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and Voitech Stankevič
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Abstract: Magnetic position sensors have extensive applications in various industrial sectors and
consumer products. However, measuring angles in the full range of 0–360◦ in a wide field range using
a single magnetic sensor remains a challenge. Here, we propose a magnetic position sensor based
on a single Wheatstone bridge structure made from a single ferromagnetic layer. By measuring the
anisotropic magnetoresistance (AMR) signals from the bridge and two sets of anomalous Nernst effect
(ANE) signals from the transverse ports on two perpendicular Wheatstone bridge arms concurrently,
we show that it is possible to achieve 0–360◦ angle detection using a single bridge sensor. The
combined use of AMR and ANE signals allows a mean angle error in the range of 0.51–1.05◦ within a
field range of 100 Oe–10,000 Oe to be achieved.

Keywords: magnetic position sensor; anisotropic magnetoresistance; anomalous Nernst effect;
harmonic measurement

1. Introduction

Precise measurements of angular positions are indispensable across diverse domains,
including manufacturing, space exploration, the internet of things (IoT), medical tech-
nology, consumer products, navigation, and industrial automation [1–7]. Commercial
magnetic angle sensing devices typically employ Hall effect [8], anisotropic magnetoresis-
tance (AMR) [9], giant magnetoresistance (GMR) [10], and tunnel magnetoresistance (TMR)
sensors [11]. To achieve full 360◦ detection, it is common to employ two orthogonally
positioned Hall effect, GMR, or TMR sensors to obtain the sine and cosine signals from
which the angle position can be derived using an arctangent function. Although AMR
sensors typically offer superior signal-to-noise ratio and high accuracy compared to Hall
effect, GMR, and TMR sensors, two AMR sensors can only detect the angle in the range
of 0–180◦, and an additional sensor is required to achieve full 360◦ detection [12,13]. This
would increase the complexity of the sensor design and manufacturing cost. Furthermore,
the GMR and TMR sensors have a limited dynamic range (usually less than 1000 Oe), which
imposes limitations in some practical applications that require a large field range.

Recently, several angular position sensors based on emerging physical phenomena
such as spin Hall magnetoresistance (SMR) and spin-orbit torque (SOT) have been demon-
strated. These sensors typically have a much simpler design as compared to the conven-
tional AMR, GMR, and TMR sensors. In fact, all of these sensors, including the SMR
sensor [14], spin torque gate (STG) sensor [15], SOT-enabled anomalous Hall (AHE) vector
magnetometer [16], and SOT-based magnetic angular sensor [17] are based merely on a
simple ultrathin ferromagnet (FM)/heavy metal (HM) bilayer without any magnetic bias,
which greatly simplifies the sensor design and reduces the manufacturing cost. However,
the SOT-based sensors typically have a relatively small dynamic range, which may limit
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their applications in settings with a large environmental magnetic field. Alternatively, uni-
directional magnetoresistance (UMR) can also be explored for 0–360◦ angle detection [18],
but it faces significant challenges and limitations due to the substantial noise in the UMR
signals, which adversely impacts the performance and accuracy of the sensor. Here, we
propose an extremely simple angular position sensor based on the AMR and anomalous
Nernst effect (ANE) in a single ferromagnetic (FM) layer, which allows for 0–360◦ angle
detection using a single Wheatstone bridge. Compared to the UMR signals, the ANE
signals exhibit low noise and nearly zero offset and, importantly, they is readily accessible
in almost all conductive ferromagnetic films, provided there is a vertical temperature gra-
dient. The latter is conveniently achieved through the sending current. We demonstrate
experimentally that, by simultaneously measuring the first harmonic longitudinal and
second harmonic transverse voltages of a CoFeB-based bridge device under an AC sensing
current, it is possible to detect angles within 0–360◦ at a mean angle error of 0.51–1.05◦ with
a dynamic field range of 100 Oe–10,000 Oe.

2. Experimental Details

A stack consisting of CoFeB (3, 6, 10, 15 nm)/MgO (2 nm)/Ta (1.5 nm) from bottom to
top is deposited on the Si/SiO2 substrate by magnetron sputtering with a base pressure of
2 × 10−8 Torr and a working pressure of 3 × 10−3 Torr. The Microtech LaserWriter system,
equipped with a 405 nm laser, is employed for patterning the device into a Wheatstone
bridge. Each Wheatstone bridge arm has dimensions of 30 µm × 200 µm. Following
the deposition of the film stack and patterning of the device, electrodes and contact pads
consisting of Ta (5 nm)/Cu (100 nm)/Pt (10 nm) are formed on the four terminals of the
bridge for electrical transport measurements. Finally, the devices are thermally annealed at
250 ◦C for 1 h in a vacuum furnace with a pressure of less than 1 × 10−5 Torr. For electrical
measurements, we use a Keithley 6221 current source to supply an AC current to two
diagonal terminals of the bridge, and an MFLI lock-in amplifier from Zurich Instruments is
used to measure both the first harmonic bridge output and second harmonic Hall voltage
signals from the two adjacent arms. All the electrical measurements are performed in a
Quantum Design Versalab PPMS system with angle rotator.

3. Results
3.1. Derivation of the First and Second Harmonic Signals

Figure 1a,b show the layer structure of the sensor and schematic of the measurement

setup, respectively, where
→
Hext = Hext(sin θH cosφH, sin θH sinφH, cos θH) is an in-plane

external field with azimuthal angle φH and polar angle θH (θH = 90◦ in the present case).

At large Hext, the magnetization (
→
M) of the FM layer will be aligned with that of the external

field, and therefore, its direction is: m̂ =
→
M∣∣∣∣→M∣∣∣∣ = (sin θH cosφH, sin θH sinφH, cos θH). When

a charge current (I) flows through the bridge arms consisting of CoFeB, a temperature
gradient ∇T will be established in the film thickness direction (i.e., z-direction) due to the
difference in thermal conductivity between air and the substrate [19], as shown in Figure 1a.
The magnitude of ∇T is proportional to the power dissipation, i.e., |∇T| ∝ I2R, where R
is the resistance of the device [20]. This in turn will induce a transverse voltage signal
in the respective arms due to the ANE in CoFeB. Phenomenologically, the ANE-induced

electric field can be written as
→
E = SANE∣∣∣∣→M∣∣∣∣

→
M ×∇T, where SANE is the anomalous Nernst

effect coefficient, indicating the strength and sign of the ANE for a particular material [21].



Sensors 2024, 24, 1011 3 of 12

Sensors 2024, 24, x FOR PEER REVIEW 3 of 12 
 

 

 
Figure 1. (a) Illustration of the layer structure of the angle sensing device; (b) Schematic of the har-
monic measurement setup. 
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Without loss of generality, the total electric field (
→
E) in the FM layer can be expressed

in a generalized Ohm’s law as follows [20,22]:

→
E = ρ0

→
J +

∆ρOMR∣∣∣∣→Hext

∣∣∣∣2
(→

J ·
→
Hext

)→
Hext +

∆ρAMR∣∣∣∣→M∣∣∣∣2
(→

J ·
→
M
)→

M − ρOHE∣∣∣∣→Hext

∣∣∣∣
→
J ×

→
Hext −

ρAHE∣∣∣∣→M∣∣∣∣
→
J ×

→
M +

SANE∣∣∣∣→M∣∣∣∣
→
M ×∇T, (1)

where ρ0 is the longitudinal resistivity,
→
J is the current density. ∆ρOMR, ∆ρAMR, ρOHE,

and ρAHE denote the resistivity changes due to the ordinary magnetoresistance (OMR),
AMR, ordinary Hall effect (OHE) and AHE, respectively. The sixth term is the contribution
from the ANE. As mentioned above, ∇T can be expressed as: ∇T = KI2(0, 0, 1), where
K is a device-specific coefficient, indicating a proportional relationship between |∇T|
and I2. As shown in Figure 1b, three voltage signals, namely Vω

1 , V2ω
2 , and V2ω

3 , were
acquired simultaneously with an AC current (I = I0sinωt) applied to the two current
terminals. Vω

1 is the first harmonic signal induced by the AMR effect, whereas V2ω
2 and

V2ω
3 are the second harmonic signals caused by the ANE in the two adjacent arms, named

arm-x and arm-y, respectively. The longitudinal resistance of arm-x and arm-y can be
expressed as R0 = Lρ0

A , where A and L are the cross-sectional area and length of the arm,

respectively. The current density in the two arms can be expressed as
→
J x = I0sinωt

2A (1, 0, 0),
→
J y = I0sinωt

2A (0, 1, 0), respectively. By substituting the expressions of ∇T,
→
Hext,

→
J x, and m̂

into Equation (1), the longitudinal voltage of arm-x (Varm−x) can be expressed as:

Varm−x = L
→
E ·x̂ =

(
Lρ0I0

2A + L∆ρOMRI0
2A sin2 θH

1+cos 2φH
2

+
L∆ρAMRI0

2A sin2 θH
1+cos 2φH

2

)
sinωt

+ 1
4 LSANEKI0

2sin θHsinφHsin2 ωt,

(2)

where x̂ is a unit vector along x-axis. After neglecting the effect of OMR, and substituting
θH = 90◦ into Equation (2), the first harmonic component of Varm−x is:

Vω
arm−x =

R′
0I0

2
+

RAMR

4
I0cos 2φH, (3)

where R′
0 = R0 +

RAMR
2 and RAMR = L∆ρAMR

A . The corresponding first harmonic resistance
of arm-x (Rω

arm−x) is:

Rω
arm−x = R′

0 +
RAMR

2
cos 2φH. (4)

By following the same derivations on arm-y, we can obtain the first harmonic resistance of
arm-y (Rω

arm−y

)
as:

Rω
arm−y = R′

0 −
RAMR

2
cos 2φH, (5)
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Since RAMR is much smaller than R0, we may write R′
0 ≈ R0. In the ideal case, when

the four arms are identical, the first harmonic voltage of the bridge is given by

Vω
1 =

I0

2

(
Rω

arm−x − Rω
arm−y

)
= VAMRcos 2φH, (6)

where VAMR = I0RAMR
2 is the amplitude of Vω

1 . To account for the non-ideality of the device,
we may write Vω

1 as
Vω

1 = VAMRcos 2φH + C01. (7)

Here, C01 is the offset caused by misalignment or higher order angle-dependent terms
due to inhomogeneous anisotropy in the sensing arms. The offset can be eliminated
in the initial calibration process by subtracting half of the sum of the maximum and
minimum values from Vω

1 , after which the signal can be normalized by dividing it with
the amplitude, VAMR.

Similarly, by substituting the expressions of ∇T,
→
Hext,

→
J x, m̂ into Equation (1), ignoring

OMR and OHE, the transverse voltage on arm-x (V2) can be expressed as:

V2 = W
→
E ·ŷ = − WSANEKI0

2

8 sin θHcosφH

+
(

W∆ρAMRI0
4A sin2 θHsin 2φH +

WρAHEI0
2A cos θH

)
sinωt

+WSANEKI0
2

8 sin θHcosφHcos 2ωt,

(8)

where W is the width of each arm, ŷ is a unit vector along y-axis. Here, W∆ρAMRI0
4A term

corresponds to the contribution of planar Hall effect (PHE). When θH = 90◦, V2ω
2 is:

V2ω
2 =

WSANEKI0
2

8
cosφH = VANE2cosφH, (9)

where VANE2 is the amplitude of V2ω
2 . Using the same analysis method on arm-y, V2ω

3 is
obtained as

V2ω
3 = VANE3sinφH, (10)

where VANE3 is the amplitude of V2ω
3 . Considering the offsets, V2ω

2 and V2ω
3 may be

written as:
V2ω

2 = VANE2cosφH + C02, (11)

V2ω
3 = VANE3sinφH + C03, (12)

where C02 and C03 are the transverse offset terms for the two arms, respectively. In practical
situations, C02 and C03 can be ignored as they are very small.

3.2. Measured Angle Dependence of Harmonic Signals

Figure 2a shows the relationship between φH and Vω
1 , obtained from a Wheatstone

bridge consisting of CoFeB (6 nm)/MgO (2 nm)/Ta (1.5 nm), from bottom to top. The
AC current applied has an amplitude of 15 mA and frequency of 115 Hz. The in-plane
field applied is 500 Oe, which is sufficient to saturate the magnetization into the field
direction. The offset of Vω

1 has been subtracted from the raw data. The blue circle represents
the measurement results, while the solid line depicts the fitting curves obtained using
Equation (7). For this sample, the amplitude of Vω

1 is 21.5 mV and the offset is 14.9 mV.
Figure 2b shows that the absolute error (∆V) exhibits a cos 4φH dependence, which is
presumably caused by the induced anisotropy introduced by the magnetic field applied
during deposition, although its magnitude is very small [23,24], indicating that the output
signal exhibits good agreement with the expected cos 2φH dependence.
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Figure 3a shows the relationship between φH and V2ω
2 and V2ω

3 , respectively, acquired
under same conditions as that of Vω

1 . The solid green and orange lines represent the fitting
curves obtained using Equations (11) and (12). The angle dependence of V2ω

2 and V2ω
3

closely aligns with the fitting curves, indicating high consistency with the cosine and sine
angle dependence. The amplitudes of V2ω

2 and V2ω
3 are nearly the same at 10.6 µV. As

shown in Figure 3b, the deviation from the ideal sine and cosine dependence is quite small
compared to the measured signal, with an average magnitude of 0.12 µV and 0.14 µV,
respectively, for V2ω

2 and V2ω
3 . Judging from its angle dependepence, it is probably caused

by higher order harmonics due to the Oersted field [19,25], apart from the electronic noises.
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3.3. Angle Calculation from Harmonic Signals

We now proceed to the calculation of angles using the harmonic signals. There are two
possible ways to calculate the angles using the combination of first and second harmonic
signals. Method 1 involves the use of the first harmonic signal to calculate the angles in
each quadrant and then using the sign of the second harmonic signal to determine actual
angles within 0–360◦. As illustrated in Figure 4, the sign combination of V2ω

2 and V2ω
3

is unique in each quadrant: both are positive for the 1st quadrant and negative for the
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3rd quadrant, and one is positive and the other is negative in the 2nd and 4th quadrant,
respectively. The combination of arccosine values calculated from Vω

1 and the sign of V2ω
2

and V2ω
3 allows one to determine the angles within 0–360◦. The specific calculation steps

are as follows:

(i) Calculate input values (α) for acos function from Equation (7): α =
Vω

1 −C01
VAMR

;
(ii) Calculate φ′: φ′ = 1

2 acos(α), φ′ ∈ (0◦, 90◦);
(iii) Determine the actual angle (φ) according to the sign of V2ω

2 and V2ω
3 :

φ =


φ′ V2ω

2 > 0 and V2ω
3 > 0

180
◦ −φ′ V2ω

2 < 0 and V2ω
3 > 0

180
◦
+φ′ V2ω

2 < 0 and V2ω
3 < 0

360
◦ −φ′ V2ω

2 > 0 and V2ω
3 < 0

. (13)
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3 .

The angle calculated from this method is, in general, quite accurate, except for the
region near the maximum or minimum of cos 2φ, due to the relatively slow change in these
regions. Therefore, method 2 calculates the angle directly from V2ω

2 and V2ω
3 as follows:

φ = atan2

(
− V2ω

3
VANE3

,− V2ω
2

VANE2

)
+ π. (14)

As is with method 1, φ calculated from V2ω
2 and V2ω

3 contains large errors near the
maximum and minimum values of cosφH and sinφH. Therefore, we combined the two
methods by setting proper boundary values for the absolute value of α to divide them
for use in different angle regions. By varying the boundary values between 0.8 and 0.99,
we calculated the mean and maximum angle errors. The results indicated that when the
boundary value is set between 0.86 and 0.9, both the mean and maximum angle errors
reach their minimum values. Considering the larger amplitude of the first harmonic signal,
we chose a larger value, 0.9, as the boundary value for distinguishing between the two
calculation methods. When the absolute value of α was less than 0.9, we used method 1
to calculate the angles; when the absolute value of α was greater than 0.9, we employed
method 2.

Figure 5a shows the relationship between the measured and actual field angles, show-
ing a good agreement between the two in the entire angle range of 0–360◦. The angle errors
based on the combined method are shown in Figure 5b, with the angles around 0◦, 90◦,
180◦, 270◦, and 360◦ calculated by method 2 (with errors between 0◦ and 1.9◦) and the
rest by method 1 (with errors in the range of 0–1.5◦). The mean error is 0.54◦, which is
comparable to commercial devices with multiple sensors. For comparison, the angular
distributions of errors calculated separately using method 1 and method 2 are shown in
Figure 5c,d, with mean angle errors of 0.85◦ and 0.67◦, and maximum angle errors of 8.39◦

and 1.92◦, respectively, which are much larger than those from the combined method. The
large angle errors around 0◦, 90◦, 180◦, 270◦, and 360◦ in Figure 5c arise from the fact that
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the noise affects the calculated values most in regions where cosine and sine functions are
at the extrema points. Employing method 2 in these regions effectively reduces both the
maximum and mean angle errors.
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3.4. Performance Optimization
3.4.1. Effect of FM Layer Thickness

Figure 6 shows the amplitudes of Vω
1 (square) and V2ω

2 (circle) as a function of CoFeB
thickness obtained with a fixed magnetic field strength of 500 Oe and the same dissipation
power of 190 mW (by varying the current). The measurements were performed on samples
of the following four different thicknesses: 3, 6, 10, and 15 nm. It is observed that, as the
thickness increases, the amplitudes of both Vω

1 and V2ω
2 decrease. Consequently, thinner

samples under the same power consumption condition result in a higher output voltage.
However, it is important to note that at a thickness of 3 nm the sample is susceptible to
over-heating due to high resistance. Therefore, a CoFeB thickness of 6 nm was chosen in
this study.
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3.4.2. Effects of Current Amplitude

After determining the thickness of the FM layer, we investigated the effect of current
amplitude on the sensor output signals and angle errors. Figure 7a illustrates the mean
angle error calculated with different current amplitudes using a 6 nm thick sensor. At
low currents, the mean angle error is large, reaching approximately 14◦. As the current
amplitude increases to 15 mA and above, the mean angle error stabilizes at around 0.51◦.
The reason for this is that the fitting error of the output signals significantly affects the
accuracy of angle calculation, as shown in Figure 7b. The blue and red solid lines depict
the relationship between the fitting errors of the first and second harmonic signals with

the current, respectively. Here, the fitting error is defined as
1
N ∑N

i=1|∆Vi|
Vamp

, where Vamp is
the amplitude of the first or second harmonic signals, ∆Vi is the difference between the
measured and the fitted values at the ith measurement point, and N is total number of
measurement points. At low currents, the fitting error of the second harmonic signal is
more pronounced, reaching up to 30%, primarily due to the small temperature gradient.
When the current exceeds 15 mA, the second harmonic signal’s fitting error reaches a
minimum. The inset in Figure 7b reflects the proportional relationship between the second
harmonic signal and the square of the current amplitude, which is due to ∇T ∝ I2, as
mentioned above. On the other hand, the fitting error of the first harmonic signal remains
relatively stable within the measurement current range. This stability is attributed to the
effective compensation provided by the Wheatstone bridge structure, mitigating changes in
resistance on different arms of the Wheatstone bridge caused by temperature rises. Taking
energy efficiency into consideration, we set the current amplitude at the inflection point of
the second harmonic signal’s fitting error, i.e., 15 mA, as the input for the sensor.
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3.5. Magnetic Field and Temperature Dependence

Harmonic voltages Vω
1 , V2ω

2 , and V2ω
3 as a function of φH under a wide range of

magnetic fields are shown in Figure 8a–c. The amplitude of the first and second har-
monic signals are between 21.13–21.98 mV and 10.65–11.16 µV, respectively, within the
100–10,000 Oe range. The solid line in Figure 8d illustrates the output curve of a commercial
Hall effect angle sensor, TMAG5170 [26] at 1500 Oe. When the external magnetic field
is larger than 1000 Oe, which is the maximum detection field of the TMAG5170 sensor,
it becomes ineffective, failing to produce an ideal sinusoidal or cosine curve, as per the
dashed lines shown in Figure 8d. However, for our sensor, when the field is larger than
300 Oe, the curves overall remain at the same amplitude, indicating its weak dependence
on the strength of the applied field. This can be advantageous in practical applications with
a diverse field range.
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Figure 8. (a–c) Harmonic voltages Vω
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We use the same combined calculation method to calculate the angles under different
external fields in the range of 100–10,000 Oe. As shown in Figure 9, overall, the mean
and maximum angle errors exhibit very small variations at different magnetic fields. The
mean angle error (red circle) fluctuates between 0.51◦ and 1.05◦ within the 100 Oe to
10,000 Oe range, reaching its minimum of around 0.51◦ between 500 Oe and 700 Oe, while
the maximum angle error (blue square) ranges from 1.9◦ to 3.7◦ within the field range.
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Finally, we also investigated the temperature effect. As the temperature rises, the
scattering dependent extrinsic contributions to AMR effect decrease [27], which results
in the monotonic decrease of the first harmonic signal amplitude, ranging from 19.67 to
23.77 mV, with a change of 17.25% in the temperature range of 198 to 398 K (Figure 10a).
Also shown in this figure is the temperature dependence of the second harmonic signal.
Compared to the first harmonic signal, the relative decrease of the second harmonic signal
is even larger, at about 23% from 198 K to 398 K. Apart from magnetic and electronic origins,
the decrease in temperature gradient may also play a role as the increase in surrounding
temperature may make it difficult for heat to diffuse and release through the substrate. The
large decrease in second harmonic signals and the increase in thermal noise leads to large
maximum angle errors, as shown in Figure 10b. Under the temperature range of 198–398 K
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at 500 Oe, the mean angle error remains stable at 0.49–1.01◦, while the maximum angle
error increases in the range of 1.9–6.5◦. This may pose challenges for the sensor’s use at
elevated temperatures. To enhance the signal stability of the sensor at high temperatures, it
is crucial to have a well-designed heat flux path on the substrate or use a substrate with
high thermal conductivity; this will be part of our future work. More systematic studies on
the thermal engineering aspect are required in order to examine the suitability of the sensor
for applications covering a wide temperature range from −100 ◦C to 150 ◦C, or even higher.
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4. Discussion

Compared to full 360◦ commercial magnetic position sensors and SOT-based angle
sensors as shown in Table 1 [10,13,16,17,25], the sensor presented in this work exhibits
several notable advantages, particularly in its structural simplicity. Utilizing a single
Wheatstone bridge structure, our sensor distinguishes itself from other magnetic field
sensors that often necessitate the combination of multiple devices. It is worth pointing
out that most full-angle magnetic sensors utilize the atan2 function for angle calculation,
whereas our approach primarily relies on the acos function. In comparison to the atan2
function, the acos function may introduce larger errors at certain angles due to its domain
limitations. As a mitigation measure, at these points, we employed second harmonic
signals as the inputs to atan2 function, overcoming the drawbacks of the acos function. This
allowed us to achieve similar precision to commercially available magnetic angle sensors.
Another key advantage is the stability of the signal across a wide magnetic field range
(100–10,000 Oe). The absence of field-dependent components in the signal suggests that, in
principle, the sensor can operate in a very large magnetic field. This unique property makes
the sensor particularly well suited for diverse magnetic field applications. However, we
also notice that at elevated temperatures, especially when surpassing 100 ◦C, establishing a
stable temperature gradient becomes challenging. The mean and maximum angle errors
may increase at elevated temperature, which is currently the limitation of this type of sensor.

Table 1. Comparison of full 360◦ magnetic position sensors.

Model Number of Devices Dynamic
Range (Oe)

Mean Error
(Degree) 1

Temperature
Range (◦C)

TMR/GMR sensors [10] 2 300–500 0.7 −40–150
Hall effect sensors [25] 2 20–1000 0.4 −40–150

AMR sensors with GMR sensors [13] 3 200–600 0.1 −40–125
SOT vector magnetometer [16] 1 0–50 1.1 −

SOT-based sensor [17] 1 500–2000 0.4 −
AMR/ANE sensor in this study 1 >100 0.5 −80–80

1 Only the mean errors within their optimal magnetic field ranges are listed here.
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5. Conclusions

In conclusion, we have designed an alternative type of magnetic position sensor based
on the ANE and AMR. It consists of a single Wheatstone bridge and can measure in-plane
magnetic field angles within the full range of 0–360◦. The combination of AMR and ANE
signals reduces both mean and maximum angle errors. The prototype device exhibits a
mean angle error of 0.51◦ at a field range of 500–700 Oe at room temperature, and further
performance improvement and applicability expansion can be achieved through material
and device geometry optimization. Considering its simple structure and suitability for
wide magnetic field ranges, our design may present a cost-effective approach for magnetic
position sensing.
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