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Abstract 
A magnetic tunnel junction (MTJ) can be used as an effective magnetic field sensor thank to 
its high magnetoresistance ratio. To be used as a magnetic field sensor in different 
applications, the possibility of tuning the performance of the MTJ is important. Different 
means of tuning, such as voltage and magnetic field biasing, can be used. In this work, an 
external magnetic field from a permanent magnet was used to bias the sensing layer of a MTJ 
along its hard axis, and the effect of the biasing on the sensitivity, detection limit, and 
hysteresis of the MTJ was investigated. The experiments showed that the hysteresis of the 
MTJ languished away at a certain applied magnetic field. Moreover, the sensitivity and noise 
level decreased, whereas the detection limit increased with increasing bias field strength. The 
motivation of this experiment is not only to find a power- and cost-effective method of tuning 
the MTJ, but also to study what happens with the sensing layer, and with electron transport 
within the MTJ when an external magnetic field is applied. 
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1. Introduction 
 
Magnetic tunnel junctions (MTJs) are used in, e.g., magnetic random access memory 
(MRAM) [1], and in read heads in commercial hard discs [2]. As deposited, MTJs have a 
hysteretic output signal, where a magnetic field, equivalent to the coercivity of the free layer 
of the junction, switches the MTJ between a high- and a low-resistance state. Due to the 
hysteretic behaviour, an MTJ cannot be used as a magnetic field sensor. Nevertheless, MTJs 
can be used to measure an ambient magnetic field if the magnetization the free layer is 
aligned perpendicular to the pinning direction of the MTJ. An ambient magnetic field along 
the pinning direction will in this configuration create a linear change to the junction resistance 
[3].  
 
The free layer can be aligned perpendicular to the pinning direction by, e.g., using 
ferromagnetic-antiferromagnetic exchange coupling [4], or an external constant magnetic 
field [5]. In this paper, the latter method was investigated where the possibility of using a 
magnetic bias field to tune MTJs for use as magnetic sensors was studied. The behaviour of 
the MTJs in terms of sensitivity, linearity, inherent noise, and detection limit, under the 
influence of the bias field was studied in detail.  
 
2. Experimental 
 
To be able to study the effect of different bias fields on MTJs, a measurement setup with a 
permanent magnet attached to a micrometer screw was constructed, figure 1. The magnet was 



inserted into the pole gap of an electromagnet (Type C, Serial nr 6620/6, Newport Instrument, 
Englands). The permanent magnet was centred above the sample stage and its easy axis was 
aligned perpendicular to the field axis of the electromagnet.  
 

 
Figure 1. Measurement setup with the permanent magnet for constant field biasing. 
 
With the micrometer screw, the distance, h, between the permanent magnet and the sample, 
and thus the magnetic field strength, Hbias, from the magnet at the sample could be varied. The 
relationship between the distance and the field strength was calibrated using a Hall probe 
(HGT-1010, Lake Shore Cryotronics Inc., USA) mounted on the sample stage, figure 2. 
 

 
Figure 2. Hard axis bias field, Hbias, versus distance between the sensors and the permanent 
magnet, h. 
 
The MTJs of the type described in [6] were then mounted on the sample stage with the easy 
axis of the free layer aligned along the field axis of the electromagnet, and thus, the hard axis 
was parallel to the easy axis of the permanent magnet. The field from the permanent magnet 
was used as a hard axis bias field, Hbias. A current of 10 mA was applied to the junctions and 
the output voltage was measured (a Keithley 2400 SourceMeter, and a Keithley 2182 
Nanovoltmeter, USA was used for the four-point-probing), while sweeping the field from 
the electromagnet between -9 mT and 9 mT, and varying the bias field from the permanent 
magnet between 4 mT and 12 mT. The resulting voltage vs. magnetic field curves (VH-
curves) were used to derive the sensitivity, S (i.e. the slope of the VH-curves), and hysteresis 
of the MTJs. 



 
When characterizing the MTJs for measurements of weak magnetic fields, not only the 
sensitivity but also the noise from the sensors is important. The low-frequency noise of the 
field-biased MTJs was studied with a noise measurement setup [7] schematically depictured 
in figure 3. Here, a low-noise amplifier (Model 565, HMS electronics, Germany), a 
spectrum analyser (Hewlett Packard 35670A, Dynamic Signal Analyzer, USA), and 
two separated mu-metal boxes were added to the setup used in the VH-curve 
measurements. The MTJs were biased in the same manner as before, but no field was applied 
from the electromagnet. The total inherent noise of the MTJs, SV, was calculated by 
subtracting the amplifier noise, SAmp, from the recorded spectrum, S0, i.e. SV=S0−SAmp. 
 

 
Figure 3. Schematic of the noise measurement system. 
 
In a second experiment, small permanent magnets were glued to the MTJ chip, replacing the 
adjustable bias magnet. Two small permanent magnets were fabricated by dicing a 30x4x1 
mm neodymium magnet (Art.nr. 1018st, Magnet Technology Group Europe) into 1x1x2 mm 
elements. These were glued on the MTJ chip with their easy axis parallel to the hard axis of 
the MTJ free layer, figure 4. The glue used melted at temperature about 120°C, after which 
adjustment of the position of the magnets was possible under a visible light microscope. A 
micro soldering device with digital control of temperature was used to raise the temperature 
of the magnets to the precise value, thus avoiding overheating both magnets and MTJs. The 
signal and noise of the MTJs with integrated magnets were then investigated, and their 
detection limit was determined. The experiment was performed to confirm that this relative 
simple method was sufficient to supply on-chip magnetic field biasing of MTJs. 
 

 
Figure 4. Small permanent magnets mounted on the sensor chip. 
 



3. Results and discussion 
 
The VH-curves for different hard axis bias field, Hbias, are presented in figure 5. From these 
and additional VH-curves, it could be concluded that a bias field of around 9 mT collapsed the 
hysteresis curve, making the output of the MTJs linear. 
 

 
Figure 5. Easy axis VH curves at different bias fields (legend). 
 
 
To evaluate the linearity of the VH curves, the goodness, R2, of linear fits to the measured 
data, performed using Matlab Curve Fitting Toolbox (Curve Fitting Toolbox 2.2, The 
Mathworks Inc, USA), was studied, figure 6. As can be seen, increasing Hbias improved the 
linearity of the VH-curve. However, increasing Hbias also reduced the sensitivity as can be 
seen from the slope of the VH-curves in figure 5. In an application, both good linearity and 
high sensitivity are desirable, and a compromise based on the requirements of the particular 
application is therefore required. 
 

 
Figure 6. Linearity of the VH curve at different bias fields. 
 
Measurement of the inherent noise, SV, of the MTJs was performed to study the change of SV 
and of the detection limit, DB, as functions of the Hbias, figure 7. The detection limit is the 
smallest detectable field, and is calculated by DB = SV/S [7]. As seen in figure 7 left, SV was 
reduced when Hbias increased, but since S decreased even faster, field biasing resulted in an 
increased DB, figure 7 right. Hence, Hbias should be set as low as possible given that the 
linearity is preserved. For the MTJs of this study, the optimum Hbias was around 9 mT. 



 

   
 

Figure 7. Voltage noise (left) and detection limit (right) at 10 Hz versus hard axis bias-field 
strength. Smoothed spline curve fits have been inserted as a guide to the eye. 
 
The MTJs suffered from considerable low-frequency noise, which limited their detection limit 
at low frequencies. Their best performance was in the white noise band above the knee 
frequency, fk [8], where the detection limit was more or less constant. The white noise band 
has an upper limit at frequencies of a couple of gigahertz, where spin-wave interactions cause 
extra noise. The theoretical detection limit in the thermal noise regime, disregarding both 1/f 
and shot noise, and the knee frequencies at different bias fields are presented in figure 8. 
 

 
Figure 8. Theoretical detection limit in the thermal noise regime disregarding all other noise 
sources (left vertical axis) and knee frequency (right vertical axis) versus hard axis bias-field 
strength. 
 



The VH-curves and low-frequency noise of one of the MTJs with an integrated magnet is 
presented in figure 9. The bias field of the magnet could be calculated by comparing the 
sensitivity to the sensitivity obtained from the same MTJ using the adjustable magnet 
(extracted from figure 9 left and figure 5). The sensitivity was 0.9 V/T, and the bias field was 
around 9.1 mT. Moreover, the inherent noise of the MTJ at 100 Hz was around 7 nTHz-0.5, 
figure 9 right, giving it a detection limit of 7.8 nTHz-0.5. The bias field achieved with the 
glued magnet was close to the optimum bias field, showing that this simple linearization 
method was applicable to linearization of MTJs, although the method was not compatible 
with MEMS-batch processes. Deposition of a magnetic layer directly on top of the MTJs [5] 
is a potential alternative to gluing. The thickness of such biasing layer should be optimized to 
obtain proper sensitivity and detection limit. 
 

  
Figure 9. VH-curves (left) and noise spectrum (right) of the MTJ biased by an integrated 
permanent magnets. 
 
The MTJ layer structure used in this study was top-down: 7Ru/ 10Ta/ 3Co60Fe20B20/ 0.3Mg/ 
1.1MgO/ 3Co60Fe20B20/ 0.8Ru/ 2.5Co70Fe30/ 20PtMn/ 5Ta/ 30CuN/ 5Ta (capital numbers are 
thicknesses in nm and subscripts are contents in at. %), where the PtMn layer composition 
was nominally equiatomic [6], the CoFeB layer closest to the top was the free layer, and the 
MgO layer was the tunnel layer. In a magnetic domain study using a magnetic force 
microscopy (MFM) it was seen that the MTJs hade a number magnetic domains in zero biased 
field [9]. An increasing bias field gradually removed the magnetic domain walls and rotated 
the magnetization of the free layers to the hard axis. The fact that the magnetization was 
aligned along a hard axis, i.e. the free layer was in a magnetic energy maxima, removed the 
coercivity, and the MTJ became linear. The output of a MTJ in this configuration can be 
described by [3]:  

V = 0.5 TMR I (RA/ W h)(cos(f −p)), 
where TMR is the tunnel magnetoresistance ratio, RA the resistance-area product, Wh is the 
geometry factor, and f and p are the magnetization angles of the free and pinned layers, 
respectively.  
 
The main noise sources in a MTJs at low frequencies are thermal noise, shot noise, 1/f noise, 
and magnetic low-frequency noise. Of these, only the latter was affected by the bias field. The 
noise at low frequencies was steadily reduced as the strength of the bias field increased until a 
field of approximately Hbias=12 mT, after which the noise reduction levelled out, figure 7 left. 
This behaviour was linked to the rotation of the magnetization of the free layer, from the easy 



to the hard axis. As the rotation proceeded, the Zeeman energy of the free layer, 
eext=µ0M

.Hbias, increased making it less prone to spontaneous magnetization fluctuation which 
are the cause of magnetic low-frequency noise. The fact that the noise reduction continued 
beyond the point where the MTJ became linear at approximately Hbias=9 mT, i.e. where the 
main domains were rotated a full 90°, suggested that the free layer hade some edge domains 
that, due to the shape anisotropy, required a higher bias field to be fully rotated. These 
contributed little to the MTJ output, due to their relatively small lateral area, but the presence 
of domain walls still contributed to the magnetic low-frequency noise. A small improvement 
of the linearity was also seen from Hbias=9 mT to Hbias=12 mT, which further strengthening 
this assumption. 
 
4. Conclusion 
The effect of magnetic field biasing of MTJs along their magnetic hard axis using a 
permanent magnet was investigated in terms of linearity, sensitivity, low-frequency noise, and 
detection limit, in order to use the MTJs as magnetic field sensors. It was concluded that 
increasing the bias field to a certain strength linearized the MTJs output. Further increase of 
the bias field suppressed the inherent noise, but also lowered the sensitivity. The net effect 
was an increase of the detection limit of the MTJs, and, hence, the best detection limit was 
achieved when the bias field was at a minimum, however still strong enough to linearize the 
MTJ. The noise reduction was concluded to stem from a reduction of the 1/f noise and the 
magnetic low-frequency noise.  
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