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Abstract—This paper demonstrates a new type 

of magnetic sensor using a perpendicular spin 
transfer torque magnetic tunnel junction. The 
sensing element has a cylindrical shape of 50 
nanometers in diameter and is to our knowledge 
among the smallest magnetic sensor ever 
reported. This paper describes the principle of 
operation of the sensing element and the 
associated signal processing electronics, which 
delivers a signal proportional to the external 
magnetic field. Experimental results are detailed 
and compared to state-of-the-art commercially 
available integrated magnetic sensors as well as 
published magnetoresistive sensors based on 
magnetic tunnel junctions with comparable size. The measured sensitivity of the developed sensor is 1.28 V/T, and its 
dynamic range reaches 80 mT. The measured noise level is 21.8 µT/√Hz. Two different operating principles of the 
proposed sensor are described and compared, one based on a time-to-digital converter and one based on a pulse-
width-modulated signal. Both methods require only standard microelectronics components, which are suitable for a 
monolithic integration of the sensing element with its conditioning electronics. Subsequent improvements of the 
sensing element as well as conditioning electronics are required to further lower the noise level. The sensing element 
and its conditioning electronics are compatible with fabrication processes already used in magnetic random-access 
memory fabrication. This opens the way to mass production and addresses various markets such as consumer 
electronics, automotive, industrial sensing, physics experiments or medical devices. 
 

Index Terms—Magnetic sensor, magnetic tunnel junction, nanometer scale, spin transfer torque, STT-MRAM, STT-MTJ 
 

 
I.  INTRODUCTION 

AGNETIC sensors are omnipresent in various applications 
such as consumer electronics, automotive, industrial 

sensing, physics experiments or medical devices. Thereby, 
many types of sensors are commercially available or currently 
being developed to extend the possibilities of new applications 
in a constantly growing market [1], [2]. 

Hall effect and magnetoresistive (MR) sensors are among the 
most popular magnetic sensors, used for their small size, low 
cost, and availability as integrated circuits (ICs). Hall sensors 
exhibit large measurement ranges and moderate noise 
performance whereas MR sensors exhibit low noise and 
moderate measurement ranges [3]. The sensitive element of 
both types of sensors typically covers a surface on the silicon 
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die of about 100 µm2 to 250,000 µm2 [4]-[8]. The resulting 
magnetic field measurement corresponds to an average value of 
the magnetic field over the sensing element surface. In ICs, the 
sensing element is usually associated within the same die or 
chip with the conditioning and processing electronics required 
to output an accurate digital signal through standard 
communication bus, such as universal asynchronous receiver-
transmitter (UART), inter-integrated circuit (I2C) or serial 
peripheral interface (SPI). Conditioning electronics includes for 
instance the biasing, or the noise and offset reduction circuitry 
while the signal processing includes the amplification, the 
filtering, or the analog-to-digital conversion. 

Magnetoresistive sensors are based on a wide range of 
physical phenomena among which AMR (anisotropic MR), 
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GMR (giant MR) or TMR (tunneling MR) with a massive 
increase of interest over the past decades [2]. Hence, magnetic 
tunnel junctions (MTJs) are nowadays frequently used as MR 
elements (i.e., TMR sensors) with different sizes, from tens of 
nm to hundreds of micrometers in various applications, mainly 
due to their high sensitivity and very low noise. 

This paper presents a nanometric magnetic sensing element 
with two specific reading methods. The sensor is based on a 
cylindrical MTJ of 50 nm in diameter (0.0025 µm2) and 1 to 2 
nm in sense layer height. With these dimensions up to 
thousands of times smaller than standard MR and Hall sensors 
and similar to the smallest TMR sensors reported, we 
demonstrate a dynamic range of up to 80 mT, with a bandwidth 
of up to 30 kHz. A sensitivity of 1.28 mV/mT is achieved with 
a noise level of 21.8 µT/√Hz. The discrete conditioning and 
signal processing electronics are implemented with standard 
microelectronics components compatible with a future 
monolithic integration of the entire sensor system. In section II, 
the principles of MTJs are reminded. In section III, the MTJ 
samples and the experimental setup are presented. The principle 
of the sensor is then introduced in section IV. In section V, 
performance of the presented sensor are compared to state-of-
the-art commercial sensors and published MR MTJs sensors. 
Finally, the experimental results and performance are discussed 
in sections VI and VII. 

II. MAGNETIC TUNNEL JUNCTIONS 
Magnetic tunnel junctions are among recent and promising 

devices studied as an emerging memory technology for 
magnetic random-access memories, MRAMs, outperforming 
current technologies for low power embedded applications with 
some remaining technological challenges [9], [10]. 

These devices consist of a tunnel barrier of insulating non-
magnetic material, usually MgO 1 to 2 nanometers thin, 
between two layers of ferromagnetic electrodes of similar 
thickness (Fig. 1). Because of the nanometric scale of the 
structure, different quantum phenomena can be observed in 
these devices such as quantum tunneling, tunnel 
magnetoresistance (TMR), as well as spin transfer torque 
(STT). As a result, the MTJ can simply be seen as a variable 
resistor with only two possible resistive states, either low 
resistance, parallel state (P), when the orientation of the two 
ferromagnetic layers are in the same direction or high 
resistance, antiparallel state (AP), when the orientation of the 
two ferromagnetic layers are in opposite directions.  

 

The state of the MTJ can be changed in two different ways, 
either by a strong enough magnetic field, or a strong enough 
current, through the STT effect. The switching between the two 
states follows a hysteresis loop, regardless the effect driving the 
reversal (Fig. 2), while the direction of the external magnetic 
field or current will define the state the MTJ will be set, either 
P or AP. Ideally, in the absence of stray field from the reference 
layer, the two switching currents, P to AP and AP to P, have the 
same absolute value and are only opposite in sign. Nevertheless, 
the absolute values of the two currents are usually slightly 
different, resulting in slightly shifted current hysteresis cycles. 

 
Furthermore, the switching currents required to reverse the 

state of the junction are linearly related to the external magnetic 
field for the perpendicular magnetization configuration [11]. 
This creates a suitable situation for magnetic sensing as 
explained in the next sections. In both reversals, the switching 
of the junction is a stochastic process that depends 
exponentially on time and the ratio of retention energy barrier 
and thermal energy [12]. The center of the switching 
distribution, either when looking at the switching probability 
induced by current or magnetic field is called the critical 
switching value. For current induced switching, the critical 
values are therefore shifting linearly depending on the external 
magnetic field. While the junction is sensitive to the 
perpendicular (out-of-plane) external magnetic field, the in-
plane field is unavoidable in real life applications. However, it 
has been demonstrated [11] that the effect of the in-plane field 
is negligible on the behavior of the junction. 

III. EXPERIMENTAL MTJS AND SETUP 
The junctions used are perpendicular magnetic anisotropy 

MTJs, or pMTJs, originally designed for MRAM, patterned to 
a vertical pillar (Fig. 3), with diameters ranging between 50 and 
100 nanometers. The fabricated device complete stack is 
described in a separate published work [13]. 

 
The layer structure includes a Pt/Co multilayer based 

synthetic antiferromagnet (SAF) reference layer, coupled to a 
FeCo8B20 1.2 nm bottom electrode. The tunnel barrier was 

 
Fig. 1. Perpendicular MTJ (a) and in-plane MTJ (b). The direction of 
the switching current (I) and magnetic field (B) are indicated by the 
black arrows. The insulating layer (IL) is located between the free 
layer (FL) where the magnetization can be set in one of the two 

directions indicated by the white arrows. The pinned layer (PL) has its 
magnetization fixed in one direction (under normal condition), 

indicated by the white arrow. Two electrodes are used on the top (TE) 
and bottom (BE) to access the MTJ. 

 
Fig. 2. Hysteresis cycle of a perpendicular MTJ, either induced by the 

current through the junction or the external magnetic field 

 
Fig. 3. SEM image of a 50-nm perpendicular MTJ (sensing unit) 
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fabricated by natural oxidation of 0.8 nm Mg for 240 seconds. 
The top sense layer is comprised of an FeCo8B20 layer with a 
W 2/ Ta 1 nm capping layer. The wafer used in this work was 
annealed for 10 min at 350 °C. Higher annealing temperatures 
are expected to improve the measured TMR as can be 
concluded from our previous reported work [13]. Samples with 
W capping have been confirmed to withstand 400 °C annealing 
temperatures with a stack identical to the ones of the present 
wafer. This makes the junctions used compatible with standard 
back end of line (BEOL) process flows. 

These MTJs demonstrate a TMR ratio between 60 % to 
110 % (average of 91 %), calculated as the ratio of the 
resistance change, i.e., (RAP – RP) / RP. The resistance of the 
devices is around 7 kΩ for the P state and 14 kΩ for the AP 
state with a coercive field of 40 mT (30-60 mT), i.e., hysteresis 
loop half-width. A typical loop offset of 14 mT (10-25 mT) 
corresponds to a loop shift favoring the P state. This results in 
sensitive elements tested with working ranges from -26 mT to 
54 mT. The resistance-area product (RA) ranges between 12 to 
40 Ω.µm² and the average thermal stability ∆ is 41, defined by 
∆ = EB/kBT, with EB being the energy barrier. 

One can note that the wafer used was originally fabricated 
with two wedges (i.e., thickness gradients) along the horizontal 
and vertical axis of the wafer on the MgO and FeCo8B20 free 
layer. Therefore, the reported parameters variations should not 
be considered as the result of standard fabrication variations. 
Performance of tested MTJs in the same regions showed very 
similar values. An in-depth statistical study using a wafer 
containing a single type of junction to analyze fabrication 
variability was considered premature at this proof-of-concept 
stage. In the following sections, the experiments and results 
described were carried over two similar MTJs with a nominal 
diameter of 50 nm. 

The junctions are typically fabricated on a 4-inch (100 mm) 
diameter wafer, containing up to 20,000 devices. All the 
junctions on the wafer are connected by two square pads of 
approximately 200 µm x 200 µm, providing the electrical 
contact to the bottom and top electrodes of each MTJ (Fig. 4). 

 
Our custom test setup consists of a Helmholtz coil with a 

diameter of 138 mm, arranged horizontally, capable of creating 
a magnetic field up to ± 8 mT along the vertical axis (Fig. 5). 
The Helmholtz coil is driven with a current amplifier, voltage-
controlled by a waveform generator to create custom magnetic 

field waveforms. The wafer is placed in between the two coils 
such that the MTJ under test is always located in the region 
where the field is homogeneous. A custom non-magnetic SG 
(Signal-Ground) RF (radiofrequency) probe is used to access 
the pads and connects the MTJ to the electronics, currently 
implemented as a discrete version on a PCB (printed circuit 
board), using commercial electronic components (e.g., 
operational amplifiers, resistors, capacitors, etc.). The circuit is 
powered by an external standard power supply at ± 3.3 V. 

 

IV. SENSOR PRINCIPLE AND PERFORMANCE 
Using the key dependency between the switching currents 

and the external magnetic field, the sensor operating principle 
is to track the evolution of the switching currents in time and 
relating it to the variation of the external magnetic field. To 
facilitate the acquisition of signals, voltage instead of current 
control is used, and the switching voltages are tracked instead. 

To achieve this, an ac voltage is applied across the junction. 
We decided to use a sine wave to avoid higher harmonics in the 
signal, although other waveforms could also be used such as 
triangular or exponential rise/fall waveforms. When the voltage 
across the junction reaches a critical value, it induces a 
switching event, a reversal from AP to P state (APP) or P to AP 
state (PAP). The resistance of the junction drops for APP 
reversal and increases for PAP. Following Ohms’ law, this 
creates a current discontinuity (Fig. 6). The reversal process is 
typically only a few nanoseconds long [14], [15]. 

 

 
Fig. 4. SEM image of one device on the wafer. The two large pads are 

connected to the top and bottom electrode of the MTJ. 

 
Fig. 5. Experimental setup (1. Helmholtz coil, 2. Wafer, 3. Probe). The 

sensing direction of the MTJs is perpendicular to the wafer. 

 
Fig. 6. Sensor working principle (simulation). When the input voltage 
across the MTJ reaches the critical APP (positive voltages) or PAP 

(negative voltages) values, shown by the red thresholds, the 
resistance is changing suddenly, resulting in discontinuities in the 

current passing through the MTJ. The arrows indicate how the signals 
are changing for an increasing external magnetic field. 
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By measuring the current through the MTJ using a 
differential amplifier and a shunt resistor, and by passing the 
resulting signal in a second order high-pass filter (HPF) with 
high enough cutoff frequency to remove the low frequency 
harmonics, one can determine the switching times, by detecting 
spikes at the output of the HPF (Fig. 7 and Fig. 8). In our case, 
an active high-pass filter using a Sallen-Key configuration with 
a cutoff frequency of 725 kHz is used. These spikes can then be 
converted into a standard digital signal (i.e., 0 or 1) using a 
comparator with a tuned threshold.  

 
In Fig. 7, the ac input signal (In) is applied to a first buffer, 

then through the shunt resistor of 100 Ω in series with the MTJ. 
The voltage across the shunt is measured using a differential 
amplifier (V1) and filtered through the high-pass filter (Fig. 8). 
The resulting signal (V2) is then passed through a comparator 
with a 60-mV threshold (V0), outputting pulses (Trig) with 
standard logical levels. A second comparator is used to sample 
the sign of the input signal in respect to the ground (Sign), 
allowing the events to be classified either as APP or PAP 
events. The value of the shunt of 100 Ω, relatively high, is used 
to limit the output current of the input buffer within its specified 
absolute maximum output current. This large current could be 
reached if the MTJ is shorted, which can happen for junctions 
breaking down when applying voltages above the breakdown 
limit, typically ± 1.5 V for the investigated junctions. 

 
When a switching event is detected, the voltage applied on 

the junction is sampled and saved. By performing a high-
enough number of measurements and averaging the results, one 
can obtain the value of the critical voltages and calculate the 
magnetic field. However, this method has two drawbacks. As a 
large number of samples is required to average precisely the 
voltages, it is necessary to have at least tens to hundreds of 
events to obtain a single magnetic field measurement, 
increasing the storage area requirement. Furthermore, a fast and 
high-resolution analog-to-digital converter (ADC) is also 

required to sample the voltage values. This performance level 
requires expensive and complex ADCs. These drawbacks can 
be overcome with two alternative methods presented in the 
following sections A and B.  

In both methods, a sine wave signal from a waveform 
generator with a peak-to-peak amplitude of 2 V and a frequency 
of 30 kHz is applied across the MTJ. Hence, one can obtain 
reversals and switching pulses occurring roughly at 60 kHz, i.e., 
two reversals per period. The frequency has been arbitrarily 
chosen while the amplitude corresponds to the STT switching 
voltages of these MTJs, around ± 1 V respectively for APP and 
PAP events. To avoid introducing phase noise, the stability of 
the signal applied is between 30 to 50 ppm, compatible with 
most commercial IC oscillators and relatively easy to design. 
However, the pulses will not happen exactly at 60 kHz because 
of the intrinsic switching stochasticity and the external 
magnetic field. In this case, if the external magnetic field 
increases, the APP and PAP critical voltages change, APP 
voltages becoming more positive, while the PAP voltages 
become less negative. As a result, the time between APP and 
PAP pulses will shorten while the time between PAP and APP 
will increase. The magnetic field is therefore directly related to 
the time between each APP-PAP and PAP-APP reversal events. 

A. Time-to-Digital Converter (TDC) 
To measure these time differences, a 96 MHz, 16-bits timer 

(i.e., counter) from an STM32F411 microcontroller (MCU) is 
used. Each detected pulse triggers an interrupt on the MCU. The 
value of the timer as well as the sign of the input sine wave, 
used to distinguish the nature of the event, are saved in the 
microcontroller’s internal memory. Using a custom Python 
script, we then reconstruct the time variations between APP and 
PAP, as well as between PAP and APP switching events. 

Using the described TDC method, we observed a sensitivity 
for both APP-PAP and PAP-APP events respectively of 91.0 
and -94.4 ns/mT (8.74 and -9.06 LSB/mT) (Fig. 9). The signals 
are symmetrical and opposite in sign, and exhibit a resolution, 
defined by the 96 MHz timer of 10.42 ns/LSB (~112 µT/LSB). 
Despite using a non-linear input signal, the integral nonlinearity 
error (INL) is measured respectively at 1.42 and 1.18 % of the 
full scale (FS). The asymmetry in the switching currents is 
responsible for this small asymmetry in the switching times. 

 
When performing a measurement of an external magnetic 

field sine wave at 20 Hz with an amplitude ranging between -8 
to +8 mT, one can measure output values oscillating according 
to a sine wave at the correct amplitude (~16 mT) for both 
events, and a measured frequency of ~18.6 Hz for both events. 

 
Fig. 7. Detection circuit schematic 

 
Fig. 8. Measured output of differential amplifier (V1) showing regular 
APP and PAP reversals and HPF output (V2), creating 100 mV and 

250 ns pulses. One can see the asymmetrical time differences 
between APP-PAP and PAP-APP reversals as a result of 

asymmetrical APP and PAP switching voltages of the junction. The 
arrows indicate how the signals are changing for an increasing 

external magnetic field. 

 
Fig. 9. Measured output sensitivity for both APP-PAP and PAP-APP 

events (each point is averaged from 400 samples) 
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This frequency difference, centered around 20 Hz and randomly 
distributed when repeating the measurements, is induced by the 
switching probability noise as well as the reduced number of 
measured periods. However, the measurements of longer 
periods of time converges toward 20 Hz. Other sources of noise, 
such as phase noise from the waveform generator, are 
negligible compared to the noise induced by the stochasticity. 
By performing a moving median over 300 samples (10 ms), the 
output can be smoothed at the expense of the sensor bandwidth, 
reduced to 100 Hz (Fig. 10). A moving median is used instead 
of a moving average to minimize the impact of statistically 
unsignificant data points induced by the stochasticity. 

Because of the non-linear sine wave signal applied across the 
junction, a larger dispersion can be seen at the extremums of the 
sine wave. Using a linear signal, such as a triangular waveform, 
reduces this dispersion. Thanks to the 30 kHz input signal 
frequency, this method allows the measurement of ac signals up 
to 15 kHz (Nyquist frequency). In practice, the maximum 
frequency would be lower because of the large number of points 
required to properly average the voltages. However, by using 
both APP-PAP and PAP-APP events combined through 
interpolation, this maximum frequency could be doubled up to 
30 kHz even if the resulting signal would still exhibit a large 
white noise.  

 
In the absence of applied external magnetic field, excepted 

the surrounding background magnetic field, the output signals 
exhibit a noise described by a Gaussian distribution, with a 
peak-to-peak amplitude for APP-PAP and PAP-APP events of 
respectively 275 and 240 LSB (2.86 and 2.50 µs) and a standard 
deviation σ respectively of 36.2 and 34.2 LSB (377 and 356 ns). 
The calculated root mean square (RMS) noise at the output of 
the sensor is respectively 41.6 and 36.3 LSB (~4.3 mT). 
Surprisingly, the analysis of the noise spectral density of the 
sensor shows no 1/f noise. The reasons for this absence will be 

discussed in section V. The measured averaged noise spectral 
density for both events is respectively 3.07 and 2.94 ns/√Hz for 
APP-PAP and PAP-APP events. This corresponds to an 
equivalent noise of 32.4 µT/√Hz (Fig. 11). 

 
Assuming that T is the period and A is the amplitude peak of 

the input signal, RAP, RP, RS are respectively the AP, P and shunt 
resistance values and SAPP, SPAP are the intrinsic sensitivity of 
the MTJ, then the sensitivity of the sensor using the TDC 
method can be described by (1) and (2) as long as the input sine 
wave is approximated as a linear signal. 

 𝑑𝑑𝑇𝑇𝐴𝐴𝐴𝐴𝐴𝐴→𝐴𝐴𝐴𝐴𝐴𝐴
𝑑𝑑𝑑𝑑

= −𝑇𝑇
4.𝐴𝐴

. �𝑆𝑆𝐴𝐴𝐴𝐴𝐴𝐴.(𝑅𝑅𝑆𝑆+𝑅𝑅𝐴𝐴𝐴𝐴)
𝑅𝑅𝐴𝐴𝐴𝐴

+ 𝑆𝑆𝐴𝐴𝐴𝐴𝐴𝐴.(𝑅𝑅𝑆𝑆+𝑅𝑅𝐴𝐴)
𝑅𝑅𝐴𝐴

� (1) 

 𝑑𝑑𝑇𝑇𝐴𝐴𝐴𝐴𝐴𝐴→𝐴𝐴𝐴𝐴𝐴𝐴
𝑑𝑑𝑑𝑑

= 𝑇𝑇
4.𝐴𝐴

. �𝑆𝑆𝐴𝐴𝐴𝐴𝐴𝐴.(𝑅𝑅𝑆𝑆+𝑅𝑅𝐴𝐴)
𝑅𝑅𝐴𝐴

+ 𝑆𝑆𝐴𝐴𝐴𝐴𝐴𝐴.(𝑅𝑅𝑆𝑆+𝑅𝑅𝐴𝐴𝐴𝐴)
𝑅𝑅𝐴𝐴𝐴𝐴

� (2) 
With the presented STT-MTJs, the intrinsic absolute 

sensitivity is on average 4.41 mV/mT for both APP and PAP 
events. This gives an expected average sensitivity of 
± 74 ns/mT, which is in agreement with the experimental data 
considering that the use of a sine wave (non-linear) increases 
this time-domain sensitivity. The intrinsic sensitivity of pMTJs 
is described in [11] for MTJs switched with short pulses of tens 
of ns and depends on the intrinsic Gilbert damping parameter 
as well as being inversely proportional to the STT in-plane 
efficiency pre-factor. However, one can note that STT-MTJs 
operated with continuous voltage sweep are slightly different 
than pulsed-operated STT-MTJs, and (1) and (2) are not taking 
into account all the dynamic effects of the reversal processes. 

B. Pulse-Width-Modulation (PWM) 
Alternatively, a second reading approach can be used. This 

second method uses a clocked set-reset (SR) flip-flop circuit. 
The clock input is connected to the switching pulses output 
(Trig) of the detection circuit, while the set and reset are 
respectively connected to the sign (Sign) and inverted sign 
(nSign) outputs (Fig. 12). 

 
As a result, one can construct a pulse-width-modulated 

(PWM) signal (Fig. 13) [16]. The duty cycle of such signal 
changes according to the external magnetic field. The resulting 

 
Fig. 10. Measurement of a 20 Hz, ± 8 mT sine wave external 

magnetic field. APP-PAP time and PAP-APP time are showing large 
noise induced by switching probability (a). Moving median over 300 

measurement points (10 ms) for both signals (b). 

 
Fig. 11. Measured noise power spectral density (NPSD) with (black) 

and without (red) the 20 Hz external magnetic field 

 
Fig. 12. PWM converter circuit schematic 



8  IEEE SENSORS JOURNAL, VOL. XX, NO. XX, MONTH X, XXXX 

 

PWM signal (V0) is then passed through a simple second order 
passive low-pass filter (LPF) with a cutoff frequency much 
lower than the 30 kHz input signal, in this case 1050 Hz, 
implemented as two simple RC (resistor-capacitor) filters. The 
output signal (V1) is an analog voltage whose average value is 
proportional to the applied magnetic field. Finally, a simple 
voltage divider using two resistors with a ratio of 10:1.2 (i.e., 
8.3:1) is used to scale the voltage (V1) down to a compatible 
range for the ADC (V2), in this case limited to +256 mV. The 
scaled signal (V2) is then directly sampled by the ADC, in this 
case a 16-bits sigma-delta ADC, offering a resolution of 
7.8125 µV/LSB with an output data rate of 128 Hz. 

 
The results obtained using this second approach also showed 

a working principle, with a sensitivity of around -164 LSB/mT 
(-1.28 mV/mT) (Fig. 14). Despite using a non-linear input 
signal, the integral nonlinearity error is measured at 1.79 % FS. 

 
When performing a measurement of an external magnetic 

field sine wave of 300 mHz ranging between -8 to +8 mT, one 
can measure output values properly oscillating and following a 
sine wave at the correct amplitude (~16 mT) and frequency 
(~340 mHz). The 40 mHz difference is induced by the 
uncalibrated time between ADC samples. One can note that this 
difference is constant when repeating measurements and could 
be corrected by carefully measuring the exact time between 
ADC samples but was not considered necessary so far for the 
demonstration of the sensor working principle. Significantly 
less dispersion is visible as the switching probability noise is 
partially filtered by the LPF. A larger dispersion is still visible 
at the extremums of the sine waveform, caused by the non-
linear signal (sine wave) used across the junction (Fig. 15). 

 
Noise analysis was performed in the same conditions as 

described for the previous method. In the absence of external 
magnetic field, the output values exhibit a noise with a Gaussian 
distribution, with a peak-to-peak amplitude of 262 LSB (2 mV) 
and a standard deviation σ of 33.3 LSB (260.1 µV). The 
calculated RMS noise at the output of the sensor is 39.6 LSB 
(~309 µT). Despite filtering large parts of the switching 
probability noise, the remaining noise is still mostly induced by 
the stochasticity of the MTJ. The noise spectral density shows 
a low 1/f noise with a corner frequency of 1 Hz and white noise. 
The measured averaged white noise spectral density is 
approximately 28 µV/√Hz, corresponding to an equivalent 
noise of 21.8 µT/√Hz (Fig. 16). 

 
Using (1) and (2), describing the sensitivity of the sensor 

using the TDC method, one can establish the output sensitivity 
of the sensor using the PWM method. Assuming that the 
frequency of the PWM signal is high enough (arbitrarily 
defined) compared to the LPF cutoff frequency, the average 
value VPWM of the PWM signal with a low level VL of 0 V and 
high level VH of 3.3 V is given by (3). 
 𝑑𝑑𝑑𝑑𝐴𝐴𝑃𝑃𝑃𝑃

𝑑𝑑𝑑𝑑
= 𝑑𝑑𝐻𝐻

𝑇𝑇
. [𝑑𝑑𝑇𝑇𝐴𝐴𝐴𝐴𝐴𝐴→𝐴𝐴𝐴𝐴𝐴𝐴

𝑑𝑑𝑑𝑑
] (3) 

This gives on average -7.3 mV/mT, scaled down by a factor 
of 8.3 introduced by the voltage divider, which gives an average 
sensitivity of -0.88 mV/mT. This is in agreement with the 
obtained experimental value, considering that the use of a sine 
wave (non-linear) increases the time-domain sensitivity and 
therefore directly influences the voltage sensitivity. 

V. PERFORMANCE 
Table I and II compare the obtained results with four high-

performance commercial integrated monolithic magnetic 
sensors, with performance extracted from their datasheets. All 
these sensors are standard surface mounted devices (SMD) and 

 
Fig. 13. Voltage across shunt resistor and PWM output (simulation). 

The LPF filters the PWM signal (V0), resulting in a dc signal as shown 
by the red signal (V1). The arrows indicate how the signals are 

changing for an increasing external magnetic field. 

 
Fig. 14. Measured output sensitivity (each point is averaged from 400 

samples) 

 
Fig. 15. Measurement of a 300 mHz, ± 8 mT sine wave external 

magnetic field. The offset is induced by the inaccurate voltage divider. 

 
Fig. 16. Measured noise power spectral density (NPSD) with (black) 

and without (red) the 300 mHz external magnetic field 
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output data directly in a binary format as for the described STT-
MTJ sensor (Table I), or analog format (Table II). These sensors 
were chosen to illustrate the diversity of available high-
performance commercial devices. One can note the Memsic 
MMC5603NJ, a high-resolution AMR sensor with a package 
reported to be the smallest on the market (0.43 mm3). The NVE 
SM324-10E is a single axis MTJ-based sensor based on MR 
principle, showing a higher sensitivity and lower range, despite 
probably using a much larger micron-size MTJ with a size of 
tens to hundreds of square micrometers in order to reduce the 
noise [17]-[24]. For analog sensors (Table II), as all the signal 
processing electronics is not included on the chip (e.g., ADC), 
the size of the sensing element can be increased resulting in 
higher performance. One can note that all the reported MR 
sensors are using a Wheatstone bridge configuration to achieve 
the highest sensitivity and lowest noise. 

Table III compares our obtained results with published 
experimental results of MgO-MTJs exhibiting comparable 
diameters and implemented as MR sensors. MTJs with micron-
size diameters were also included for reference. These sensors 
are based on a standard MR principle and thus require a 
relatively simple signal processing scheme with slightly less 
components than the presented STT-MTJ solution. Typically, 
such MR sensors require at least a low-noise amplifier with a 
low-pass filter before being sampled by an ADC. However, the 
standard ADC architectures available to achieve µV resolution 
(e.g., Sigma-Delta or Successive Approximation Register, 
SAR) typically require thousands of transistors, making the 
difference between our reading circuits and MR MTJs reading 

circuits negligible. Comparatively, the TDC method, only 
possible with the presented sensor specific reading principle, 
makes a significant difference since the total number of 
transistors is greatly reduced with the removal of the ADC.  

As reported in published work [24], MR MTJs suffer from 
five main types of noises, all independents, which are thermal 
electronic and magnetic noises, shot noise, 1/f noise and 
random telegraph noise (RTN). In addition, the reading 
electronics adds another layer of noise, which can be negligible 
in some situations (e.g., low frequency operating ranges and/or 
small diameters MTJs). At small diameters, the main sources of 
noise typically considered are thermal magnetic noise and 1/f 
noise. While the thermal magnetic noise is reported to be 
independent from the frequency, the 1/f noise is increasing 
inversely proportional to the frequency and both noises increase 
with the reduction of the diameter of the junction. Therefore, 
the noise of MTJs is greatly increasing at low frequencies and 
for smaller diameters. For this reason, most of the reported and 
commercial MR MTJs are in the µm or even in the mm range. 
For instance, in [20], 120 nm circular MR MTJs showed a 1/f 
noise with a corner frequency higher than 100 kHz and a NPSD 
of 2 µT/√Hz at 1 kHz. Hence, the 50 nm MTJs used in this work 
could easily exhibit a corner frequency in the MHz range, that 
could explain the absence of any visible 1/f corner frequency 
up to the frequency of 10 kHz measured with the TDC method.  

Different methods have been reported in [24] to reduce these 
noises but all involve the addition of complexity to the sensor 
such as flux concentrators, Wheatstone bridge configuration or 
chopping stabilization circuits, as in many Hall sensors. These 

TABLE I 
PERFORMANCE OF 4 HIGH-PERFORMANCE DIGITAL COMMERCIAL SENSORS AND THE PRESENTED STT-MTJ SENSOR 

 AKM AK09970N  
(3 axis) 

Metrolab MagVector™ 
MV2 (3 axis) – Z axis 

Memsic MMC5603NJ  
(3 axis) 

NVE SM324-10E  
(1 axis) 

STT-MTJ (1 axis) – 
TDC 

STT-MTJ (1 axis) – 
PWM 

Technology Hall Hall MR (AMR) MR (MTJ) STT-MTJ STT-MTJ 
Range ± 36 mT ± 100 mT ± 3 mT ± 2 mT > ± 8 mT (80 mT) > ± 8 mT (80 mT) 
Data rate 1262 Hz 375 Hz 75 Hz 300 Hz 30 kHz 128 Hz 
Resolution 1 LSB = 1.1 µT 1 LSB = 3.4 µT 1 LSB = 6.25 nT 1 LSB = 238 pT 1 LSB = 112 µT 1 LSB = 6 µT 
Noise (RMS) 5 µT = 4.5 LSB 3.7 µT = 1.1 LSB 150 nT = 24 LSB 2.2 µT = 9483 LSBb 4.3 mT = 38.95 LSB 309 µT = 39.6 LSB 
Sensitivity 909 LSB/mT 289 LSB/mT 163 840 LSB/mT 4 194 304 LSB/mT 8.9 LSB/mT 164 LSB/mT 
Sizea 10 µm x 10 µm to  

500 µm x 500 µm 
200 µm x 200 µm 10 µm x 10 µm to  

100 µm x 100 µm 
1 µm x 1 µm to  
50 µm x 50 µm 

50 nm x 50 nm 50 nm x 50 nm 

aThe size indicated is the size of the sensitive element. When the size is not given in the datasheet, the typical range of the technology is given instead 
bExperimental measurement 

TABLE III 
PERFORMANCE OF 6 PUBLISHED MR MTJ SENSORS AND THE PRESENTED STT-MTJ SENSOR 

 [18]  
(1 axis)a 

[19]  
(1 axis)a 

 [20]  
(1 axis)a 

[21]  
(1 axis)a 

[22]  
(1 axis)a 

[23]  
(1 axis)a 

STT-MTJ (1 axis) – 
TDCb 

STT-MTJ (1 axis) – 
PWMb 

Technology MR (MTJ) MR (MTJ) MR (MTJ) MR (MTJ) MR (MTJ) MR (MTJ) STT-MTJ STT-MTJ 
Range ± 14 mT ± 30 mT ± 14 mT ± 1 mT ± 1.5 mT ± 50 mT > ± 8 mT (80 mT) > ± 8 mT (80 mT) 
NPSD (10 Hz) NA NA 18 µT/√Hz NA 4.5 nT/√Hz NA 32.4 µT/√Hz 21.8 µT/√Hz 
Linearity NA < 1 % FS NA NA NA NA 1.3 % FS 1.79 % FS 
Sensitivity 0.5 %/mT 0.2 %/mT 2 %/mT 9.1 %/mT 39 %/mT (170 mV/V/mT) 1 %/mT 92.7 ns/mT 1.28 mV/mT 
Size 120 nm x  

120 nm 
80 nm x  
80 nm 

120 nm x  
120 nm 

3 µm x  
6 µm 

5 µm x  
60 µm 

400 nm x  
100 nm 

50 nm x  
50 nm 

50 nm x  
50 nm 

aIn-plane MgO-MTJ 
bOut-of-plane MgO-MTJ 

TABLE II 
PERFORMANCE OF 4 HIGH-PERFORMANCE ANALOG COMMERCIAL SENSORS AND THE PRESENTED STT-MTJ SENSOR 

 Multi Dimension 
AMR2501 (1 axis) 

Metrolab MagVector™ 
MV2 (3 axis) – Z axis 

Honeywell  
HMC1001 (1 axis) 

Multi Dimension  
TMR2901 (1 axis) 

STT-MTJ (1 axis) – 
TDC 

STT-MTJ (1 axis) – 
PWM 

Technology MR (AMR) Hall MR (AMR) MR (MTJ) STT-MTJ STT-MTJ 
Range ± 200 µT ± 100 mT ± 200 µT ± 2 mT > ± 8 mT (80 mT) > ± 8 mT (80 mT) 
NPSD 160 pT/√Hz (1 Hz) 225 nT/√Hz 181 pT/√Hz (1 Hz) 2 nT/√Hz (1 Hz)  32.4 µT/√Hz 21.8 µT/√Hz 
Linearity 1.2 % FS 7.7 % FS (0.16 % FS) 1 % FS 0.3 % FS 1.3 % FS  1. 79 % FS 
Sensitivity 125 mV/mT (5 V) 17.71 mV/mT (3.3 V) 160 mV/mT (5 V) 250 mV/mT (1 V)  92.7 ns/mT 1.28 mV/mT 
Size 3 mm x 3 mm 200 µm x 200 µm NA 1 mm x 1.2 mm 50 nm x 50 nm 50 nm x 50 nm 
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modifications directly increase the total area of the sensing 
element. Using larger MTJs also remains an efficient solution 
to enhance performance and lower the noise. 

However, the presented sensing principle of the STT-MTJ is 
not based on MR principle. Therefore, another important source 
of noise, the stochasticity of the MTJ, should be considered. 
This noise source has already been presented in section II. For 
any given voltage and magnetic field applied, the MTJ has a 
corresponding probability of switching from one state to 
another. Using the presented MTJs, the measured ∆V, i.e., 
voltage range over which APP or PAP reversal events are 
observed for a given magnetic field, is approximately 50 mV. 
This creates a pure white noise in our measurements, 
corresponding to a pure magnetic white noise of approximately 
11 mT peak-to-peak. This pure white noise is covering any 
other smaller noise. However, by calculating the NPSD in the 
TDC method using the moving median data of the noise 
measurements, we observe a continuous and linear (log-log) 
decrease of the noise for an increasing frequency, which 
corresponds to 1/f noise. Therefore, in the TDC method, no 1/f 
noise can be measured due to the large white noise. The low 
frequency 1/f noise observed in the PWM method is in reality 
induced by the electronic components and not the MTJ itself. 

We conclude that the large noise observed in our 
measurements is mainly induced by the stochasticity of the 
MTJ. An in-depth analysis of such probabilistic noise could 
possibly lead to stack optimization and lower noise. 
Nevertheless, averaging larger samples remains the best option 
so far to achieve lower noise with the presented reading 
methods. Similarly to the intrinsic sensitivity analysis, different 
models and equations describe the stochasticity of STT-MTJs 
operated with short pulses [12], [25]-[27]. However, no models 
nor equations were found for continuous voltage sweep and in-
depth studies would also be required to adapt, confirm, or 
establish new equations. 

VI. OUTLOOK 
This magnetic sensor architecture shows a working principle 

demonstrated with two possible measurement methods, each 
presenting their own advantages and drawbacks. The TDC 
method allows fast measurements with few components 
required (e.g., binary counter), creating a device with high 
sampling speed, compact layout design and comparatively low 
resolution. In contrast, the PWM method offers performance 
with higher resolution, lower bandwidth, while requiring a 
larger layout induced by the ADC and the large capacitors of 
the LPF. In addition, the PWM method presents no issue in 
terms of memory requirements or resolution as for the TDC. 
Hence, the advantage of the TDC method is that it does not 
require any fast, high-resolution ADC, which is replaced by a 
simple binary counter, more suitable for monolithic integration. 
However, a large memory is still required to save data points. 
For instance, one second of measurement requires 1.02 Mb of 
memory, equivalent to 127.5 kB. Another limitation of the TDC 
approach is its resolution, which is directly related to the 
maximum frequency of the counter. Therefore, to increase the 
resolution, either a faster counter or a more advanced time-to-
digital converter is required. With the presented TDC, an 
equivalent voltage resolution of approximately 1.25 mV/LSB 

(~112 µT/LSB) is obtained. Hence, to obtain an equivalent 
resolution in the range of few microvolts for one count, which 
can be achieved with standard ADCs, a counting frequency of 
tens of GHz would be required. This is extremely difficult and 
complex to handle. On the other hand, reducing the frequency 
of the input signal would also increase the equivalent 
resolution, by reducing the slope of the voltage, reducing at the 
same time the sampling rate of the sensor. For instance, to get 
an equivalent resolution of 10.42 µV/LSB (~1.1 µT/LSB), the 
frequency of the input signal must be slowed down to 250 Hz 
for a 96 MHz timer. 

However, in both methods implemented so far, high-
performance commercial products still present noise and 
resolution better than our measured performance as a result of 
the much larger sensing elements. On the other hand, published 
MR MTJs with comparable dimensions exhibit similar 
performance with a stack optimized for sensing applications.  

Hence, to improve performance, the use of a linear signal 
(e.g., triangular signal) or a faster input frequency are among 
possible changes. One can note that the TDC method would 
require the introduction of more complex time-to-digital 
techniques in order to increase the resolution and the use of 
build-in averaging digital circuit to reduce the memory 
requirements. Sensing-oriented MTJs with higher field 
sensitivity and lower stochasticity are also among required 
further improvements to lower the noise. MTJs with diameters 
as small as 20 nm are also in development and shall be 
evaluated in future works for sensing applications in 
particularly to evaluate their stochasticity. 

To conclude about the main advantages of the presented 
STT-MTJ sensor, it includes a very small sensitive element of 
tens of nanometers with an extremely small area (0.0025 µm²). 
The compact conditioning electronics required is also an 
advantage, requiring only a few operational amplifiers and 
passive components. In contrast to other types of MR sensors 
(e.g., AMR or microelectromechanical systems, MEMS), MTJs 
benefit from the absence of destructive field, and can withstand 
large field ranges without being permanently damaged, whereas 
such MR sensors can be irreversibility damaged within tens to 
hundreds of millitesla. In addition, the demonstrated 
nanometric sensor also benefits from room temperature 
operating range. In comparison, high-sensitivity nanometric 
sensors such as nano-SQUIDs (Superconducting Quantum 
Interference Devices) work only at very low temperature 
(typically few Kelvin) and require complex circuits to be 
operated [28]-[30], hence targeting completely different 
applications. Finally, while the Hall sensors can be natively 
fabricated using standard complementary metal-oxide 
semiconductor (CMOS) technologies, MR sensors, including 
MR MTJs (in-plane), usually require specific or non-standard 
technologies. However, the presented STT-MTJ sensor uses 
perpendicular MTJs. Therefore, as STT-MRAMs are almost 
exclusively being developed using out-of-plane MTJs to avoid 
the high-density and low-power-consumption issues that arise 
in in-plane MTJs at small diameters [31], [32], the presented 
STT-MTJ sensor is likely to be fully compatible with CMOS 
technology for monolithic integration and mass production. The 
development of emerging memories, including STT-MRAMs, 
greatly increased over the past years with an expected $36 
billion market in 2030 [10]. Hence, with the strong industrial 
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interest and development of STT-MRAMs, such STT-MTJs 
sensors could even be natively supported by foundries. 

The demonstrated STT-MTJ sensor could find applications 
in diverse domains from industrial applications to the medical 
field, embedded either in a single small chip, or as an array of 
sensing units. Among application examples, one can list 
industrial applications such as current sensing, fault detection, 
or system alignment, such as photolithographic masks, to 
medical applications with near-field sensing, magnetic tracking 
systems, or magnetic camera with extremely high density. 

VII. CONCLUSION 
This paper has presented a specific reading architecture for 

nanometric magnetic sensors using perpendicular spin transfer 
torque magnetic tunnel junctions. The proposed architecture was 
successfully tested through two different methods and 
experimental measurements. Despite initial performance 
described which are still below state-of-the-art commercial 
products performance in terms of noise, the measured noise is 
close to the reported noise for the state-of-the-art MR MTJs with 
comparable sizes and sensing-oriented stacks. Hence, the design 
of dedicated junctions specifically targeting field sensing 
applications as well as improved electronics will allow us to 
enhance the performance of the presented sensor, intrinsically 
suitable for monolithic integration. 
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