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Permalloy, despite being a widely used soft magnetic material, still requires optimization in terms of
magnetic softness and magnetostriction for its use in magnetoresistive-sensor applications. Conventional
annealing methods are often insufficient to locally achieve the desired properties for a narrow parameter
range. In this study, we report a significant improvement in the magnetic softness and magnetostriction in
a 30-nm permalloy film after He* irradiation. The irradiation treatment reduces the induced anisotropy by
a factor of 10 and the hard-axis coercivity by a factor of 5 compared with the values in the as-deposited
state. In addition, the effective magnetostriction of the film is significantly reduced by a factor ten (below
1 x 1077) after irradiation. All the above-mentioned effects can be attributed to the isotropic crystallite
growth of the Nig; Fe 9 alloy and to the intermixing at the magnetic layer interfaces under light-ion irradi-
ation. We support our findings with X-ray-diffraction analysis of the textured Nig; Fe 9 alloy. Importantly,
the sizable magnetoresistance is preserved after the irradiation. Our results show that compared with tra-
ditional annealing methods, the use of He™ irradiation leads to significant improvements in the magnetic
softness and reduces strain cross-sensitivity in permalloy films required for 3D positioning and com-
pass applications. These improvements, in combination with the local nature of the irradiation process,
make our findings valuable for the optimization of monolithic integrated sensors, where classic annealing
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methods cannot be applied due to complex interplay within the components in the device.
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I. INTRODUCTION

Permalloy, a typical soft magnetic Nig;Fej9 alloy, is
used as an active sensor layer in several magnetoresistive-
sensor applications [1]. To have a small magnetostriction
and low coercivity, most of these devices are designed
around the alloy composition of Nig; Fe;9, which also pos-
sesses significant anisotropic magnetoresistance (AMR).
Optimization of permalloy for AMR sensors has been stud-
ied for a long time [2—4] and includes different aspects:
primarily, improvement of magnetic softness and low
magnetostriction. To achieve that, negligible crystalline
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anisotropy is firstly required. The single thin-film ele-
ments typically feature a stripe-shaped geometry to induce
a strong shape anisotropy, providing the sensor with a
well-defined orientation of sensitivity. Furthermore, this
design of the sensitive elements ensures a fixed config-
uration of the magnetic domains, thus enabling a very
high signal-to-noise ratio. Additional anisotropies of other
sources, if not oriented in the same direction as the
shape anisotropy, would hinder this directional sensitivity
[5]. Moreover, to achieve low hysteresis, the coerciv-
ity in the hard-axis magnetization direction must be very
low and the specific AMR must be as high as possi-
ble [6] to maximize sensitivity. Finally, to avoid parasitic
anisotropies, low magnetostriction (source of magnetoe-
lastic anisotropy) is required. In this case, strain in the
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material has a small or negligible impact on the magnetic
properties. The low magnetoelastic anisotropy is particu-
larly important for sensors on flexible substrates [1,7—10],
which have attracted great interest in recent years in wear-
able electronics and biomedical applications. To obtain
this particular material property, growth optimization [11]
and annealing [12] are viable options. However, none
of these techniques allows a local treatment of the film
properties.

Ion irradiation is an excellent tool to tune locally the
magnetic and structural properties of thin films through
ordering [13—16] and interface intermixing [17-20]. In
permalloy films, ion irradiation has been shown to change
the magnetic anisotropy [21-23] and the magnetoresistive
response in the presence of exchange bias [4,24]. However,
most of these studies used ion implantation [25-27], high
ion energies [28,29], or heavy ions [30], which can result
in significant damage to the sample. This can be avoided
by use of lighter ions—such as He™—with energies in the
range of 1030 keV [17,31]. In this way, collision cascades
are absent and the structural modifications are confined to
the vicinity of the ion path in a metal. Furthermore, the
effect of irradiation on the magnetoelastic properties of
single permalloy films and a direct comparison between
field-free ion irradiation and annealing have not yet been
reported [32].

In this work, we propose and explore the use of He™
irradiation on a sputtered layer of Nig;Fejg9 (30 nm) as
material preparation technique for magnetic field sensors
and we compare it with standard field-free annealing.
Using Kerr microscopy and vibrating-sample magnetom-
etry, we show that 20-keV He™ ions significantly reduce
the coercivity and the induced magnetic anisotropy of
our magnetic material. The result is a soft magnetic film
with in-plane magnetic anisotropy of less than 10 J/m’
and a coercive field of approximately 0.05 mT, which
is a further improvement over the values that can be
obtained by the field-free annealing process by a factor
of 5 and 10, respectively. The anisotropy measurements
are supported by a detailed comparison using the remanent
domain pattern. Additionally, we show that the polycrys-
talline magnetostriction can be progressively reduced by
a factor of 10 for irradiation doses of 5 x 10'® cm~2.
This reduction in magnetoelastic coupling is attributed
to crystallization and changes to the interface magne-
tostriction caused by intermixing at the magnetic layer
boundaries. We support our findings with structural char-
acterization performed using X-ray diffraction (XRD). The
results show an overall improvement in the crystallization
after irradiation and annealing. We attribute the reduction
in magnetic anisotropy to the absence of a preferential
direction of atomic ordering and to stress relaxation dur-
ing irradiation. As postgrowth He™ irradiation improves
magnetic softness and minimizes strain cross-sensitivity
of permalloy, AMR magnetic sensors with high sensitivity

and low hysteresis can be envisioned even for integrated
devices.

II. EXPERIMENTAL METHODS

The samples are prepared by dc magnetron sputtering
using a Singulus Rotaris system on 1.5-pwm-thick, ther-
mally oxidized SiO, on top of a 625-pm-thick Si substrate.
A layer of Nig;Fej9 (30 nm)—typical thickness used for
various sensor applications—is sputtered at room temper-
ature in the presence of a rotating magnetic field of 5 mT
on a Ni-Fe-Cr (5 nm) seed layer and capped with 4 nm of
Ta as shown in Fig. 1(b). The following sputtering condi-
tions are used for the magnetic layer growth: base pressure
5 x 1078 mbar, sputtering power 1200 W, and Ar* flow 90
sccm. The seed layer is used to promote a Nig;Fejg(111)
texture during growth and it is known to improve magne-
toresistance [25,33]. After deposition, optical lithography
and ion etching are used to pattern arrays of disks (diame-
ter of 80 wm and spacing of 3 jum) on the samples to probe
the local film properties. Multiple copies of the samples are
irradiated at an energy of 20 keV with different fluences
of He™ ions from 5 x 103 to 5 x 10'® cm=2. Under these
irradiation conditions, most of the ions reach the substrate
(roughly 94% from Monte Carlo TRIM [34,35] simula-
tions), resulting in homogeneous irradiation of the entire
layer stack. To process thicker permalloy layers (100 nm),
a higher acceleration energy of the ions would be required
to obtain comparable irradiation profiles. The results of the
TRIM simulations for this case can be found in Sec. S2 in
Supplemental Material [36].

To compare the effect of ion irradiation with that of
thermal annealing, the same magnetic material is consecu-
tively annealed for 3 h at 200, 265, and 300 °C at a pressure
of 1077 mbar. To avoid a magnetization-induced preferen-
tial direction of ordering [26,37], external magnetic fields
are minimized during the irradiation and annealing steps.
The magnetic properties of the thin films are measured by
Kerr microscopy and vibrating-sample magnetometry. The
magnetic properties of the films are summarized in Table I.
Because of the negligible implantation [31], the value of
Young’s modulus is assumed to be unaffected by our irradi-
ation and annealing step. Electrical measurement of AMR
is performed with four contacts in line in the presence of a
rotating magnetic field of 10 mT.

To apply strain to our devices, the substrate is bent
mechanically with a three-point bending method. As
reported in our previous work [39], a tensile and uniax-
ial strain is generated [40]. Moreover, the strain is uniform
in the central area of the sample and thus in the mea-
sured region. As the thin films are in total 40 nm thick,
we assume that the strain is entirely transferred from the
substrate and that shear strain is negligible. Structural
modifications caused by ion irradiation and annealing are
probed by XRD with use of a Bruker D8 Discover system.
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TABLE L.

Parameter values of the magnetic materials (thickness 30 nm) after deposition, annealing, and He™ irradiation. The values

without reference are quantified experimentally. Here M; is the saturation magnetization, K, is the uniaxial anisotropy constant, H, is
the coercive field, A, is the saturation magnetostriction, and Y is Young’s modulus. The same value for Y is considered in all cases.

Nig; Feo M, (T) K, (J/m®) H. (mT) Ay x 1076 Y (GPa)
As deposited 0.95(1) 78(5) 0.20(5) —0.7(1) 200 [38]
Annealing at 265°C 0.95(1) 70(5) 0.15(5) +0.04(9) 200 [38]
He* 5 x 10'6 cm™2 0.91(1) 8(7) 0.05(5) +0.01(9) 200 [38]

Angular 20 /® scans and rocking-curve measurements are
performed on 1 x 1 cm? samples.

I11. RESULTS AND DISCUSSION

To compare the structural modifications induced by
different material treatments on a Nig Fejo alloy, XRD
measurements on the Nig;Fejg9 (30 nm) film as deposited
and after irradiation and annealing are performed and are
reported in Fig. 1. Figure 1(a) shows 20 /® angular scans
of the permalloy film. A well-defined crystalline texture
of Nig;Fej9(111) (and its second-order peak) is present for
the material in the as-deposited state and persists after irra-
diation and annealing in all the fluence and temperature
ranges explored. The full width at half maximum (FWHM)
of the (111) peak can be estimated, and the quantitative
values are reported in Sec. S1 in Supplemental Material
[36] as a function of the irradiation fluence and the tem-
perature during annealing. In both cases, the FWHM of
the (111) peak decreases by about 15% with increasing
ion fluence and annealing temperature with respect to the

as-deposited case. The crystallite size (or the size of a
coherently diffracting domain in the material along the
sample thickness) is a fundamental property that can be
extracted from the XRD profile [41]. According to the
Scherrer equation [42],

KA

~ Beost’ )
the size of crystallites is inversely proportional to the
FWHM of a diffraction peak. Here K = 0.9 is a dimension-
less shape factor, D is the crystallite size, A = 1.5406 A is
the wavelength of the Cu K« radiation, 6 is the diffraction
angle, and B is the line broadening at the FWHM of the
XRD peak in radians, after subtraction of the instrumental
line broadening. As reported in Fig. 1(c), both annealing at
T > 265 °C and ion irradiation with a fluence greater than
1 x 10'® cm~2 increase the size of crystallites in our films.
The size of the diffracting domains estimated with use of
Eq. (1) is 22(1) nm for the as-deposited case and more than
24(1) nm after the two material treatments. Additionally,

FIG. 1. (a) 20/0® XRD angular scan

of the Nig;Fej9 samples for the sample
in the as-deposited state, after annealing
and after irradiation. (b) The Ni-Fe-Cr(5

nm)/Nig; Fe (30 nm)/Ta(4 nm) stack. (c)
Size of the (111) crystallites of the Nig; Fejg
film as a function of He* fluence and as

100 110 a function of annealing temperature. These
values are obtained with use of the FWHM
of the Nig;Fe9(111) peak and Eq. (1).
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rocking-curve measurements [43] of the Nig Fejo(111)
peak are performed, and more information can be found
in Sec. S1 in Supplemental Material [36]. For both the
irradiated samples and the annealed samples, a decrease
in the FWHM of the rocking curve is observed, indicating
improvement in the film crystalline phase [44]. As Fig. 1(c)
shows, the size of the crystallites does not increase further
for annealing temperatures above 265 °C and irradiation
fluences greater than 1 x 10'® cm™2, in agreement with
previous studies [45].

The major effect of room-temperature irradiation has
been shown to be improved material uniformity [46]
and interface intermixing [17]. In the same way, ther-
mal annealing is widely used to induce crystallization
[47] and promote atomic diffusion [48]. Similar effects
have been reported in the literature for amorphous alloys,
where annealing [45] and He™" irradiation [15,16] provid-
ing high short-range atomic mobility enable a mechanism
for growth of the ordered phase at the expense of its
disordered or less-ordered counterpart.

The magnetic properties of the thin films are mea-
sured by Kerr microscopy and are reported in Fig. 2.
Figures 2(a)-2(c) show the hysteresis curves for the Ni-
Fe-Cr(5 nm)/Nig;Fe9(30 nm)/Ta(4 nm) sample for two
perpendicular in-plane directions of the applied magnetic
field: for the as-deposited state [Fig. 2(a)], after anneal-
ing [Fig. 2(b)], and after irradiation [Fig. 2(c)]. The curves
refer to the magnetic contrast of the structured film into
80-pum-diameter disks.

The magnetic response of the permalloy film in the
as-deposited state can be seen in Fig. 2(a). As the mag-
netization curves at ® = 0° and ® = 90° are different, a
weak uniaxial magnetic anisotropy K, is present in the as-
deposited Nig; Fejg9 and might be associated with internal
stresses during the material growth or asymmetries in the
deposition system [49]. K,, = 80(7) J/m’ is obtained from
the area enclosed by easy-axis and hard-axis loops of the
as-deposited state. The direction of the magnetic-easy-axis
anisotropy can be seen in the orientation of the magnetic
domains for the remanent state [inset in Fig. 2(a)]. The
field is applied along ® = 0° and then reduced to zero. A
vector image of the in-plane magnetization is obtained by
the sum of the horizontal and vertical components of the
magnetic contrast. In this case, the domains align along
the easy-axis direction. The measurement is repeated for
the same film after annealing and is reported in Fig. 2(b).
After the annealing, the in-plane hysteresis loops still show
the presence of a uniaxial magnetic anisotropy. This is con-
firmed by the remanent magnetic state [inset in Fig. 2(b)]
as the magnetic domains again orient themselves in the
easy-axis direction @ >~ 90°. Additional measurements for
films annealed at 200 and 300 °C are reported in Sec. S4
in Supplemental Material [36]. Interestingly, the magnetic
response of the irradiated permalloy reported in Fig. 2(c) is
significantly different with respect to the as-deposited and

annealed cases. The change of slope for low fields in the
hysteresis in Fig. 2(c) is caused by the formation of a mag-
netic vortex [shown in the inset in Fig. 2(c)], accompanied
by an abrupt decrease in magnetization when the field is
decreased from saturation [50]. Additionally, the hystere-
sis loops now show a negligible angular dependence on
®. Both the magnetic anisotropy and the hard-axis coer-
civity H, are now significantly reduced. The reduction of
the anisotropy in the permalloy after irradiation allows the
formation of a vortex-type magnetization distribution at
remanence, which is energetically favorable for disks with
weak crystalline and induced anisotropy [inset in Fig. 2(c)]
and thus dominated by shape anisotropy. The hard-axis
coercivity H, is also reduced by irradiation, as the linear
motion of the vortex core for low fields in vortex structures
minimizes the hysteresis [51].

Figure 2(d) shows the angular plot of the normalized
remanent magnetization for the three samples considered.
The as-deposited case and the annealed case (in blue and
green, respectively) show a signature of uniaxial magnetic
anisotropy with easy-axis and sizable remanent magneti-
zation at ® ~ 90°. The irradiated sample, instead, shows
reduced remanent magnetization for all angles. The low
remanent magnetization is typical of the vortex state in the
inset in Fig. 2(c). To further understand the improvement
in the magnetic softness of our permalloy after irradiation,
we gradually increase the He™ fluence while keeping the
ion energy constant. The measurements of H,. and K, as a
function of the fluence of He™ ions during irradiation are
reported in Fig. 2(e). The values for the film as deposited
and after annealing are given for comparison as dashed
lines. For low fluences, no sizable effects are noted. At flu-
ences greater than 5 x 1013 cm™2, the coercivity and the
anisotropy are progressively reduced as the He™ fluence
is increased. For the maximum fluence of 5 x 10'¢ cm—2,
H,_ is 5 times lower than for the as-deposited state, while
the induced anisotropy is decreased by a factor of 10.
We do not observe a similar substantial reduction of these
magnetic parameters after the annealing.

A possible explanation for this dissimilarity is the dif-
ferent mechanism of ordering promoted by irradiation and
field-free annealing. Improved atomic ordering in permal-
loy after annealing and irradiation with different ions [30,
52] has been reported in the literature. Some of these stud-
ies on polycrystalline films [53,54] show that crystalline
grain growth is more homogeneous for irradiation than for
thermal annealing in the temperature range from 200 to
300 °C. This difference originates from the distinct mecha-
nism with which chemical ordering of the alloy is changed
during the two processes [55]. As we see from these
studies, radiation-enhanced mobility is more isotropic in
the absence of an applied magnetic field when compared
with heat-induced mobility [22,55]. Accordingly, a greater
reduction in the magnetic anisotropy for the irradiated
samples can be expected.
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A first indication for the observed reduction in coer-
civity in our irradiated samples is the formation of a
magnetic vortex in disk-patterned permalloy [50] [inset in
Fig. 2(c)]. A comparison between ion irradiation and ther-
mal annealing analyzing the microscopic pinning parame-
ters for domain-wall motion was conducted recently [46].
In this work, the annealed sample shows strong but widely
distributed pinning sites. In contrast to this, the irradi-
ated sample exhibits weaker defects with a higher density.
A further possible explanation for the observed reduc-
tion in coercivity in our irradiated samples, is therefore
an overall smoother domain-wall energy landscape after
irradiation, which allows domain formation and switching
of the magnetization at lower magnetic fields. In addition,
the release of internal stresses in the film, which has been
reported during irradiation [56,57], can also be responsible
for improvements in the soft magnetic properties of our
permalloy [49].

To evaluate the effect of ion irradiation and anneal-
ing on the magnetoelastic coupling of a thin magnetic
Nig Feyg alloy, the strain-dependent magnetic properties
are investigated. Uniaxial in-plane strain is applied to a full
film of Ni-Fe-Cr(5 nm)/Nig; Fe 9(30 nm)/Ta(4 nm) by the
three-point bending method as previously reported [39].
Since the magnetization is coupled to the external strain
via the expression of the anisotropy energy, the magnetic
anisotropy before and after the application of strain is
measured by Kerr microscopy. A strain of €, = 0.06%

1

He™ fluence (1

015

10
ionslcmz)

(tensile) is applied along the in-plane direction & = 0°.
The expression for the magnetoelastic anisotropy depends
on the saturation magnetostriction A, of the material
according to [58]

3
Ky = E)‘nv Ye, (2)

where Y is Young’s modulus and € is the uniaxial tensile
strain. Using Eq. (2) and the values of Young’s modulus in
Table I, we calculate the effective magnetostriction of the
film for different He™ fluences. The calculated values are
reported in Fig. 3(a). In the as-deposited state, as well as
for He* fluences on the order of 103 cm™2, A, = —7(2) x
107 is negative. In this case, a tensile strain increases the
anisotropy field in the direction ® = 0°. For greater flu-
ences of ions during irradiation, the magnetostriction is
progressively reduced and reaches values close to zero for
a fluence of 5 x 10'® cm™2. In this case, the magnetoelas-
tic anisotropy is negligible and the material is insensitive to
the applied strain. For this reason, the magnetization curves
before and after the application of uniaxial strain €, =
0.06% are almost unchanged. The saturation magnetostric-
tion of the magnetic layer after annealing is measured and
is reported in Fig. 3(a) for comparison. After the annealing,
Ay = 0 is reported.

An additional confirmation of the magnetic behavior of
the stack under strain is obtained by our imaging domain
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FIG. 3. (a) Saturation magnetostriction A, as a function of He™

fluence during irradiation. The values for the as-deposited sam-
ple and the sample after annealing are reported for comparison
with dashed lines. (b) Average contrast for 80-pm-diameter disks
as a function of the in-plane angle & for the irradiated sample
in the remanent state (magnetic vortex state) before and after
the application of strain. (c)}+(e) Remanent magnetic state for
80-pwm-diameter disks before (left) and during (right) applica-
tion of uniaxial strain of 0.06% for as-deposited, annealed, and
irradiated permalloy, respectively.

formation using the magneto-optical Kerr effect (MOKE).
The MOKE images shown in Figs. 3(c)}-3(e) show how
the magnetoelastic anisotropy alters the preferential direc-
tion of magnetic domains before (left) and after (right)
the application of strain. We first consider the as-deposited
state [Fig. 3(c)]. Before the application of strain, the mag-
netization aligns with the deposition-induced anisotropy
easy axis. After the application of strain, the negative
magnetostriction of the as-deposited sample orients the
magnetic domains along the y direction, perpendicular to
the uniaxial strain €,.. Figure 3(d) shows, instead, the
domain pattern for a sample annealed at 265 °C. In this
case the remanent magnetic state is almost not altered by
the applied strain. This is in agreement with the extremely
low magnetostriction measured, which results in negligi-
ble magnetoelastic anistropy Kyg << K,,. The remanent
state for the sample irradiated with a He* fluence of 5 x
10'® cm~2 [Fig. 3(e)] exhibits instead a magnetic vortex
state that is not altered after the application of €,, = 0.06%.
The initial vortex state, unchanged under the application
of strain, highlights that the contributions of induced and
magnetoelastic anisotropy have been reduced to a point
where only the shape anisotropy determines the remanent
domain pattern.

To compare more quantitatively the MOKE images
and the vortex state of the irradiated sample, the average
radial magnetization is calculated from the longitudinal
component of the vector image for different in-plane ®

directions [59]. The average contrast is calculated for a sin-
gle 80-pwm-diameter disk for the images in Fig. 3(e) and is
reported in Fig. 3(b). For the unstrained state seen on the
left in Fig. 3(e), the disk’s magnetization is a circularly
symmetric vortex, and the average contrast varies periodi-
cally with the angular position on the disk. The values well
follow the expression asin ®b [black line in Fig. 3(b)].
After the application of strain, as a consequence of the
extremely small magnetostriction, the average contrast
[red line in Fig. 3(b)] still follows the periodic behavior
asin ®b.

A possible explanation for the reported reduction in sat-
uration magnetostriction after ion irradiation and annealing
is the increase in size—probed along the vertical direc-
tion—of the crystallites in the Ni-Fe-Cr(5 nm)/Nig; Fe 9(30
nm)/Ta(4 nm) sample, already highlighted in Fig. 1(c).
The magnetostriction of isotropic oriented cubic crystal-
lites can be written as the combination of the saturation-
magnetostriction constants Xjgp and Ay in the (100) and
(111) directions, respectively [60]:

200 + 30111

As 5

€)

In permalloy, the two components of the magnetostriction
change significantly over the relative Ni and Fe composi-
tion range, altering the effective magnetostriction, A;. The
composition used in this work, Nig;Feyg, is predicted to
have A; close to zero [61]. In our XRD measurement,
a 15% reduction of the FWHM of the (111) peak is
observed after irradiation and annealing. This crystalliza-
tion measured along the film thickness can alter the relative
contribution of Ajgp and A;;; in the magnetic layer. Fol-
lowing Eq. (3), the effective magnetostriction of the film
is changed. As shown in Fig. 3(a), the magnetostriction
is progressively reduced for higher fluences and anneal-
ing temperatures as the size of the crystallites caused by
irradiation and annealing increases. In addition, increased
intermixing at the magnetic layer boundaries could alter
the interface magnetostriction [62] (inversely proportional
to the film thickness [63,64]), thus playing a role in the
effective magnetostriction of the film.

Previous studies reported strong changes to the magne-
toresistance after irradiation, in particular with heavy ions
[32]. To validate the applicability of our irradiated permal-
loy layer for sensing applications, transport measurements
are conducted. The AMR measurements are shown in
Sec. S3 in Supplemental Material [36] for a full film as
deposited and after irradiation with 5 x 10'® ions/cm?. The
electrical characterization confirms that the Ni-Fe-Cr(5
nm)/Nig; Fe 9(30 nm)/Ta(4 nm) sample has sizable AMR,
AR/R = 1.1(1)%. As the AMR does not change after irra-
diation with He™ ions, the proposed material treatment
is suitable for improving magnetic properties of magnetic
material for magnetic sensing applications.
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IV. CONCLUSIONS

In conclusion, we investigate the effects of He™ irra-
diation and thermal annealing on the magnetic properties
of Ni-Fe-Cr(5 nm)/Nig; Fe;9(30 nm)/Ta(4 nm). Our XRD
analysis suggests that both irradiation and annealing pro-
mote crystalline growth of the textured Nig;Fe9 alloy.
While the irradiation treatment strongly reduces the hard-
axis coercivity to 0.05 mT and the deposition-induced
anisotropy by a factor of 10, the field-free annealing
does not significantly improve the magnetic softness. We
mainly attribute this to stress relaxation in the film after
irradiation and to the different mechanism for atomic
ordering, which is completely isotropic in the case of irra-
diation only. In addition, the effective magnetostriction
of the film is reduced by a factor of 10 after irradiation
and annealing as confirmed by anisotropy measurements
in the presence of in-plane strain. Importantly, we show
that the sizable magnetoresistance is preserved after the
irradiation. As a result, postgrowth He™ irradiation is an
excellent tool to improve magnetic softness and mini-
mize strain cross-sensitivity of permalloy. In contrast to
thermal annealing, ion irradiation offers the advantage of
performing a local material treatment [21,45,65] to adjust
the anisotropy and write magnetic domain patterns directly
into thin-film structured devices. As a consequence, we
can locally tune the properties of a magnetic material to
make it suitable, for instance, for high-sensitivity and low-
hysteresis integrated AMR sensors that are insensitive to
strain.
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