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ABSTRACT

Miniaturized, ultra-sensitive and easily integrable magnetometers are needed for many applications like space exploration or medical survey.
In this study, we combine innovative magnetic tunnel junctions having a symmetric resistance-field (R-H) response with a high gain flux
concentrator. In our junctions, the magnetization of the free layer (FL) is stabilized in an anti-parallel configuration with respect to that of
the reference layer. This configuration is achieved by using a soft exchange pinning of the FL. We precisely adjust the exchange field value
with a dusting layer of ruthenium used to weakly decouple the magnetization of the FL from the local moments of the antiferromagnet. In
order to improve the junction’s sensitivity, we study the influence of the exchange field value and of the shape anisotropy on the even-
function R-H response. In particular, we compare circular junctions with elliptic or rectangular junctions of various aspect ratios and orien-
tations. We find that the sensitivity of the junctions increases when reducing the soft-pinning exchange field and by using junctions with an
elongated shape in the direction of the applied field. Finally, we were able to further increase the sensitivity by a factor 440 due to a flux con-
centrator placed around the junction by electrochemical deposition of NiFe. Its design is optimized (elongated shape, 5-7 um thickness and
10 um air-gap) in order to obtain this very high gain. The complete sensor system composed of these magnetic tunnel junctions and the flux

concentrator allows to reach sensitivities larger than 1000%/mT.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0160544

To detect ultra-low magnetic fields, magnetic flux sensors such as
SQUIDs, search-coils, or flux-gates are usually considered as the best
options. However, these solutions are large and heavy, which limits
considerably their use in environment with limited available space and
weight, as, for example, onboard small satellites envisioned to monitor
the solar wind and the near Earth’s environment. Moreover, the inte-
gration of ultra-sensitive sensors within small systems is required for
various applications, particularly for biosensors like lab-on-chip or a
wearable device for health monitoring. In order to decrease the detec-
tion limit of integrable sensors, magnetoresistive sensors based on spin
valves or magnetic tunnel junctions (MTJs) have emerged."”” High
tunnel magnetoresistance (TMR) values combined with a low noise
level have enabled low footprint magnetometers’ with increased per-
formances. Further improvements can be achieved by using an array

of inter-connected MTJs to reduce the 1/f noise or by adding magnetic
flux concentrators” to increase the sensitivity. In a recent work, sub-pT
detectivity at low frequencies was achieved’ by combining advanta-
geously these two approaches.

Hitherto, research has been focused on sensors with a linear
response of the electric resistance to the magnetic field. Such MTJ-
based sensors require several steps of annealing under magnetic field
to set the free layer (FL) and reference magnetizations perpendicular
to each other.” Moreover, in order to obtain a full Wheatstone bridge
configuration, local annealing is needed to set half of the reference
magnetizations in one direction and the other half in the opposite ori-
entation. In this study, we develop a magnetic sensor using MTJs that
have a symmetric response (SR) instead of a linear response based on
the concept that we proposed previously.” SR sensors, having, namely,
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the same resistance for positive and negative field, present some
advantages. For example, they can be used as encoders to detect the
position of a moving part with a better spatial resolution compared
with a linear sensor; indeed, for the same displacement of a magnet in
front of the sensor, a SR sensor shows two oscillations, while a linear
sensor shows only one.” The SR sensors have also been proposed with
a modulation scheme to reduce 1/f noise,”” but a recent study’ has
shown that the low frequency magnetic noise is transferred at the
modulation frequency, resulting in a limited benefit. SR sensors
remain interesting since their fabrication requires only a single field-
annealing step. In particular, the same junction presents a response
curve with either a positive or a negative slope depending of the cho-
sen working point, which makes SR-MTJs good candidates for integra-
tion in a full Wheatstone bridge.

In this work, we experimentally demonstrate the combination of
SR-MTJs with a high-gain magnetic flux concentrator to further
increase the sensitivity. For the development of our micrometer-sized
junctions, we face the usual trade-off between the need of a uniform
(macrospin) magnetization in the free layer and the ability of the mag-
netization to freely rotate under field. We solve this issue by using the
soft-pinning technique described in the literature,'”"" which consists
in pinning the free layer magnetization by weak exchange coupling
with an antiferromagnet. Herein, we investigate the impact of three
main features of our sensors on their sensitivity: the value of the soft-
pinning exchange field, the junction geometry, and the properties of a
high gain flux concentrator.

The SR-MTTs studied in this work are composed of the following
magnetic multilayer grown by conventional DC magnetron sputtering
on a CuN buffer: IrMn/CoFe/Ru/CoFeB/MgO/CoFeB/Ta/NiFe/Ru/
IrMn/Ru. The reference layer (RL) is a standard synthetic antiferro-
magnetic (SAF) multilayer exchange biased with an IrMn layer. The
MgO tunnel barrier is obtained by successive deposition of Mg layers
followed by natural oxidation under partial oxygen pressure and has a
resistance per area product (RA) of about 5kQ um?. For the free layer
(FL), we chose to use a bilayer of CoFeB and NiFe separated by a dust-
ing layer of Ta (<0.5nm) acting as a texture breaking layer and as a
boron getter. The CoFeB layer in contact with the tunnel barrier favors
a high tunnel magnetoresistance ratio (TMR), thanks to the high spin
polarization of the electrons. The addition of 5nm of NiFe increases
the sensitivity of the free layer to the external magnetic field because of
its low saturation magnetization. The soft-pinning of the FL is
obtained by exchange bias with an IrMn antiferromagnetic layer via a
ruthenium dusting spacer of ultrathin thickness X < 1 nm. The higher
the ruthenium thickness, the less coupled is the free layer and the
weaker is the exchange bias field."”'* Contrary to this technique,
Nakatani and coworkers® used orange-peel coupling to softly pin a
CoFeBTa free layer of an inverted stack SR-MT]J. After deposition,
small samples dedicated to magnetic characterization are field-
annealed at a temperature of 310°C. Annealing under these condi-
tions allows the crystallization of the tunnel barrier and its adjacent
layers, as well as the pinning of the magnetizations of the reference
and free layers by exchange coupling with the IrMn antiferromagnetic
layers. The magnetic properties of the stack are measured with a
vibrating sample magnetometer (VSM) along the planar easy and
hard magnetization axes. The easy axis hysteresis loop allows, namely,
to evaluate the pinning of the synthetic antiferromagnet and to mea-
sure the exchange bias field (H.,) of the soft-pinned layer by the shift
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of the hysteresis cycle. In particular, we evidenced the decrease in H,,
from 15 to 0.63 mT with the increase in the nominal thickness of the
Ru layer from X =0 to 0.55 nm. The magnetocrystalline anisotropy of
the free layer (Hx= 5.6 mT) is extracted from the measurement of the
saturation field in the hard magnetic axis direction, which is equal to
the sum of the exchange bias and anisotropy fields.

Junctions are defined by optical lithography. The pillars, pro-
tected by a hard mask of Ta, are etched by ion beam etching under
oblique incidence down to the bottom layer of IrMn. The bottom elec-
trode is then patterned by lithography and etching, and the junction is
encapsulated in a spin-on-glass planarizing resist, before opening the
top contact by reactive ion etching. After the microfabrication, the
wafer is annealed under magnetic field to cure the defects induced by
the etching and to ensure the correct orientation of the magnetiza-
tions. After annealing, the magnetization of the free layer is oriented in
the same direction as the magnetization of the pinned layer (ie., bot-
tom layer of the SAF). At zero field, the junction is in the antiparallel
state: the magnetization of the reference layer (upper layer of the SAF)
and that of the free layer are aligned along the direction of easy magne-
tization (noted y) but in opposite orientations (see the inset of Fig. 1).
Figure 1 shows a schematic view of these layers and the response of a
circular junction of 4 yum nominal diameter under fields applied along
the easy and hard axis. Sweeping the field along the easy axis, we
observe a resistance plateau in positive (respectively, negative) fields
corresponding to the parallel (respectively, antiparallel) state of the
junction. The transitions between the two states are sharp, and the
hysteresis cycle is shifted by the value of the exchange field of the junc-
tion due to soft-pinning, here equal to H.,= 2.01 mT. The TMR mea-
sured under a bias voltage of 100 mV is equal to 130%.

In order to obtain a symmetric response sensor, the external
magnetic field is applied along the hard axis (x-axis): the response
curve is smooth, without hysteresis and quasi-symmetric. These three
characteristics result from the used soft-pinning technique. The
response curve is significantly improved compared to our previous
work” using the combined effect of magnetocrystalline and shape

—— Hard Axis
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s Ru
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600"
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FIG. 1. Resistance vs magnetic field of a 4 um diameter circular junction with
0.3nm Ru spacer. Magnetic field is applied along easy (black) and hard (green)
axes. The dashed line is the fit using the Stoner Wohlfarth model with
UoHex=2.6 T, poHx=6.6mT, pyHr=450mT, and 0=4.05°. Insets: side view
(left) and top view (right) of the magnetic tunnel junction.
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anisotropy. The hard axis response corresponds to the coherent rota-
tion of the FL magnetization from the anti-parallel state, at zero field,
to the +90° state, at saturation field. For a perfectly pinned reference
magnetization, the junction reaches the resistance corresponding to
the orthogonal configuration of magnetizations. This state corre-
sponds to the average of the conductance in the parallel and antiparal-
lel states, i.e., a resistance equal to

2(1 + TMR)

1
24+ TMR '’ W

R, =Rp
where Rp is the resistance in the parallel state, and TMR = (Ryp
—Rp)/Rp is the magnetoresistance ratio. It can be seen that the resis-
tance measured along the hard axis at large fields is lower than R,
which can be explained by a slight rotation of the reference magnetiza-
tion toward the applied field.

The symmetric response curve can be fitted by a Stoner-
Wohlfarth model taking into account the magnetocrystalline anisot-
ropy and shape anisotropy energy (for non-circular junctions), the
exchange coupling energy and the Zeeman energy. The orientation of
the free-layer magnetization with respect to the easy axis, defined by
the angle 6, is expressed as a function of the external (h = H /M),
anistropy (hy = Hy/M;), and exchange (h.y = H,./M;) fields, nor-
malized by the saturation magnetization M;,

h = hisin0 + hey tan 0. 2)

The reference layer is also considered to rotate with a rotation angle 0
with respect to its initial orientation, according to the equation
tan O = H/Hp, where Hy, is the saturation field of the reference layer.
The conductance G of the junction can then be calculated using the
standard formula,

Gp+Gap | Gp— Gap

G= 5 + 5 cos @, (3)

where ¢ = — (0 + 0g) is the angle between the magnetizations of
the FL and reference layer. It is also possible to account for a possible
misalignment (6) of the external field with respect to the hard axis,
which is responsible for the slight deviation from symmetry observed
in Fig. 1. This model allows a very satisfactory fit of the measured
curve (see Fig. 1). The parameters Hy and Hy are extracted from the
VSM measurements, and H,, is defined by the shift of the easy axis
magnetoresistance cycle. Nevertheless, in order to obtain a good fit of
the experimental curve, the saturation field of the reference must be
chosen significantly lower (450 mT) than the one measured by magne-
tometry (700 mT); this decrease in the saturation field is probably
explained by a degradation of the SAF coupling by the microfabrica-
tion process.

The sensitivity of the junction is defined by the maximum slope
of the magnetoresistance curve R(H), normalized by the resistance at
this operating point. It is equal to 3.6%/mT for the junction in Fig. 1.
This sensitivity depends on the TMR but mostly on the anisotropy
and exchange fields. To determine the soft-pinning value that opti-
mizes the sensitivity, we compared several stacks with various Ru
spacer thickness: X =0, 0.15, 0.3, and 0.55nm. Since the TMR ratio
varies slightly from one stack to another, the saturation resistance
related to R, also varies. To simplify the comparison of the different
samples, we choose to present the results using the normalized
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conductance (G — Gin)/AG, where Gy, = Gap is the minimum
conductance (in the antiparallel state) and AG = Gp — Gup. Indeed,
for orthogonal magnetizations, the normalized conductance is equal to
0.5, independently of the TMR. The measured normalized conduc-
tance curves as a function of the applied magnetic field are shown in
Fig. 2 for different soft-pinning values. For these measurements, the
orientation of the external field was carefully adjusted to avoid any
misalignment and any subsequent dissymmetry in the response
curves. We observe that the sensitivity (related to the slope of the con-
ductance curve) increases as the exchange field H,, decreases. The
highest sensitivity (4.1%/mT) is obtained for the sample with the low-
est soft-pinning. Nevertheless, a slight hysteresis is observed on this
curve. For our set of samples, the best sensitivity with negligible hyster-
esis (<0.21mT at working point) is 3.6%/mT obtained for
H, =251 mT (X=0.3 nm).

So far, we have considered circular junctions for which the only
source of anisotropy is the growth and annealing of the materials. We
are now interested in the influence of the junction shape on the mea-
sured sensitivity: we consider ellipses and rectangles of 0.8, 2, or 4 um
wide and 4, 10, 20, or 25 um long, elongated either along the y- or x-
axis (Fig. 3 inset). In the case of an elongation along the y-axis, the
shape anisotropy adds to the magnetocrystalline anisotropy and rein-
forces the effect of soft-pinning by increasing the stabilization of the
magnetization along the y-axis at zero field. For an elongation along
the x-axis, the shape anisotropy reduces the magnetization stabiliza-
tion. The sensitivity values shown in Fig. 3 are the averages of mea-
surements performed on several junctions of the same shape. Each
shape is associated with a shape anisotropy field: Hy giape
= M,(N, — N, ), where N and N, are the demagnetizing coefficients.
With this definition, H giqpe > 0 when the shape is elongated along y
and Hy giape < 0 when it is elongated along x. Figure 3 shows the mea-
sured sensitivities for each shape as a function of the shape anisotropy
field calculated from the nominal dimensions. The formulas used to
calculate the demagnetizing coefficients are exact for rectangular paral-
lelepipeds'” and approximate for elliptical junctions.'* Figure 3 shows

o
i

o
w

“OH ex—

(G-G,,,,)/AG

o
(N)

— 0.62mT
—— 2.51mT
e = 6.48mT
00 15mT
~100 50 50 100

0
MoH (mT)

FIG. 2. Normalized conductance measured under 100 mV voltage bias, as a func-
tion of magnetic field applied along the hard axis (x-axis) for several 4 um diameter
circular junctions with decreasing values of free layer exchange field. The 15mT
exchange field corresponds to a direct contact of the free layer with the antiferro-
magnet (no Ru spacer).

Appl. Phys. Lett. 123, 082405 (2023); doi: 10.1063/5.0160544
Published under an exclusive license by AIP Publishing

123, 082405-3

957080 €20z Joquiaidas |0


pubs.aip.org/aip/apl

Applied Physics Letters

3.50 :
= 3.25 % P - Re.ctangles
\Eo 3.00 E e Ellipses
s 2.75 J+ i

2.50 i

ks L
=1 922 -ofi |s 1 E Hi@b
~|$5 2.00 : B g
1.75 ABCDEFGHI JKL|! Gi
4747276751056:

1.50 :

-20 -10 0 10 20
“OHk,shape (mT)

FIG. 3. Average normalized sensitivity measured on nominally identical junctions of
different shapes with uoHex =4.75mT as a function of the shape anisotropy field.
Squares and circles represent rectangular and elliptical junctions, respectively. The
shape type is indicated close to each data point. In the inset, we precise the num-
ber of samples measured. The error bar corresponds to the standard deviation.
Shapes elongated along y (x) correspond to Hy guape > 0 (<0) and disks corre-
spond to Hy gape = 0. The largest values of Hy suqp. are obtained for the narrowest
shapes and may be overestimated by about 3.5 mT due to lithography errors.

that the sensitivity decreases when the shape anisotropy strengthens
the effect of soft-pinning (Hi sape > 0). On the contrary, our results
show that it is possible to increase the sensitivity when the shape is
elongated along the axis of the applied field (Hy gape < 0). However,
large negative shape anisotropy results in a hysteretic response curve.
Hence, we expect that the optimum design is an ellipse with a negative
Hi shape that compensates for the magnetocrystalline anisotropy. Thus,
changing the shape provides an additional degree of freedom to
improve the sensor sensitivity. Furthermore, material engineering
could help to enhance TMR and thus sensitivity, e.g., by using a nano-
metric insert at the MgO interface or by changing the material of the
texture breaking layer (W instead of Ta) to allow for a higher anneal-
ing temperature.

Finally, we demonstrate a large increase in the sensitivity of our
SR-MTJs by using a flux concentrator (FC). In contrast to previously
published results, in which the gain of the concentrator is of the order
of 10-100,”""""” we obtain a much larger gain of 440. A gain of this
order of magnitude has so far only been observed for nested flux con-
centrators.'®'” The specificity of our concentrator, shown in Fig. 4, lies
in its elongated shape, a very narrow air-gap (10 um), and its large
thickness of 5-7 um. The narrowness of the air-gap requires careful
repositioning during the lithography step to center the junction in the
air-gap. The flux concentrator is grown by electrochemical deposition
of NigoFe, on a 100 mm wafer within a mold of thick patterned resist.
The deposition of Ni and Fe is performed under a direct current in a
solution of nickel and iron salts. The composition of the deposited
material is very sensitive to the current density used.”’ In addition,
mechanical strain may induce magnetostriction effects resulting in
out-of-plane anisotropy in thick layers, which compromises the FC
operation.””> We obtain the desired stoichiometry and in-plane
anisotropy via a precise control of the current density. The magnetiza-
tion cycle of the FC is measured with VSM. The saturation field value
of the FC (0.9 mT) corresponds the largest field that can be amplified
by the FC. We notice also a slight hysteresis of about 0.1 mT; for opti-
mal operation, further reduction of the material strain is needed in
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FIG. 4. Scanning electron microscope image of the flux concentrator with a circular
junction within the air-gap. Inset: zoom on the junction in the air-gap.

order to suppress it. Figure 4 shows a scanning electron microscopy
image of the flux concentrator’s air-gap with a circular junction placed
in the center: the surface of the flux concentrator is homogeneous with
almost sharp edges.

The gain of the flux concentrator is estimated by comparing the
measured response of the junction with and without FC. These two
measurements are shown in Fig. 5: the FC produces a strong narrow-
ing of the response curve around low fields, which is the evidence for
its high gain. Furthermore, the FC allows to select the component of
the external field aligned with it, which corrects any misalignment of
the magnetic field. Indeed, we observe that the response curve with FC
is well symmetrical. The gain is estimated by two methods: first, by cal-
culating the ratio between the maximal slopes of the response curves
with and without FC; second, by multiplying the field scale of the
response curve with FC by the estimated gain until the obtained curve

480 | a)
460
440

g4204-100 0 100 2 -1 0 1 2

400
380
360

-100 =50 0 50 100
HoH (mT)

FIG. 5. Response curve of a circular junction with poHex= 4.75 mT, before (a) and
after the deposition of the flux concentrator. The response curve’s slope is much
steeper (corresponding to a sensitivity of 543%/mT) due to the high field amplifica-
tion. A zoom of this curve is shown in (b) for increasing (dark) and decreasing
(light) magnetic field sweep.
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superimposes the response curve without FC. In the case of the
responses shown in Fig. 5, the estimated gain is 440. Using this flux
concentrator on our current best junctions would lead to an improve-
ment of the sensitivity from 3.6 to 1580%/mT.

To conclude, we have fabricated junctions with symmetric
response containing a free layer stabilized by a weak exchange cou-
pling with an antiferromagnetic layer. This soft-pinning is obtained by
decoupling the free layer from the antiferromagnet through a dusting
layer of ruthenium. The symmetric response is obtained by applying
the magnetic field perpendicular to the exchange field. A
Stoner-Wohlfarth model fits the experimental curves with a very good
agreement. Our measurements show that it is possible to increase the
sensitivity of the junction by reducing the exchange field of the
soft-pinning and by using junctions with an elongated shape in
the direction of the applied field. Moreover, the use of a high gain
flux concentrator (x440) allows to reach sensitivities higher than
1000%/mT. These results are promising for the future integration of
ultra-sensitive sensors within small systems required for various appli-
cations, particularly for magnetometers embarked on small satellites.
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