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Magnetoresistive element having high out-of-plane sensitivity

Technical domain

[0001] The present invention relates to a magnetoresistive element for a
magnetic sensor destined to sense an external magnetic field. More
particularly, the present invention relates to a magnetoresistive element
comprising a sense layer and having high out-of-plane sensitivity. The
present invention further relates to a magnetoresistive element for
measuring an external magnetic field along an axis substantially
perpendicular to the plane of the sense layer.

Related art

[0002] A magnetoresistive element typically comprises a reference layer
having a reference magnetization and a sense layer having a free sense
magnetization. A tunnel barrier layer is sandwiched between the reference
layer 21 and the sense layer.

[0003] Such a magnetoresistive element can be used to sense an out-of-
plane component of an external magnetic field. For the magnetoresistive
element to sense an external magnetic field with high out-of-plane
sensitivity, it must have a high tunnel magnetoresistance (TMR) value, small
size (diameter), a thick sense layer, and low sense magnetization.

[0004] Implementation of thick sensing layers (>100nm) leads to
difficulties in the fabrication process of the magnetoresistive element. For
example, the fabrication process may require long etch time, redeposition,
shortening, etc. Those difficulties can be at least partially overcome by
changing the layout of the sensor comprising several magnetoresistive
elements. However, this leads to a reduction of magnetoresistive element
density per sensor area.
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[0005] Patent application EP20315489.3 (not yet published) by the
present applicant discloses magnetoresistive element comprising a
reference layer having a fixed reference magnetization, a sense layer
having a free sense magnetization and a tunnel barrier layer. The
magnetoresistive element is configured to measure an external magnetic
field oriented substantially perpendicular to the plane of the layers. The
reference magnetization is oriented substantially perpendicular to the
plane of the reference layer. The sense magnetization comprising a vortex
configuration in the absence of an external magnetic field. The vortex
configuration is substantially parallel to the plane of the sense layer and
has a vortex core magnetization direction along an out-of-plane axis
substantially perpendicular to the plane of the sense layer. The sense layer
thickness is greater than 50 nm.

[0006] Document EP2320489A1 discloses a spin valve element capable of
performing multi-value recording, which includes a pair of ferromagnetic
layers having different coercivities that sandwich an insulating layer or a
non-magnetic layer, wherein the ferromagnetic layer having small
coercivity has a substantially circular in-plane profile, and a plurality of
island-shaped non-magnetic portions.

[0007] Document W02013180277 discloses an oscillator provided with a
function enabling high frequency oscillation, a high Q value, and high heat
stability through the use of a magnetic-vortex structure and interlayer
exchange coupling. The oscillator is provided with: a fixed layer comprising
a magnetic body of fixed magnetization having a magnetic-vortex structure
vertically magnetized in the center portion; a non-magnetic layer
comprising a non-magnetic body laminated on the fixed layer; a free layer
laminated on the nonmagnetic layer and having vertical magnetization
rotatably moving in the planar direction, the free layer comprising a
strongly magnetic body having a magnetic-vortex structure of circular or
regularly polygonal planar configuration that is vertically magnetized in
the center portion; and a current-supply unit for sending a current through
the layers.
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[0008] Document EP3862769 discloses a magnetoresistive sensor
element comprising: a reference layer having a pinned reference
magnetization, a sense layer having a free sense magnetization comprising
a stable vortex configuration reversibly movable in accordance to an
external magnetic field to be measured, and a tunnel barrier layer. The
sense layer comprises a first ferromagnetic sense portion in contact with
the tunnel barrier layer and a second ferromagnetic sense portion in
contact with the first ferromagnetic sense portion. The second
ferromagnetic sense portion comprises a dilution element in a proportion
such that a temperature dependence of a magnetic susceptibility of the
sense layer substantially compensates a temperature dependence of a
tunnel magnetoresistance of the magnetoresistive sensor element.

Summary

[0009] An aim of the present disclosure is to improve the sensitivity of a
magnetoresistive element by introducing a perpendicular magnetic
anisotropy (PMA) across the sense layer of the magnetoresistive element
possessing a vortex configuration.

[0010] The present disclosure concerns a magnetoresistive element
comprising a reference layer having a reference magnetization oriented
out-of-plane; a sense layer having a sense magnetization comprising a
vortex configuration stable under the presence of an external magnetic
field, the sense magnetization being reversibly movable in a direction out-
of-plane relative to the reference magnetization when the external
magnetic field varies in a direction out-of-plane; and a tunnel barrier layer
between the reference layer and the sense layer. The sense layer has a
thickness smaller than 200 nm. The sense layer comprises a ferromagnetic
material configured such that the sense magnetization is between 300 and
1400 emu/cm?® and such that the sense layer has a perpendicular magnetic
anisotropy field that is greater than 1 kOe (79.6x103 A/m).
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[0011] The vortex configuration is conserved under presence of external
field of any direction with the amplitude greater or equal to 2.5 kOe.

[0012] The magnetoresistive element can be used for measuring an
external magnetic field oriented in a direction perpendicular to the out-of-
plane direction, i.e., in a direction substantially perpendicular the plane of
the sense layer.

[0013] The present disclosure further concerns a magnetoresistive sensor
comprising a plurality of the magnetoresistive element. The
magnetoresistive sensor can be arranged in a Wheatstone circuit. The
magnetoresistive sensor has an out-of-plane sensitivity greater than 1
mV/\/mT.

[0014] The disclosed magnetoresistive element overcomes the
shortcomings and limitations of the known magnetoresistive elements
while preserving high level of out-of-plane sensitivity.

[0015] These and other advantages will be apparent from the
description that follows.

Short description of the drawings

[0016] Exemplar embodiments of the invention are disclosed in the
description and illustrated by the drawings in which:

Fig. 1 illustrates a magnetoresistive element comprising a sense
layer, according to an embodiment;

Fig. 2 shows a magnetoresistive sensor comprising a plurality of
the magnetoresistive element, according to an embodiment;

Fig. 3 reports the variation of the sense magnetization as a
function of the magnetic field for a sense layer 84 nm in thickness;
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Fig. 4 reports the variation of the sense magnetization as a
function of the magnetic field for a sense layer 20 nm in thickness;

Fig. 5 shows a partial view of the sense layer, according to an
embodiment;

Fig. 6 shows a partial view of the sense layer comprising an oxide
insert, according to an embodiment;

Fig. 7 shows a partial view of the sense layer comprising an oxide
insert, according to another embodiment;

Fig. 8 shows the sense layer, according to another embodiment;

Fig. 9 shows out-of-plane magnetization loops for several
configuration of the sense layer; and

Fig. 10 shows a fit of the out-of-plane magnetization loops of
Fig. 9 to determine the perpendicular magnetic anisotropy field.

Examples of embodiments

[0017] Fig. 1, illustrates a magnetoresistive element 2, according to an
embodiment. The magnetoresistive element 2 comprises a reference layer
21 having a reference magnetization 210 and a sense layer 23 having a free
sense magnetization 230. The magnetoresistive element 2 further
comprises a tunnel barrier layer 22 between the reference layer 21 and the
sense layer 23. The sense magnetization 230 can be freely oriented in an
external magnetic field 60, in accordance with the direction of the external
magnetic field 60, while the reference magnetizations 210 remain
substantially undisturbed. The external magnetic field 60 can thus be
sensed by measuring a resistance of the magnetoresistive sensor element 2.
The magnetoresistive element 2 can further comprise an optional capping
layer 24, 25 adjacent to the sense layer 23 and the reference layer 21,
respectively.

[0018] The sense magnetization 230 comprises a stable vortex
configuration stable under the presence of the external magnetic field 60.
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In one aspect, the sense magnetization 230 comprises a stable vortex
configuration that is stable under the presence of the external magnetic
field 60 having an amplitude equal or greater than 2.5 kOe (199x103 A/m).
The vortex configuration provides a linear and non-hysteretic behavior in a
large magnitude range of the external magnetic field 60, for practical size
of the magnetoresistive element 2 and thickness of the sense layer 23.

[0019] The resistance of the magnetoresistive element 2 is determined
by the averaged component of the sense magnetization 230 in a direction
substantially perpendicular the plane of the sense layer 23 (along the
direction denoted "z" in Fig. 1), relative to the orientation of the reference
magnetization 210, when the external magnetic field 60 varies in a
direction out-of-plane. Sensing the external magnetic field 60 can be
performed by measuring an output voltage when passing a measuring
current 31 through the magnetoresistive element 2. The vortex
configuration is then advantageous for 1D magnetic sensor applications,
especially for sensing an external magnetic field 60 oriented out-of-plane.

[0020] In one aspect, the reference magnetization 210 is oriented out-
of-plane, i.e., perpendicular to the reference layer 21 (in the z direction).

[0021] The reference layer 21 can comprise, or can be made of, a
ferromagnetic alloy such as CoFe, NiFe or CoFeB. The reference layer 21
can comprise one or a plurality of ferromagnetic layers or a synthetic
antiferromagnet (SAF). The reference layer 21 can have a thickness
between 2 nm and 4 nm, but preferably of about 4 nm.

[0022] As illustrated in Fig. 1, the reference layer 21 can comprise a
synthetic anti-ferromagnet (SAF) configuration. For example, the reference
layer 21 can comprises, in this order, a first reference layer 211 in contact
with the tunnel barrier layer 22, a coupling layer 212, and second reference
layer 13. The first reference layer 211 (soft reference layer) can comprise,
or be made of, a soft ferromagnetic material such as CoFe or CoFeB. The
second reference layer 213 can comprise, or be made of, a hard
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ferromagnetic material (hard reference layer). The hard ferromagnetic
material can comprise a Co/Pt multilayer. The coupling layer 212 can be
configured to provide a RKKY coupling. Each of the first and second
reference layers 211, 213 has a reference magnetization 210 that is out-of-
plane. Here, the stability of the reference magnetization 210 is achieved
through coercivity and RKKY coupling.

[0023] For example, the reference layer 21 can comprise
(Pt/Co)*n/Ru/(Pt/Co)*m/CoFeB, where the Pt/Co multilayer is repeated n
times and the Pt/Co multilayer is repeated m times, and where n and m can
vary between 1 and 20.

[0024] The tunnel barrier 22 can comprise an insulating material.
Suitable insulating materials include oxides, such as aluminum oxide (e.g.,
Al>;03) and magnesium oxide (e.g., MgO). A thickness of the tunnel barrier
layer 22 can be in the nm range, such as from about 1 nm to about 3 nm.
In a preferred embodiment, the tunnel barrier layer 22 is MgO, for example
formed by sputter depositing a MgO target, or by depositing one or more
Mg layers and then oxidizing one or more Mg layers with a known radical
oxidation (ROX) or natural oxidation (NOX) method. The interface of a
MgO layer with a magnetic layer that is CoFeB, for example, provides
higher interfacial perpendicular anisotropy and a greater magnitude of
PMA in the magnetic layer than an interface with other metal oxides.

[0025] In an embodiment, the sense layer 23 has a thickness smaller than
200 nm, for example between 5 nm and 200 nm. Preferably, the sense
layer 23 has a thickness between 5 nm and 50 nm, between 5 nm and 100
nm, or between 3nm and 30 nm.

[0026] The sense layer 23 comprises a ferromagnetic material configured
such that the sense magnetization 230 is between 300 and 1400 emu/cm?
and such that the sense layer 23 has a perpendicular magnetic anisotropy
field Hpma that is greater than 1 kOe (79.6x10° A/m). The so configured
sense layer 23 allows for compensating the demagnetization field present
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in a thin sense layer (< 50 nm) and for increasing the sensitivity S of the
magnetoresistive element 2 relative to a sense layer without PMA.

[0027] In an embodiment, the sense layer 23 comprises a soft
ferromagnetic material and an enhancing material configured to enhance
the perpendicular magnetic anisotropy field Hpma. For example, soft
ferromagnetic material can comprise a NiFe, CoFe, or a CoFeB alloy. The
enhancing material enhances the PMA in sense layer 23 and increases the
out-of-plane sensitivity S of the magnetoresistive element 2. The
enhancing material allows for increasing the out-of-plane sensitivity S
without increasing the thickness of the sense layer 23.

[0028] A magnetoresistive sensor for sensing a 1D external magnetic
field 60 can comprise a plurality of the magnetoresistive element 2. In an
embodiment illustrated in Fig. 2, the magnetoresistive sensor 20 is arranged
in a Wheatstone full-bridge circuit. More particularly, the full-bridge circuit
comprises two series connected magnetoresistive element 2a, 2b in parallel
to two other series connected magnetoresistive element 2¢, 2d. The
reference magnetization 210 of the two upper magnetoresistive elements
2a, 2c can be oriented substantially in a direction opposed to the one of the
two lower magnetoresistive elements 2b, 2d. The magnetoresistive sensor
20 forms a voltage divider. In the presence of the external magnetic field
60, an output voltage Vout is measurable between the magnetoresistive
elements 2a and 2b of the first half-bridge and between the
magnetoresistive elements 2¢ and 2d of the second half-bridge. Other
arrangements of the TMR sensing elements are possible, such as half-
bridge.

[0029] The sense magnetization can be characterized by its susceptibility
%, Which corresponds to the slope of the linear region of the magnetization
curve:

x = OM / 8Bz (1)
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where M is a unitless magnetization and Bz is a z component of external
magnetic flux in Tesla (T) units.

[0030] In case of a Wheatstone bridge layout (such as the one shown in
Fig. 2), the sensitivity S of the magnetoresistive element 2 can be derived
as:

S = TMR/(2+TMR) (2)

[0031] Fig. 3 reports the variation of the sense magnetization 230 (mz in
Fig. 3) as a function of the magnetic field Bz in the z direction, i.e., in the
out-of-plane direction. Here, the sense layer 23 is 84 nm in thickness and
comprises a ferromagnetic material having a perpendicular magnetic
anisotropy field Hpva that varies from 0 to 4 kOe, resulting in an out-of-
plane sensitivity S that varies from 1 mV/A/mT, for Hpma = 4 kOe (318.4x103
A/m) to 0.9 mVV/V/mT, for Hpma = 2 (159.2x103 A/m) and to 0.63 mV/\//mT, for
Hpma = 0 kOe. Here, the expression "out-of-plane sensitivity" signifies the
change in output voltage Vour of the magnetoresistive sensor 20 of Fig. 2
for a change in the external magnetic field 60 in the out-of-plane direction
for each magnetoresistive element 2.

[0032] Fig. 4 reports the variation of the sense magnetization 230 as a
function of the magnetic field Bz for the sense layer 23 having a thickness
of 20 nm and comprising a ferromagnetic material having a perpendicular
magnetic anisotropy field Hpma that varies from 0 to 3 kOe (0 to 238.8x103
A/m). Here, the out-of-plane sensitivity S varies from 0.43 mV/V/mT to 0.8
mV/V/mT, respectively.

[0033] In both Figs 3 and 4, the sensitivity S is determined using
equation (3) for full bridge sensitivity and assuming a TMR ratio of 100%,
such that one obtains, in Fig. 3. a sensitivity S of 1 mV/A/mT for a
susceptibility of 3 T, a sensitivity S of 0.9 mV/V/mT for a susceptibility of
2.7 T, and a sensitivity S of 0.63 mV/\V//mT for a susceptibility of 1.9 T, ad
in Fig. 4, a sensitivity S of 0.8 mV/VV/mT for a susceptibility of 24T, a
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sensitivity S of 0.63 mV/VV/mT for a susceptibility of 1.9 T, a sensitivity S of
0.5 mV/V//mT for a susceptibility of 1.5 T-', and a sensitivity S of 0.43
mV/V/mT for a susceptibility of 1.3 T,

[0034] In athin sense layer 23, demagnetization field suppresses the
out-of-plane component of magnetization and hence decreases the
sensitivity S. The remanence of the sense magnetization 230 is also smaller
for a thin sense layer 23 due to the higher demagnetizing field. In a thick
sense layer 23, demagnetization field is smaller, and the sensitivity S is
larger. Moreover, in a thin sense layer 23, the introduction of PMA allows
compensating the demagnetizing field, such that similar sensitivity levels
than that obtained in a thick sense layer without PMA can be achieved.

[0035]  Fig. 5 shows a partial view of the sense layer 23 comprising a first
portion 231 comprising, or made of, the soft ferromagnetic material and a
second portion 232 comprising, or made of, the enhancing material. The
soft ferromagnetic material can comprise a NiFe, CoFe, or a CoFeB alloy.

[0036] Preferably, the magnetoresistive element 2 comprises an
interface layer 26 (see Fig. 1) comprising, of made of, CoFeB, between the
tunnel barrier layer 22 and the sense layer 23, in order to achieve a high
TMR ratio (equal or above than 100%).

[0037] In one aspect, the enhancing material can comprise a laminate
including any one of: (Co/Pt)n, (Co/Pd)n, (Co/Au)n, (Co/Fe)n, (CoCr/Pt)n,
(NiFe/Cu)n, or (Co/Cu)n, where n is the number of the multilayer and n is
between about 10 and 100. The enhancing material can comprise other
laminated stacks exhibiting intrinsic PMA where n is between 1 and 10. It
should be understood that the aforementioned laminate may also be
represented by (Pt/Co)n, (Pd/Co)n, (Au/Co)n, (Fe/Co)n, (Pt/CoCr)n, (Cu/ NiFe)n,
or (Cu/Co)n, respectively, depending on which of the metal layers is
deposited first. In one aspect, the laminate includes NiFe/(laminate/NiFe)n.
Here, the number n can be defined by the desired total thickness of the
sense layer 23 and concentration of insertion within NiFe.
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[0038] Typically, the Co or Co alloy layer in the laminates has a thickness
between 0.05 nm and 0.5 nm while the Pd, Pt, Cu, or Au layer has a
thickness from 0.2 nm to 1 nm.

[0039] Typically, as the number “n” of laminations increases, PMA
within the laminated layer increases. However, the magnetoresistive (MR)
ratio for a laminated layer such as (Co/Ni)n is generally less than observed
for a CoFe or CoFeB layer. In the present magnetoresistive element 2, a
TMR ratio equal or above than 100% can be obtained by including the
interface layer 26.

[0040] In another embodiment, the enhancing material comprises an
oxide insert 232 within the soft ferromagnetic material.

[0041] In one aspect, the oxide insert comprises one continuous layer
232 or a plurality of continuous layers 232 (see Fig. 6). The continuous
layers 232 are within the first portion 231 comprising, or being made of,
the soft ferromagnetic material.

[0042] The second portion 232 comprising the enhancing material has a
thickness between 0.1 nm and 5 nm.

[0043] In another aspect illustrated in Fig. 7, the oxide insert comprises a
plurality of clusters 232.

[0044] The oxidation state and thickness of the oxide insert layer, or the
size of the oxide insert cluster, can be controlled to give a resistance-area
(RA) product smaller than that of the oxide in the tunnel barrier layer 33 in
order to minimize a decrease in the MR ratio of the magnetoresistive
element 2.
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[0045] Preferably, the oxide insert comprises MgO. However, other
oxides may be considered, including SiOx, SrTiOx, BaTiOx, CaTiOx, LaAlOx,
MnOx, VOx, AlOx, TiOx, MgTaOx, and HfOx.

[0046] In another embodiment shown in Fig. 8, the sense layer 23
comprises a laminated structure including one of (NiFe/Ni),, (Ni/Co)n or
(NiFe/Co)n, where n is the number of the layers and n is between about 10
and 100. In Fig. 8, the laminated structure comprising the bilayers (A/B)n is
indicated by the numerals 233 and 234, respectively (for example, layer A is
233 and layer B is 234).

[0047]  One or more of the laminated layers may be a Co-based alloy
such as CoFe or CoFeB as a replacement for Co, and a Ni-based alloy such as
NiCo, NiFe, or NiFeB may be a replacement for Ni. Preferably, the Co-based
alloy is Co rich wherein the Co content is >50 atomic %, and the Ni-based
alloy is Ni rich wherein the Ni content is >50 atomic %. Thus, (CoFe/Ni)n,
(CoFeB/Ni)n, (Co/NiFe)n, (Co/NiFeB)n, and (NiCo/Co), are alternatives for
sense layer 23.

[0048] In yet another embodiment, the ferromagnetic material
comprises a Heusler alloy. The Heusler alloy allows for the sense layer 23
having a thickness between 5 nm and 20 nm to have a sense magnetization
230 ranging between 200 to 400 emu/cm? and such that the sense layer 23
has a perpendicular magnetic anisotropy field Hpma that is greater than 1
kOe (79.6x103 A/m).

[0049] In one aspect, the Heusler alloy can comprise a Mn containing
alloy. For instance, the Heusler alloy can comprise a NiMnGa, CoMnGa,
FeMnGa, CoFeSi, CoMnSi, NiMnSb, CoMnSb or a CoMnAl alloy.

[0050] In another aspect, the Heusler alloy can comprise comprises a
CoyFeAl, MnAs, MnSb, CoTb, NdCos, or a SmCos alloy.



10

15

20

25

WO 2023/111757 PCT/1B2022/061689

13

[0051]  Fig. 9 shows out-of-plane magnetization loops for several
configuration of the sense layer 23 including the following laminated
structures:

NiFe10 / [C00.3 / Pt0.4 / Co0.3] / NiFe10, 1 time;

NiFe5 / [Co0.3 / Pt0.4 / Co0.3] / NiFe5, repeated 3 times;
NiFe2.5/[Co0.3/Pt0.4 / Co0.3] / NiFe2.5, repeated 7 times;
NiFe2 / [C0o0.3 /Pt0.4/ Co0.3]/ NiFe2, repeated 9 times; and

NiFe1/[Co0.3/Pt0.4/ Co0.3]/ NiFe1, repeated 19 times.

[0052] The out-of-plane magnetization loop for the sense layer 23
comprising a pure NiFe layer of 20nm is also shown.

[0053]  Fig. 10 shows a fit of the out-of-plane magnetization loops of
Fig. 9 using a using macrospin model in order to determine the
perpendicular magnetic anisotropy field Hpma. Fig. 10 shows that the
perpendicular magnetic anisotropy field Hpwua is positive for the laminated
structures comprising 10 repetitions of Co0.3/Pt0.4/C00.3 or more.
Perpendicular magnetic anisotropy field Hpma values of a few kOe are
strong enough to provide large out-of-plane sensitivities as shown on the
simulations of Fig. 4, without requiring a thick sense layer 23 (for example,
the thickness of the sense layer 23 can be below 100 nm).

[0054] Calculations have shown that the magnetoresistive element 2
with the sense layer 23 having a low magnetization and high perpendicular
magnetic anisotropy field Hpma, for example a perpendicular magnetic
anisotropy field Hpwa that is higher than about 1 kOe (79.6x10° A/m) or
between 1 and 3 kOe (79.6x10° and 238.7 x10° A/m) allows obtaining high
level of sensitivity S (for example an out-of-plane sensitivity S greater than

1 mV/V/mT), with the sense layer 23 being no thicker than 50 nm. The
magnetoresistive element 2 is thus simpler to fabricate since there is no
need in modifying the fabrication process as required when depositing a
thick sense layer. It furthers allows to achieve more compact sensor layout.
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Reference humbers and symbols

2,2a-2d
20

21
210
21
212
213
22
23

230
231
232
233
234
24, 25

26

31
60

Hpma

VOUt

magnetoresistive element
magnetoresistive sensor

reference layer

reference magnetization

first reference layer, soft reference layer
coupling layer

second reference layer, hard reference layer
tunnel barrier layer

sense layer

sense magnetization

first portion

second portion, oxide insert

layer A

layer B

capping layer

interface layer
measuring current
external magnetic field

susceptibility

perpendicular magnetic anisotropy field
sensitivity

output voltage
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Claims

1. Magnetoresistive element, comprising

a reference layer (21) having a reference magnetization (210)
oriented out-of-plane;

a sense layer (23) having a sense magnetization (230) comprising
a vortex configuration stable under the presence of an external magnetic
field (60), the sense magnetization (230) being reversibly movable in a
direction out-of-plane relative to the reference magnetization (210) when
the external magnetic field (60) varies in a direction out-of-plane; and

a tunnel barrier layer (22) between the reference layer (21) and
the sense layer (23);

characterized in that
the sense layer (23) has a thickness smaller than 200 nm;

the sense layer (23) comprises a ferromagnetic material
configured such that the sense magnetization (230) is between 300 and
1400 emu/cm3; and

such that the sense layer (23) has a perpendicular magnetic
anisotropy field (Hrva) that is greater than 79.6x103 A/m.

2. The magnetoresistive element according to claim 1,
wherein the sense layer (23) comprises a soft ferromagnetic material and an
enhancing material configured to enhance the perpendicular magnetic
anisotropy field (Hpwma).

3. The magnetoresistive element according to claim 2,
wherein the soft ferromagnetic material comprises a NiFe, CoFe, or a CoFeB
alloy.

4. The magnetoresistive element according to claim 2 or 3,
wherein the enhancing material comprises a laminate including any one of:
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(Co/Pt)n, (Co/Pd)n, (Co/Au)n, (Co/Fe)n, (CoCr/Pt)n, (NiFe/Cu)n, or (Co/Cu)n,
where n is the number of the multilayer and n is between about 10 and
100.

5. The magnetoresistive element according to claim 2 or 3,
wherein the enhancing material comprises an oxide insert (232) within the
soft ferromagnetic material.

6. The magnetoresistive element according to claim 5,
wherein the oxide insert comprises one continuous layer (232) or a plurality
of continuous layers (232).

7. The magnetoresistive element according to claim 5,
wherein the oxide insert comprises a plurality of clusters (232).

8. The magnetoresistive element according to any one of claims 5
to 7,
wherein the oxide insert comprises MgO.

9. The magnetoresistive element according to claim 4 or 6,
wherein the enhancing material has a thickness between 0.1 nm and 2 nm.

10. The magnetoresistive element according to claim 1,
wherein the sense layer (23) comprises a laminated structure including one
of (NiFe/Ni)n, (Ni/Co)n or (NiFe/Co)n, where n is the number of the layers and
n is between about 10 and 100.

11. The magnetoresistive element according to claim 1,
wherein the ferromagnetic material comprises a Heusler alloy.

12. The magnetoresistive element according to claim 11,
wherein the ferromagnetic material comprises a Mn containing alloy.
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13. The magnetoresistive element according to claim 12,
wherein the ferromagnetic material comprises a NiMnGa, CoMnGa,
FeMnGa, CoFeSi, CoMnSi, NiMnSb, CoMnSb or a CoMnAl alloy.

14. The magnetoresistive element according to claim 11,
5 wherein the ferromagnetic material comprises a Co>FeAl, MnAs, MnSb,
CoTb, NdCos, or a SmCos alloy.

15. A magnetoresistive sensor comprising a plurality of the
magnetoresistive element (2), according to any one of claims 1 to 15.

16. The magnetoresistive sensor according to claim 15,
10 arranged in a Wheatstone circuit and comprising a out-of-plane sensitivity
greater than 1 mV//mT.



