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A spin-orbit torque device for sensing
three-dimensional magnetic fields
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Magnetic field sensors are important in a variety of applications, including transport and medical devices. However, existing
solid-state approaches for the detection of three-dimensional magnetic fields require multiple sensors, making the set-ups
bulky. Here, we show that a single spin-orbit torque device composed of a Ta/CoFeB/MgO heterostructure can detect a vec-
tor magnetic field. In-plane and out-of-plane field components lead to the displacement of domain walls in the CoFeB layer,
modulating the associated anomalous Hall effect resistance. Modulation of the anomalous Hall effect resistance varies linearly
with the x, y and z components of a vector magnetic field. Our compact three-dimensional magnetic field sensor exhibits good
linearity within a certain range (3.2%, 2.7% and 4.3% for the x, y and z directions, respectively) and high sensitivity (205, 282

and 1,845V A-'T-" for the x, y and z directions, respectively). The sensor also exhibits low 1/f noise.

range of fields, including space’, navigation and mechanical
systems’, the automotive industry’, biomedicine* and indus-
trial automation®. In recent years, various types of magnetometer
have been developed, such as superconducting quantum inter-
ference devices®’, fluxgate sensors® and graphene Hall sensors’.
Approaches based on optical nitrogen vacancies in diamond'*",
the Hall effect in semiconductor materials'® and the spin-dependent
resistance effect in magnetic materials'”' have also been developed.
Of particular interest, sensors based on spin-dependent magneto-
resistance effects—anisotropy magnetoresistance (AMR)", giant
magnetoresistance (GMR)* and tunnelling magnetoresistance
(TMR)***—have the advantages of wide bandwidth, high stability,
small size and low cost, as well as excellent sensitivity, resolution
and linearity™.
A range of techniques have been developed that can measure
a three-dimensional (3D) magnetic field**. One conventional
method is to use three magnetic sensors with their sensing direc-
tions along the three coordinate axes (x, y and z)*>** or planar sen-
sors with an attached magnetic flux guide®>**. However, all of these
approaches are limited by the experimental set-up and environ-
mental effects, which lead to non-orthogonality of the three sensing
directions. This can result in complicated adjustments of the sub-
units, low signal levels, high cross-sensitivities, numerous electri-
cal connections and the three magnetic field components not being
measured at the same spot.
In this Article, we report a 3D magnetic field sensor based on
a single spin-orbit torque (SOT) device composed of a Ta/CoFeB/
MgO heterostructure. In our device, a 3D magnetic field, in com-
bination with an in-plane (IP) current bias, induces domain wall
(DW) motion, which modulates the anomalous Hall effect (AHE)
resistance of the CoFeB layer. We derive the relationships between
the measured AHE resistance and the three orthogonal components
of the vector magnetic field, and show that they are linear for certain
ranges. In particular, the sensor has a linear range between —10 and

| he precise measurement of magnetic fields is required in a

+10 Oe for the magnetic field components in the x and y directions
and between —4 and +4 Oe for the z direction, which is larger than
the range of a commercial 3D magnetic sensor.

Sensing principle and experimental set-up
Figure 1a shows a schematic of our 3D magnetic field sensor with the
definition of the x—y-z coordinates. A stack consisting of Ta(10 nm)/
CoFeB(1.2nm)/MgO(1.6nm)/Ta is patterned into Hall bar struc-
tures by standard photolithography and ion-milling techniques. The
lateral size of the device, unless otherwise noted, is 50 X 200 pm?.
Our samples have a Curie temperature of 1,086 K, a saturation mag-
netization (M) of 1,004e.m.u.cm™ and effective anisotropy (K)
of 2.26 X 10°Jm™ at room temperature (Supplementary Section 1).
As a result of the spin Hall'” or Rashba’ effect of Ta in the Ta/
CoFeB/MgO heterostructure’’, with perpendicular magnetic
anisotropy (PMA), a DW can be driven by an IP current (here,
J, or ],) along with a collinear IP magnetic field (H,, H,) via SOT.
Theoretically, the SOT effective field plays a role like an out-of-plane
(OOP) field and can be given by

0T —
z 2eMt

Ose]x(y) Mix(y) (1)

where 7 is the reduced Planck constant, e is the electron charge,
M, is the saturation magnetization, ¢ is the thickness of the CoFeB
layer, 6, is the spin Hall angle of Ta and J,,, is the current density.
The IP field is utilized to orient the magnetization within the DW to
achieve an IP component m,,,. In particular, when a small IP field
is applied, a longitudinal DW can be formed in the CoFeB layer and
the DW propagates in a direction orthogonal to the current direc-
tion* (Fig. 1b,c). Moreover, at zero magnetic field, the longitudinal
DW is located at the centre of the CoFeB layer, resulting in an AHE
resistance of ~0Q. As the magnitude of the IP field changes, the
DW can move from the initial position to a new pinned position®.
On the other hand, an OOP magnetic field (H,) can also drive DW
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Fig. 1| Three-dimensional magnetic field sensing based on a Ta/CoFeB/MgO heterostructure. a, Schematic of the 3D sensor placed in a vector magnetic
field, and definition of the x-y-z coordinates. b, Schematics of the AHE measurement set-up and DW motion under H,, H, and H, when J, is applied.

The yellow dotted line shows the initial position of the DW and the red solid line is its final position. The blue arrow indicates the direction of DW motion.
¢, Schematics of the AHE measurement set-up and DW motion under H,, H, and H, when J, is applied.

motion in the CoFeB layer, with its easy axis along the z direction.
Hence, when a current is applied along the x axis, both H, and H,
can drive DW motion, as shown in Fig. 1b. Because H,, is perpendic-
ular to the current direction, no SOT exists and thus no DW motion
occurs®. Similarly, if the applied current is along the y axis, H, and
H, will contribute to DW motion, while H, makes no contribution,
as illustrated in Fig. Ic.

Furthermore, when a 3D magnetic field H=(H,H,H,) and
an IP current are applied to the device, the DW displacement is
modulated by the combination of the IP and OOP fields. For the
IP-field-driven DW motion case, the direction of HS°T depends on
both the current and IP field directions, according to equation (1).
Consequently, the direction of DW motion also depends on both
the current and IP field directions. Indeed, as the current direction
reverses, the DW motion reverses. For the OOP-field-driven DW
motion case, in contrast, the direction of DW motion is only related
to the H, direction, regardless of the current direction. These dif-
ferent relations between DW motion and current direction make it
feasible to separate the contributions of the IP and OOP fields (as
will be described below). In other words, it is possible to detect both
the IP field (H, and H,) and OOP field (H,) by characterizing the
DW dynamics.

DW motion is accompanied by a change in the vertical compo-
nent of the magnetization, M,. To quantitatively monitor the mag-
netization change under different magnetic fields, AHE resistance
measurements’~ are performed to identify the equilibrium mag-
netization at room temperature. While the current is applied along
the x and y directions, the Hall voltage is detected in the y and x

180

directions, and the AHE resistances R,, and R, are thus recorded,
respectively. Note that GMR and TMR measurements can also be
used to identify the magnetization and are applicable to our 3D
Sensor.

One-dimensional magnetic field sensing

The AHE loop of R,, versus H, shows hysteresis with sharp switch-
ing, indicating a strong PMA of the device (black curve, inset of
Fig. 2a). We investigated SOT-induced magnetization switching,
as further shown in Supplementary Section 2. When a current J, is
applied, the coercive field of the AHE loop decreases as J, increases.
At J.=46.8MAcm™, the hysteresis becomes close to zero (blue
curve, inset of Fig. 2a). A good linear region appears in the vicinity of
zero magnetic field (from —4 to +4 Oe), where R, is proportional to
H, (Fig. 2a). We also investigated the AHE loops of R, versus H, and
H, At ], =+6.8MAcm™, R,, varies linearly with applied H, within
the range —10 to +100e (Fig. 2b). On the other hand, the AHE
loop of R,, versus H, in Fig. 2c shows that R, is maintained con-
stant, because no DW motion occurs under H,, as discussed above.
Overall, it is seen that R, is sensitive to H, and H,, but insensitive
to H,, when J, is applied. Similarly, R, is sensitive to H, and H,, but
insensitive to H,, when J, is applied (Fig. 2d-f). These experimental
results are consistent with the theoretical expectations described in
the previous section. We also estimated the Joule heating generated
by the writing current. Importantly, the device temperature under
J=6.8 MA cm™ (~430K) is much lower than the Curie temperature
of our Ta/CoFeB/MgO/Ta films (~1,086K), which agrees with a
previous report. At the operation temperature (~430K), M, and
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Fig. 2 | Measured R-H curves under +6.8 MAcm=2 a, R, as a function of H,. The red and blue curves represent the variation of R,, with H, under
J,=+6.8 MAcm~2and —6.8 MA cm~?, respectively. The two curves coincide with each other. The inset shows the AHE loops under different currents.
The coercive field of the AHE loop decreases as J, increases. At J,=+6.8 MA cm~, the hysteresis becomes close to zero. b, R,, as a function of H,. The red
and blue curves under +6.8 MAcm~ and —6.8 MA cm™, respectively, are symmetrical about the horizontal ordinate. ¢, R,, as a function of H,. R, is kept

almost constant, because no DW motion occurs under H,. d-f, R ,
The dotted lines are guides to the eye.

K. are estimated to be ~890 e.m.u.cm™ and 1.34 X 10°J m~, respec-
tively, indicating that the PMA just decreases rather than vanishes
(Supplementary Section 1). The natural cooling process from 430K
to room temperature consumes around 40 ms (from a COMSOL
simulation), which can be greatly reduced to tens of nanoseconds by
introducing a thermal conducting layer and optimizing the system
structure’~** (Supplementary Section 3).

The relationships between R,, (R,) and H,, H, and H, under J,
(J,)=—6.8 MA cm™* are also depicted in Fig. 2a—f (blue curves). The
R,,-H,and R -H, curves are unchanged when the current polarity
reverses. In this case, the positive H, always favours upward magne-
tization (M, > 0), corresponding to a positive AHE resistance (R > 0),
while the negative H, favours M, <0 and R<0. By contrast, the
R,-H, (R,-H,) curves under +6.8 MA cm™ are symmetrical about
the horizontal ordinate. At J, (J,)=+6.8 MA cm™, positive H, (H,)
favours M,> 0 and increasing H, (H,) results in a gradual increase
of R (red curve). When J, (J,) is reversed (—6.8 MA cm™?), increasing
H, (H,) now drives the DW towards the direction of decreasing M,,
corresponding to a gradual decrease of R (blue curve).

For further verification, we also performed magneto-optical Kerr
effect (MOKE) microscopy and micromagnetic simulations to inves-
tigate the DW dynamics of the device. In the MOKE images, DW
displacement is observed to scale linearly with the applied field under
IP current when scanning both H, (ranging from approximately —10
to +100e) and H, (approximately —4 to +4Oe), consistent with
the R, -H, and R, ~H, measurement curves, respectively. In addi-
tion, results from micromagnetic simulations performed using the
object-oriented micromagnetic framework (OOMMEF) confirmed
the experimental observations (Supplementary Section 4).

Three-dimensional magnetic field sensing
Next, we consider a 3D magnetic field H= (H,,H,,H,) applied on the
device. We can measure two AHE resistance values under positive
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as a function of H, (d), H, (e) and H, (f) under J,=+6.8 and —6.8 MA cm~?, respectively.

and negative current densities in the x axis: R, (+],) and R, (—],).
According to the symmetry of the R-H curves under different cur-
rent polarities (Fig. 2), if the two AHE resistance values are pro-
cessed with a subtraction operation, enabling elimination of the H,
contribution, the net resistance contributed by only the H, compo-
nent can be obtained as

_ ny("’]x) - ny(_]x)
2

R(Hx) (2)

By performing an add operation to eliminate the H, contribu-
tion, we can obtain the net resistance contributed by only H, as

ny(+]x) + ny(_]x)

! ®)

R(Hz) =

Similarly, if we exchange the current terminals to apply J,, the net
resistance contributed by only H, can be sensed as

(4)

R(Hy) _ R}’x (+]}’> ; RJ’"(_])’)

Note that R(H,) can also be calculated as

_ Ry (+)y) + Ryx(=Jy)
2

R(H,) (5)

and the calculation result of equation (5) is expected to be the same
as that of equation (3).

The relationships between the net resistances (R(H,), R(H,),
R(H,)) and the corresponding magnetic field components (H,, H,
H,) are calibrated based on 1D measurements. By performing a cal-
culation between the two R,~H, curves at J,=+6.8 MAcm™ and
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Fig. 3 | Net resistance contributed by H,, H, and H,. a, Net resistance component R(H,) as a function of H,. R, (J,=+6.8 MAcm~2) and

R, UJ,=—6.8 MA cm~?) under different H, ranging from —10 Oe to +10 Oe are processed with a subtraction operation to eliminate the contribution of H,
and obtain R(H,). The blue line is a linear fit to the experimental data points. b, Net resistance component R(H,) as a function of H,. Similarly, a subtraction
operation is processed to obtain the net resistance component R(H,) using R,,(J,=+6.8 MAcm~?) and R,,(J,=—6.8 MAcm™). The green line shows a
linear fit to the experimental data points as a function of H, in the range of —10 Oe to +10 Oe. ¢, The net resistance component R(H,) as a function of H, is
obtained by an addition operation to eliminate the contribution of H,. The red line is a linear fit to the experimental data points.

J,=—6.8 MA cm™ using equation (2), the relation between R(H,)
and H, is obtained as shown in Fig. 3a. The R(H,)-H, and R(H,)-H,
relations are shown in Fig. 3b,c, respectively. Hence, once the net
resistance components are obtained using equations (2) to (5), the
corresponding magnitude of the magnetic field components can be
read out according to Fig. 3a-c, implementing 3D magnetic field
sensing.

Performance of our 3D magnetic field sensor

Based on the results shown in Fig. 3, our 3D magnetic field sensor
has a linear range of approximately —10 to +10 Oe for both H, and
H,, and approximately —4 to +4 Oe for H.. The linearity of our sen-
sor within the linear range is about 3.2%, 2.7% and 4.3% for H,, H,
and H,, respectively (the detailed calculation method is provided
in the Methods). The sensitivity S is given by the relation S=IAR/
AH. According to the results shown in Fig. 3, the sensitivities of our
3D sensor are calculated to be 205, 282 and 1,845V A~!'T-! for H,,
H, and H,, respectively. This performance can be further improved
by using TMR measurements in magnetic tunnel junction (MT])
structures. Specifically, the Ta/CoFeB/MgO heterostructure can be
used as the free layer in MT]J stacks, in which a much larger resis-
tance change of the TMR (a few kQ) than of the AHE resistance (a
few hundred mQ, Fig. 3) can be realized™. Thus, a larger voltage
variation (IAR) will be obtained and thus significantly improve the
sensitivity. Furthermore, we also propose a simple peripheral circuit
for the sensor to implement fully automatic detection of a 3D mag-
netic field (Supplementary Section 5).

Figure 4 plots 4/S, as a function of the frequency at room tem-
perature where S, is the total noise power composed of Johnson
noise, 1/f noise and background noise (details of the noise mea-
surements are described in the Methods). The noise measurements
clearly indicate a 1/f-noise-dominated regime until the total noise
saturates at high frequencies with Johnson noise. The noise values at
1Hz for 50- and 40-pm-wide devices (length of 200 pm) at writing
current densities of 6.8 MA cm™ and 6.2 MA cm™ are around 1,450
and 150nV Hz ™', respectively. Joule heating contributing to the
Hooge parameter could be the main factor influencing the 1/fnoise,
besides DW motion caused by the applied current together with
a magnetic field (Supplementary Section 6). The required writing
current, device resistance and, consequently, Joule heating can be
reduced by scaling down the lateral device dimensions. Therefore,
the noise at the writing current density can be remarkably sup-
pressed by decreasing the device width or length. This is a highly
desirable feature for achieving high-density integration of our pro-
posed sensor. Moreover, note that the actual noise is caused by the
pulsed writing currents used for our device, which is expected to
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Fig. 4 | Noise spectral density. S, is the total noise power on the y axis and
fis the frequency on the x axis. The black and red curves show the noise
spectral density at 6.8 MA cm~2 for a 50-pm-wide device and 6.2 MA cm—
for a 40-pm-wide device. The 1/f noise dominates the total noise for the
lower frequencies, while Johnson noise dominates at higher frequencies.

Table 1| Performance of our 3D magnetic sensor

Characteristics X axis y axis Z axis Unit
Full-scale field range +10 +10 +4 Oe
(FS)
Sensitivity 205 282 1,845 VAT
Linearity error within 3.2 2.7 4.3 %FS
FS
1/f noise density at 1,450 nVHz "2
THz 1500
Resolution 7,073° 5142: 7862 nT

732° 5872 81°

Device dimensions: 50 pm (width) and 200 pm (length). ®Device dimensions: 40 pm (width) and
200 pm (length).

be lower than that measured by d.c. currents. To further reduce the
noise, we can take advantage of using a metal with high spin Hall
angle to replace Ta as the spin current source (for example, W and
CuBi alloys**?). The performance of our 3D sensor is summarized
in Table 1.

Compared to commercial (TMR2305M, Multi-Dimension
Technology) and state-of-the-art (GMR, fluxgate) 3D magnetic sen-
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sors, the linear ranges for the x and y sensing directions of our sensor
(here called the SOT sensor) are ~2-6 times larger, while that for the
z sensing direction is larger or comparable’*. Within the detect-
able range, the linearity of the SOT sensor is better than that of the
fluxgate magnetometer and comparable to that of the commercial
TMR 3D sensor. Also, compared to the GMR and TMR 3D sensors,
the noise at 1Hz of our SOT sensor is lower, although the noise
is notably lower (13.5nV Hz™'? for the x and y sensing directions
and 73nV Hz ' for the z sensing direction) in the fluxgate sensor
among all the 3D sensors. We have not compared the sensitivities of
the SOT sensor and GMR/TMR sensors, as they have different read-
out principles (AHE and MR, respectively) and thus units (VA T
and V'V~ T, respectively). Compared with a state-of-the-art AHE
1D sensor using FePt ferromagnetic films that exploits the same
readout principle as our SOT sensor, the sensitivity of the SOT
sensor is larger by about one order of magnitude along the x and y
directions and even two orders of magnitude in the z direction®. It
is worth noting that all other 3D sensors use three or more magnetic
sensing elements that are integrated for 3D magnetic field sensing
and generally suffer from cross-sensitivity among the measurement
axes, seriously complicating technology fabrication, impeding high
spatial resolution and obstructing achievement of the required min-
iaturization degree. By contrast, our SOT technology, exploiting just
a single device, advantageously realizes the planarization and min-
iaturization of vector magnetometers (Supplementary Section 7).

Conclusions

We have reported a 3D magnetic field sensor that is based on a single
SOT device with Ta/CoFeB/MgO Hall bar structure. In our device,
both IP and OOP fields, under an IP current bias, can induce DW
motion that modulates the AHE resistance of the device. We first
derived the linear relationships between the AHE resistance and uni-
axial magnetic field within a certain range. By changing the polarity
of the bias current, we then derived the linear relationships between
the AHE resistance and the components of the vector magnetic
fields. We used our 3D sensor to probe the H,, H, and H, compo-
nents of the vector magnetic fields via the AHE resistance, demon-
strating linearities of 3.2%, 2.7% and 4.3% and sensitivities of 205,
282 and 1,845V AT, respectively. To improve the sensitivity of
our sensor, MTJ structures could potentially be used. Furthermore,
the 1/f noise density at low frequency can be further suppressed by
using a metal with a high spin Hall angle to replace Ta as the spin
Hall source, which could potentially reduce the write current.

Methods

Sample preparation. Magnetron sputtering without a post-annealing process

was used to deposit a film structure of Ta(10 nm)/CoFeB(1.2nm)/MgO(1.6nm)/
Ta(20nm) on a thermally oxidized Si substrate at room temperature. The thin-film
stack was fabricated into Hall bars by photolithography (a deep-ultraviolet
lithography machine) and argon-ion milling (MIBE 150A). The top Ta was

then thinned by 15 nm using argon-ion milling. To cap on pads as electrodes,
magnetron sputtering was used to grow a Ta(10 nm)/Pt(100 nm) bilayer. The width
and length of the channel in the Hall devices were 50 and 200 pum, respectively, and
the dimensions of the device pads were 100 um X 100 pm.

Electrical measurements. For the anomalous Hall resistance measurements,

we used a d.c. current source (Keithley model 6221) to apply currents and a
nanovoltmeter (Keithley model 2182A) to measure the Hall voltage. A write
current (J=+ 6.8 MA cm™2) with a duration of 0.5s was used for the DW motion
observations mentioned in the main text. A constant reading current of 0.1 mA
(~0.012MA cm™) was applied to read out the AHE resistance.

Linearity calculation. Within the linear range of +10 Oe for H, and H, and +4 Oe
for H, linear fitting of the data points according to a least-squares method was
performed. The linearity is given by the formula =AY, /Y X 100%, where AY,

is the maximum deviation between the sensor experimental data and the fitted line
and Y is the full-scale output.

Measurement of the noise. To perform noise measurements, we used an
E5052B signal source analyzer (Keysight) to filter out the d.c. voltage signal and

then output the noise signal, which varies with frequency. The writing currents
were applied by a Keithley 6221 source and all tests were performed at room
temperature without an external magnetic field. During each measurement for
different current densities, we applied the current all the time until the noise
spectrum was scanned.

MOKE imaging. MOKE images were used to magnetically image the DW motion
in the CoFeB layer. We first saturated the magnet in the —z or +z direction, then
an image was taken to serve as the reference image. The external magnetic field
was then changed and, after applying a writing current for 0.5s, another image was
taken. The first reference image was subtracted from the second image to generate
the final MOKE image.

Micromagnetic simulation. The DW motion was simulated by solving the
Landau-Lifshitz-Gilbert (LLG) equation:

(i%l = —ymx Hegr +Mism>< %+%mx mxz
through OOMME, where m is the normalized magnetization vector for the CoFeB
layer, y is the gyro-magnetic ratio, a is the Gilbert damping constant, M, is the
saturation magnetization, J is the current density, 6 is the spin Hall angle of the
heavy metal, sy, is the Bohr magnetron, e is the elementary charge and t is the
thickness of the CoFeB layer.

The effective magnetic field, H.g, including the effects of uniaxial anisotropy,
exchange coupling, demagnetization, the Dzyaloshinskii-Moriya interaction
(DMI) and Zeeman fields, is expressed as

2Aex

He = Ky + V2 4nM,D,,z + 2L
=—z+—-V'm—4n z
YA VP STER T M,

s

[(V-m)z — V] + Hex

where A, is the exchange correlation constant, K, is the perpendicular magnetic
anisotropy, D_, is the demagnetization coefficient along the easy (z) axis, D is

the DMI constant and He is the applied magnetic field. A 1,200-nm-long,
600-nm-wide and 0.6-nm-thick magnet with a mesh size of 5nm X 5nm x 0.6 nm
was used for simulations. Material parameters used in the simulation correspond
to the CoFeB thin film in the experiment, where M;=1,100kA m~! (measured
for our materials stack by performing vibrating sample magnetometry),
A,=3%10""Tm™, K,=0.97x10°7m™>, 05, =0.1 and J=1x 10’ Acm. The
micromagnetic simulator OOMME used in this work is publicly accessible at
http://math.nist.gov/oommf.

Data availability
Source data are provided with this paper. Any additional data are available from the
corresponding author upon reasonable request.
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