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Abstract

The detection of low-intensity and low-frequency signals, envisaging an application on neural detection,

requires magnetic sensors with enhanced sensitivity, low noise levels and improved field detection at low

operating frequencies. Two approaches to improve the detection levels of single sensors based on tunnel

magnetoresistance devices are combined: (i) use of increased sensing areas and (ii) integration of magnetic

flux guides. State-of-the-art MgO based magnetic tunnel junctions with a soft pinned sensing layer were used

throughout this work. The used strategy consists in the integration of magnetic flux guides in sensors with

a large active area, resulting in a sensitivity of 145 %/mT and a detection level of 547 pT/Hz1/2 at 100 Hz.

The obtained values are similar to the detectivity of a large array of sensors connected in series. Both strate-

gies imply a large device footprint, being suitable when a high spatial resolution is not an application requirement.

Keywords: Field detectivity, Low frequency noise, Magnetic flux guides, Magnetic tunnel junction sen-

sors, Soft pinned sensing layer

1. Introduction and Background

One of the most challenging areas targets the de-

tection of low-intensity and low-frequency magnetic

fields, such as the signals generated by brain ac-

tivity (pT range below 100 Hz) [1], requiring sens-

ing devices with large signal-to-noise ratio (SNR)

at room temperature. Currently, systems com-

posed by superconducting quantum interference

magnometers or hybrid devices combining magne-

toresistive (MR) sensors to superconducting loops

are capable to measure such subtle fields at low fre-

quencies, requiring an operating temperature down

to few Kelvin [1].

MR sensors are a reliable alternative for mag-

netic field detection at room temperature, being

patterned at µm scale (small area, high field reso-

lutions) and with low power requirements (∼ mW).

Magnetic tunnel junctions (MTJs) are the MR sen-

sors with the higher resistance change in function of

the applied field - tunnel magnetoresistance (TMR)

- presenting a variation ∼ hundreds of %. Sen-

sors based on MgO-MTJ have already been used

towards detectivity limits below pT/Hz1/2 [2, 3].

The linearization strategy used in this work is

1



based on the use of MTJ stacks with a soft pinned

sensing layer [4, 5]. The latter consists in a multi-

layer stack with two antiferromagnetic (AFM) films:

one near the pinned layer and the other adjacent to

the sensing layer. Both AFM layers set the magne-

tization of the ferromagnetic (FM) layers in a fixed

direction due to exchange interactions.

In a MTJ, the noise level comes mainly from the

electron tunneling across the insulating barrier and

magnetic fluctuations on the sensing layer. The

main noise sources are the thermal and shot noise,

1/f (electric and magnetic) noise and random tele-

graph noise (RTN). However, at low frequencies the

magnetoresistive intrinsic noise is dominated by the

1/f component, responsible for the limitation of the

sensor field detectivity. The 1/f noise has an electric

and magnetic component, being the former related

with voltage fluctuations at the low frequency range

and the latter with oscillations in the sensing layer

magnetization, mostly associated to domain-wall

pinning and depinning at defect sites [6, 7]. There-

fore, the 1/f maximum density noise occurs when

the magnetization of the sensing layer is switching

between the parallel and antiparallel state, which

corresponds to the linear transition of the sensor

response [7]. The 1/f magnetic noise is thus absent

only in the saturation states. In the low frequency

range, the detectivity of a single MTJ is expressed

by [8]:

D =
1

S

√
αH

fA
[T/
√

Hz], (1)

where αH corresponds to the modified Hooge con-

stant, A is the tunnel junction area, f is the operat-

ing frequency and S is the sensor sensitivity at the

operating point. The detection level improvement

of a MTJ sensor for low frequencies implies a large

field sensitivity (high TMR in a small field range

∆H), a low αH value and a large junction area.

A strategy to reduce the noise at low frequencies

consists in the use of larger junction areas (sensor

active volume) [2, 4], being viable when a high spa-

tial resolution is not a request. The integration of

magnetic flux guides (MFG) enhances significantly

the sensitivity of the sensor, increasing the magnetic

flux through it and consequently decreasing the lin-

ear operating range (∆H), without introducing ad-

ditional noise. The MFG incorporation in MR sen-

sors have already been previously reported [2, 3, 9].

This work combines two different approaches to

improve the detection levels of single sensors based

on TMR devices: (i) use of increased sensing areas

to achieve a noise reduction in the low frequency

range and (ii) integration of magnetic flux guides

to concentrate the magnetic field in the sensor re-

gion, yielding a sensitivity enhancement. State-of-

the-art MgO based magnetic tunnel junctions with

soft pinned sensing layer were used, allowing a more

compact design since no external linearization ele-

ments are needed.

2. Experimental Method

The MTJ stack used in this work was deposited in

a Singulus Tiramis sputtering tool at INL, with the

following structure: [Ta 5/ CuN 25] x6/ Ta 5/ Ru

5/ Ir20Mn80 20/ Co70Fe30 2/ Ru 0.85/ Co40Fe40B20

2.6/ MgO >1/ Co40Fe40B20 2/ Ta 0.21/ Ni80Fe20

4/ Ru 0.20/ Ir20Mn80 6/ Ru 2/ Ta 5/ Ru 10 (thick-

ness in nm and alloy composition in %), showing

a <R×A> = 17.3 kΩ.µm2 and <TMR> = 189%

in patterned devices. The stack has been devel-

oped and optimized, providing a tunable pinning

field of the sensing layer over a small range of fields

(between -3 mT and 3 mT). The fabricated sen-

sors have a linear response with very low coercivity

(< 0.2 mT), being almost centered in a way that

the value corresponding at zero applied field is well

within the most sensible range. The crossed con-

figuration between the magnetization direction of
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Figure 1: Magnetic response of CZN deposited on the
sample for MFG, presenting the correct behaviour in
both axes.

the pinned and sensing layers are defined perform-

ing two consecutive annealing steps under in-plane

magnetic fields.

The MTJ sensors were fabricated at INESC-

MN by optical lithography, ion milling and lift-off

steps, being patterned in circular shapes (no shape

anisotropy) with a junction radius (r) ranging from

10 µm (314 µm2) to 36 µm (4072 µm2). The junc-

tion pillars were laterally insulated by 200 nm thick

Al2O3.

The soft magnetic material used for MFG is an

alloy of sputtered amorphous Co93Zr3Nb4 (CZN)

with a thickness of 860 nm deposited under a 10

mT field to define its easy axis (perpendicular to

the direction of the pinned layer magnetization).

Figure 2: (A) Scanning electron microscope (SEM) im-
age of a single sensor showing the adopted geometry and
MFG position, before the top contact deposition (top
view). (B) Schematic of the used MFG.

Table 1: Yoke and length dimensions of the four types
of MFG. The pole dimension always equal to the pillar
diameter.

Geometry
Yoke dimension

(µm)
Length
(µm)

MFG1 500 265

MFG2 1000 475

MFG3 1500 715

MFG4 2000 790

Bulk measurements show a relative permeability

of µr = 841 and a spontaneous magnetization of

M sat = 1482 kA/m (figure 1). The MFG were pat-

terned with a funnel shape (figure 2(B)) separated

by a gap where the MTJ is placed, being the sensor

separation to each MFG pole set at 1.5 µm which

leads to variable gaps depending on the junction

size. Figure 2(A) shows a scanning electron micro-

scope (SEM) image of a circular single sensor, as

well as the particularities of the near MFG struc-

tures (before the top contact definition). MFG with

four different dimensions were adopted as shown in

table 1.

Although a soft pinned sensing layer stack

ensures the sensor linearity, 100 nm thick

Co66Cr16Pt18 permanent magnets (PM) are in-

cluded to create a longitudinal bias field to further

enhance domain stability in the large areas used.

They were patterned with a length of 460 µm, a

width of 70 µm and a separation from the sensor

of 5 µm each side, creating an expected bias field

(µ0HLB) ∼1.5 mT at the center of a 30 µm gap,

decreasing to ∼ 0.4 mT when the distance between

them increases to 82 µm.

A 500 nm thick SiO2 insulating layer was de-

posited, being the bottom contact and pillar vias

opened by liftoff. For top contacts, the deposition

of 300 nm of Al98.5Si1.0Cu0.5 followed by 15 nm of

TiW was performed. A picture of the final device
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Figure 3: Picture of the fabricated device with in-
tegrated MFG2, after the top contact definition (top
view).

with integrated MFG2 is shown in figure 3.

The devices transfer curves were measured using

a DC four probe method, being the magnetic field

created by two Helmholtz coils (±14 mT range).

The noise characterization of the devices is per-

formed using a current biased circuit powered by a

battery, placed inside a mu-metal shielded box. The

sensor noise is amplified by a battery powered low

noise amplifier (SRS SIM910 or FEMTO DLPVA-

100-BLN-S) and its power density is acquired by a

TEKTRONIX RSA3308A real time spectrum ana-

lyzer in a range from DC to 100 kHz with a resolu-

tion bandwidth of 2 Hz (DC - 1 kHz range) and 200

Hz (DC - 100 kHz range). The equivalent circuit of

the noise measurement setup is schematically pre-

Figure 4: Equivalent circuit of the noise measurement
setup showing the different componets and respective
noise sources - VP, VAMP and VDUT.

sented on figure 4, where V DUT is the noise level

introduced by the sensor while V AMP and V P are

the amplifier and potenciometers intrinsic noise.

3. Single sensors with large areas and inte-
grated magnetic flux guides

The transfer curves obtained for the junctions with

r =10 µm (Rmin= 50.7 Ω) and r =36 µm (Rmin=

4.4 Ω) are presented in figure 5 (bias voltage

Vbias=5 mV). All the measured curves for single

sensors (no MFG; no PM) have a linear response,

being the most sensitive point slightly shifted from

zero applied field ∼1.8 mT. The response coercivity

is µ0.Hc ∼ 0.1 mT. Both curves exhibit similar sen-

sitivity values, S=27.1%/mT (smaller sensor) and

S=27.5%/mT (larger one), meaning that the sen-

sor sensitivity is almost independent of the sensing

area. The use of a soft pinned sensing layer stack

and the non existence of shape anisotropy, allows

the saturation field (µ0Hsat), and thereby the sen-

sitivity, to be mainly controlled by the exchange-

bias at the sensing layer, making the sensor area

influence no much evident on the sensitivity.

Figure 6 shows the effect of MFG1 inclusion in the

magnetotransport curve of the r =10 µm pillar sen-

sor. It produces a more steep transfer curve, reduc-

ing the µ0Hsat approximately from ±3 mT to ±0.4

Figure 5: Magnetotransport curves obtained for single
sensors with r =10 µm and r =36 µm, exhibiting similar
linear behaviours.

4



Figure 6: Effects of MFG1 inclusion in the magneto-
transport curve of the sensors with r =10 µm.

mT, which causes a sensitivity enhancement with a

gain factor of 6.7, reaching the maximum value of

180.6 %/mT. For all the characterized sensors the

MFG does not increase the sensor coercivity.

However, upon MFG inclusion an evident sensi-

tivity decrease was continuously observed when the

sensor area increases. The MFG1 gain factor de-

creases from 6.6 (r =10 µm) to 3.0 (r =36 µm),

corresponding to a reduction ∼ 54%. The gain evo-

lution of all used MFG in function of the distance

between their poles is presented in figure 7, being

observed a constant decreasing tendency. The gain

reduction can be mainly explained by the increas-

ing gap distance between the two MFG poles with

the sensor dimensions, leading to an accentuated

Figure 7: Gain dependence of the different used MFG
sizes with the gap distance.

dispersion of the field lines and magnetic flux re-

duction in the sensor region.

For a junction with r = 36 µm, the integration

of MFG with larger dimensions increases even more

the slope of the TMR transfer curve, yielding there-

fore larger sensitivities: S1= 84.5 %/mT for MFG1

(gain of 3.0), S2= 102.1 %/mT for MFG2 (gain of

3.67), S3= 122.3 %/mT for MFG3 (gain of 4.4) and

S4= 147.4 %/mT for MFG4 (gain of 5.3) when com-

pared with the sensitivity of 27.8 %/mT obtained

for the same sensor with no MFG. MFG4 leads to

an overall higher sensitivity gain consequence of the

larger yoke and length dimensions (larger yoke/pole

ratio) which increases the magnetic flux concen-

trated in the sensor region.

In the case of integrated PM, µ0Hsat has a strong

contribution from the exchange coupling of the

sensing layer (µ0.HFL
exch ' 3 mT), with an additional

term (µ0.HLB . 1.5 mT) corresponding to the low

bias field created by the PM, responsible for a larger

linear operating range and consequently a sensitiv-

ity reduction.

Figure 8 shows the noise level of sensors with dif-

ferent dimensions (r = 10, 15, 28 and 36 µm), per-

formed at zero applied field and under a bias voltage

of 5 mV. The obtained spectra, mainly dominated

Figure 8: Noise levels obtained for the fabricated sen-
sors with different sensing areas.
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Figure 9: Noise spectra obtained for the junction with
r = 36 µm upon the inclusion of MFG1 and PM.

by the 1/f component, decreases with the junction

area. In the low frequency range, a noise reduc-

tion ∼ 65% occurs increasing the pillar radius from

10 µm to 36 µm. The modified Hooge constants

(αH) obtained fitting the curves in the DC - 100 Hz

range are: αH = 1.7×10-7 µm2 (r = 10 µm), αH

= 1.9×10-7 µm2 (r = 15 µm), αH = 2.1×10-7 µm2

(r = 28 µm) and αH = 2.7×10-7 µm2 (r = 36 µm),

slightly increasing with the sensing area.

The inclusion of MFG and PM does not in-

crease the noise level of the sensor as seen in fig-

ure 9. Therefore, the sensitivity enhancement veri-

fied upon the MFG inclusion results in a reduction

of the sensor detection level proportional to the sen-

sitivity gain. As PM are not responsible for the sen-

sor linearization and its inclusion affects the sensor

sensitivity, with a consequent reduction of the de-

tection level, they are removed from the design.

An enhanced detection level is obtained for larger

sensors alongside with its lower sensitivity, com-

pared with smaller sensors (higher sensitivity but

more intrinsic noise), showing that the noise reduc-

tion coming from the increased sensing area is more

significant than the sensitivity gain decrease caused

by the further MFG poles separation.

Figure 10 shows the detection levels of the sen-

sor with r = 36 µm upon the inclusion of the four

Figure 10: Detection levels for the junction with r =
36 µm upon the inclusion of the four MFG types.

different types of MFG. As expected a higher en-

hancement in the detection level is observed for the

inclusion of MFG with larger dimensions. The in-

troduction of MFG4 in the sensor allows a reduction

of its minimum detectable field from 7.32 nT/Hz1/2

to 1.01 nT/Hz1/2 at 30 Hz. At 100 Hz, a detection

level of 547 pT/Hz1/2 is obtained, reaching a level

of 71 pT/Hz1/2 at high frequencies (∼ 10 kHz).

4. Strategies for field detection through in-
creased sensing areas

The results obtained for single sensors are compared

with the detection level of a large array composed

by N = 952 square sensors connected in series. The

dimension of the single sensor was chosen in order

to have a sensing area (r = 28 µm, 2463 µm2) close

to the area of each element composing the array

(2500 µm2). Both strategies are suitable when the

device footprint is not an issue for the considered

application.

The modified Hooge parameters (calculated in

the linear region) are αH = 2.2 × 10−6 µm2 (sen-

sor array) and αH = 2.1 × 10−7 µm2 (single sen-

sor). These values are consistent with the reported

in literature for stacks with an antiferromagnet ad-

jacent to the sensing layer [10, 11], but are consis-

tently higher than those obtained for MTJ stacks

without a soft biased sensing layer [3, 12]. Due to
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Figure 11: Detectivity level obtained for the 952 sen-
sors in series and for the single sensor with and without
MFG, in the frequency range from DC to 100 kHz.

the large number of sensors connected in series, the

noise level of the array is about 100 times higher

than the verified noise for a single sensor.

The detection levels of the sensors under study

are presented in figure 11. Improved detection val-

ues are achieved for the array when compared with

a single sensor, reaching 875 pT/Hz1/2 at 30 Hz

and 455 pT/Hz1/2 at 100 Hz. A gradual improve-

ment of the single sensor detection level, upon the

inclusion of MFG with larger dimensions, is demon-

strated, approaching closely the level presented by

the array. The single sensor, upon the integration of

MFG3 almost reaches the detection level of the ar-

ray (being ∼ 14 % higher at 30 Hz), occupying only

one third of the total array area, which provides a

reduction in the device footprint. The device foot-

print accounts not only for the sensor dimension,

but also for the MFG area (single sensor) and the

bottom and top contacts between sensors (array).

Figure 12 [13] shows the field detection level de-

pendence on the area for a single sensor (r = 10,

28 and 36 µm) at 30 and 100 Hz, comparing them

with the detectivities of 952 sensors in serie. Only

a small improvement in detectivity with the sen-

sor area is observed upon MFG inclusion due to

the large areas used (increasing MFG gaps). The

Figure 12: Detectivity dependence on the sensing area
(single sensor: r = 10, 28 and 36 µm, and 952 sensors in
series). Comparison between the obtained results with
the reported values for a single sensor with a simple free
layer [2, 3] and with a soft pinned sensing layer [14].

obtained results are also framed with the reported

data for single sensors with both soft pinned sensing

layer [14] and simple free layer [2, 3]. The former

reported a detectivity level around 90 nT/Hz
1/2

at

10 Hz for an area of 48 µm2, supporting the results

obtained for the fabricated sensors since it is in line

with the results for single sensors with no MFG. On

the other hand, the latter reported detectivity lev-

els of tens of pT/Hz
1/2

at low frequencies for similar

areas to the adopted ones. This considerable differ-

ence in the detectivity range is probably related to

the MTJ stack structure, namely with the sensing

layer. In a stack with a soft pinned sensing layer,

the incorporation of an antiferromagnetic layer in

the sensing layer and the resultant exchange bias

coupling with the ferromagnetic layers can lead to a

higher magnetic disorder, yielding a higher intrinsic

noise responsible for the detection limitation of the

sensor in the nT/Hz
1/2

or hundreds of pT/Hz
1/2

range [10, 15]. Although allowing a magnetic re-

sponse linearization without external elements or

shape anisotropy strategies, these sacks bear diffi-

culties for extremely low field detection when com-

pared with simple sensing layer stacks.
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5. Conclusions

This work combines two different approaches to im-

prove the detectivity level of state-of-the-art MgO-

MTJ sensors, towards the detection of low-intensity

and low-frequency signals: (i) increase sensor sen-

sitivity, by minimizing the linear operating range

upon the inclusion of MFG and (ii) explore the ef-

fects of its sensing area, taking into account the

desired spatial resolution and the sensor’s resis-

tance. The final followed strategy consisted in the

use of sensors with large active area, abdicating

from higher sensitivity gains. The integration of

the largest MFG allowed a detection level reduction

from 7.32 nT/Hz1/2 to 1.01 nT/Hz1/2 at 30 Hz for

the sensor with a pillar radius r = 36 µm, while at

100 Hz a detectivity of 547 pT/Hz1/2 was obtained.

For this sensor, a level of 71 pT/Hz1/2 was reached

at high frequencies (10 kHz). The limitation of the

field detection level is probably a consequence of the

higher intrinsic noise verified in soft pinned sensing

layer stacks, being a drawback when compared with

results obtained in stacks without soft pinned sens-

ing layer, with several tens of pT/Hz1/2 reported at

low frequencies. Besides allowing a more compact

design, soft pinned sensing layer stacks are not suit-

able for demanding applications where the detection

level must be the lowest possible.
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