hz™'/2
(H,)

+1.5 Oe 0.11 nT 1224 V/T 10% 13.5 nV Hz™'/2
(H,)

J_r%.s )Oe 1.16 nT 11.6 V/T 10% 13.5 nV Hz /2
HZ

“NA: not applicable. The linear field range, sensitivity, linearity error, and 1/f noise for all sensor types in 1 are shown in the order for H,, H,, and

H,, respectively.

line widths in both the x and y directions, similarly, I H.
contribution can be determined by the subtraction of Ryx(+1y5
and R, (=I). Thus, R, is sensitive to H, and H, but
insensitive to H,, when I, is applied, which enables the
measurement of y-axis component of the magnetic field upon
applying a current pulse in the y channel. Moreover, through
adding R,(+I,) and R,(-I,), the contribution of H, is
removed, leaving H, as the single contributor to the net
resistance. We can therefore determine each component of a
3D magnetic field by Hall resistance measurement based on
these mathematical operations, which are condensed into eqs
2—4. Here, we made slight modifications to the formula,
removing the operation of average of the similar formulas in
refs'” ****°, The average operation requires the additional
division analog circuit, which is detrimental for practical signal
processing

R(H,) =R, (+]) — Ry(-]) )

R(H,) = R,,(+])) = R,(~]) 3)

By eliminating both contributions from H, and H,, one may
also get the net resistance contributed just by the H,
component

R(Hz) = Ryx( + ])/) + Ryx(_]y)

(4)

27922

We obtain the linear relationships between the net resistance
R(H,) and H,, H,, and H, according to eq 2 based on the 1D
measurements (Figure 3a,c,e), which are depicted in Figure
4a—c, respectively. R(H,) is as anticipated sensitive to H,, with
a linearity error of 2.8% in the range of —200 to +200 Oe and
insensitive to H, and H,. The net resistances R(H,) and R(H,)
are subsequently determined using eqs 3 and 4 (Figure 4d—
f,g—i). Similar to the R(H,) instance, R(H,) and R(H,) solely
contain contributions from H, and H,, respectively. Therefore,
the relationships between the net resistances [R(H,), R(H,),
and R(H,)] and associated magnetic field components (H,, H,
and H,) are established. In order to perform 3D magnetic field
sensing, the magnitude of the appropriate magnetic field
components can be read out in accordance with Figure 4a,e,i
once the net resistance components have been acquired using
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eqs 2—4. The sensitivity of the x, y, and z directions is 27.5,
26.7, and 291.2 VA™! T7, respectively. It can be found that the
sensitivity IP direction is obviously lower than the OP
direction, which can be attributed to the partial SOT switching
in the L1j,-FePt film. Additionally, we have investigated the
sensing performance of submicron-sized Hall devices.
Furthermore, we have measured SOT switching in submicron
Hall-bar devices with line widths of 500 and 800 nm. These
devices exhibit a higher switching ratio of the SOT, reaching a
maximum of 60% by comparing the OP magnetic field-
switched Hall resistance (ARy;) with the IP current-switched
Hall resistance (AR;), which implies a greater range of
adjustable Hall resistance in the IP direction (Section S2,
Supporting Information). However, as the device size
decreases from micron to nanometer size, thermal fluctuations
can induce energy barriers that facilitate the random switching
of magnetic domains and there is an increase in linear error.
The detailed results and discussion can be referred to in the
Supporting Information. Considering it is a nanowire structure,
if we further reduce the device size and create a nanodot
structure, the device can be transformed into a single-domain
structure. This enables the utilization of the linear response
characteristics of the domains’ random switching probability to
detect magnetic fields.”

Furthermore, we measured the Hall resistance R,, as a
function of the rotating field angle 6, based on the 15 ym
device. The specification of x—y—z coordinates is shown in
Figure Sa, along with the design of a 3D sensor mounted in a
vector magnetic field. As shown in Figure Se, the sensor plane
is fixed, and the magnetic field direction is rotated in the yz
plane. It is found that the Hall resistance Ry; and magnetic field
H,, have a good linear relationship when the included angle 6,
is within the range of 5°, as shown in Figure 5b. As the angle
0,. increases, the Ry—H,, curve becomes nonlinear, as shown
in Figure 5c. Then we choose the magnetic field of 0.5 and 0.2
kGs to obtain the relationship between the Hall resistance Ry
and magnetic field angle 6,., as shown in Figure 5d. It is found
that the 6,,—Ry; curve has a good linear relationship when the
included angle 6,, is within the range of +30°, which could be
applied to the angular detection. An average angle error of 0.5°
within the range of +30° and it might be more sensitive by
equipping appropriate amplifiers and filters to enhance the
sensor’s signal processing capability and immunity to
interference. Our design, with its extremely straightforward
structure, might result in a low-cost angular position sensor.

In Table 1, the performances of our 3D magnetic field
sensor are outlined and contrasted with those of competing 3D
magnetic field sensors.

When compared to contemporary 3D magnetic sensors
(GMR and ﬂuxgate)27 and commercial (TMR230S, Multi-
Dimension Technology),28 the dynamic ranges of our sensor,
referred to as the SOT sensor here, are 1 to 2 orders of
magnitude greater. For the 15 ym device within a magnetic
field range of +200 Oe, the linear errors of the sensor in the ¥,
y, and z directions are 2.8, 3.0, and 5.1% (within +150 Oe,
3.4%), respectively. These linear errors are related to the size of
the device and the stochastic switching process of magnetic
domains (Sections S3 and S4, Supporting Information). The
linearity of our sensor (1S5 um) is close to that of the SOT-
based 3D sensors reported before, and superior to that of the
fluxgate magnetometer” within its detectable range. Fur-
thermore, as demonstrated in Figure Sf, the 1/f noise of our
SOT sensor is approximately 7.9 nV Hz "2, which is obviously

lower than that of the Co/Pt bilayer SOT sensor. The low 1/f
noise can be attributed to the stable magnetic domain structure
of L1,-FePt, and the large coercive field contributes to
combating thermal and field disturbances according to the
thermal stability factor A = M;H,V/2k,T. Additionally, the 1/f
noise of the device may also be related to intrinsic noise from
the current source and thermal noise (Section S6, Supporting
Information). Compared with other SOT sensors reported
before, the dynamic of the SOT sensor is larger by roughly an
order of magnitude along the x and y directions, and even 2
orders of magnitude in the z direction. What is more, some
other 3D sensors use three or more magnetic sensing elements
integrated for 3D magnetic field sensing and generally suffer
from cross-sensitivity among the measurement axes, signifi-
cantly complicating technology fabrication, impeding high
spatial resolution, and obstructing the achievement of the
desired miniaturization level. In contrast, our SOT sensor base
on the L1,-FePt, which uses only one device, advantageously
enables vector magnetometer planarization and miniaturiza-
tion.

4. CONCLUSIONS

In conclusion, we exhibited a wide linearity range 3D magnetic
sensors based on a single Hall-bar device. Due to the large
perpendicular magnetic anisotropy of the L1,-FePt film, we
have obtained a significantly wider linear range in the x, y, and
z directions than the works reported before, allowing for the
detection of magnetic fields over a broader range of
applications. The FePt-based 3D sensor maintains stability
due to the high PMA and stable magnetic properties of the
FePt material. It exhibits a relatively lower magnetic noise level
of 79 nV at 1 Hz than previous results,'””’ improving
measurement resolution at the low frequency. Furthermore,
based on a single Hall-bar device, we propose a simple scheme
for magnetic angular position sensing, which shows great
potential application in rotational motion control. Equipping
appropriate amplifiers and filters could enhance the sensor’s
signal processing capability and immunity to interference,
potentially making it more sensitive for more applications.
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