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We investigate experimentally the effects of strain on the injection of 180◦ domain walls

(DW) from a nucleation pad into magnetic nanowires, as typically used for DW-based

sensors. In our study the strain, generated by substrate bending, induces in the mate-

rial a uniaxial anisotropy due to magnetoelastic coupling. To compare the strain effects,

Co40Fe40B20, Ni and Ni82Fe18 samples with in-plane magnetization and different magne-

toelastic coupling are deposited. In these samples, we measure the magnetic field required

for the injection of a DW, by imaging differential contrast in a magneto-optical Kerr micro-

scope. We find that strain increases the DW injection field, and that the switching mech-

anism depends strongly on the strain direction. We observe that low magnetic anisotropy

facilitates the creation of a domain wall at the junction between the pad and the wire,

whereas a strain-induced magnetic easy axis significantly increases the coercive field of

the nucleation pad. Moreover, we find that these effects of strain-induced anisotropy can

be counteracted by an additional magnetic uniaxial anisotropy perpendicular to the strain-

induced easy axis. We perform micromagnetic simulations to support the interpretation of

our experimental findings showing that the above described observations can be explained

by the effective anisotropy in the device. The anisotropy influences the switching mecha-

nism in the nucleation pad as well as the pinning of the DW at the wire entrance. As the

DW injection is a key operation for sensor performances, the observations show that strain

is imposing a lower limit for the sensor field operating window.
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I. INTRODUCTION

Domain walls (DWs) have always been of importance for their static and dynamic properties

since the use of magnetic materials for logic devices and data storage1–3. In the last 15 years, the

possibility to realize and characterize magnetic nanostructures has allowed one to explore complex

spin textures, their creation and stability. This intense research has enabled the use of DWs in

memory devices4,5 and diverse magnetic sensors6–9. For example, a DW can be used to carry

information about the angular position of an object and to count the number of rotations performed

in a non-volatile way10–12. The interest of magnetic sensors based on DWs is in their stability,

making their non-volatile positioning suitable to many applications. No external electrical power

is required to manipulate the magnetic state in the sensor, making it ideal for energy efficient

systems even where power failures can occur.

The magnetic field conditions under which a DW based sensor can reliably operate are called

field operating window13. For the sensor to work, a DW needs to be successfully created and

propagated into the nanowire, setting the minimum operation field value. At the same time, un-

controlled nucleation of domain walls at higher fields needs to be avoided, thus setting the max-

imum operation field value. Previous studies about DW sensors investigated the propagation and

nucleation fields, and showed how they depend on material parameters and device geometry12–17.

While the field operation window in idealized operation conditions is known, in real devices fur-

ther factors play a role and have been previously neglected.

Among the external factors, strain or mechanical stress on these sensing elements is known

to be a key issue. Such strain occurs during packaging as well as sensor operation, with strong

impact on the device performance18. Strain in magnetic materials is known to induce a preferential

direction of magnetization (anisotropy) due to magnetoelastic coupling19,20 and even pin a DW in

a nanowire21. In DW based devices, a common approach to generate a DW is to use a larger

magnetic (nucleation) pad attached to the nanowire exploiting the reduced shape anisotropy17,22,23

as shown in figure 1 c) - d). It has been shown recently using simulations how, in the nucleation

pad, strain-induced anisotropy can overcome the shape anisotropy governing the switching of the

magnetic state24. However, these previous studies did not report experiments on strain effects in a

sensor relevant system as ours.

In the work presented here, we investigate experimentally the impact of externally applied strain

on the injection of a 180◦ domain wall from a nucleation pad in a magnetic nanowire. We employ
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magneto-optical Kerr effect (MOKE) microscopy to image the DW creation, pinning and injection

from the pad for different external strain configurations. The injection field is strongly affected

by the effective anisotropy of the magnetic material, which is modified by strain. Simulations are

used to identify the switching mechanism and the spin structure of a pinned DW just before the

injection into the wire.

FIG. 1. a) Schematic of the mechanism to apply mechanical strain by three-point substrate bending. b)

Layer cross-section used for the investigated devices. FM indicates the magnetic material, the numbers

correspond to the thickness in nm. The SiOx and Si thicknesses are 1.5 µm and 625 µm respectively.

Device shown in an optical microscope c) and scanning electron microscope image d).

II. EXPERIMENTAL METHODS

We investigate three different samples: Co40Fe40B20(30 nm)/Ta(4 nm), NiFe11Cr42(4 nm)/

Ni82Fe18(30 nm)/Ta(4 nm) and Ni(30 nm)/Pt(2 nm), all layers are deposited by magnetron sput-

tering. The substrate is 1.5 µm thick, thermally oxidized SiOx on top of 625 µm undoped Si.

To improve magnetic softness and deposition uniformity, the magnetic material was sputtered in

a rotating magnetic field of 50 Oe. The result is a soft magnetic material with intrinsically low
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anisotropy field and low coercive field. The magnetic properties of our films, as deposited, are

summarized in table I. The values for the Young’s modulus and the saturation magnetostriction

are assumed to be unaffected by our annealing step as our X-Ray diffraction measurements sug-

gest. For the characterization of our material we used a BH-Looper, an hysteresis loop tracer,

where B is the measured magnetic flux and H is the applied magnetic field (Shb Instruments -

Model 109). This tool includes a setup for measuring magnetostriction25–27.

Material Ms (T ) Bk (mT ) Bc (mT ) λs x10−6 Y (GPa)

Co40Fe40B20 1.40(5) 0.20(5) 0.10(5) 27(1) 18728

Ni82Fe18 0.95(5) 0.10(5) 0.10(5) -0.5(1) 20029

Ni 0.60(5) 2.00(5) 2.00(5) -3230,31 18032

TABLE I. Parameters of the magnetic materials (thickness 30 nm) after deposition (no annealing). The

values without reference are quantified experimentally by measuring the magnetic film on 5” wafers. Here,

Ms is the saturation magnetization, Bk is the anisotropy field, Bc is the coercive field, λs is the saturation

magnetostriction and Y is the Young’s modulus. The same Y and λs are considered for as deposited and

annealed samples.

To induce a preferential direction of magnetization in the Co40Fe40B20, the sample was an-

nealed in N2 for 2 hours at T = 265◦C, while a static field of 120 mT is applied. This treat-

ment induces a uniaxial anisotropy, where the easy axis of the magnetization is in the direction

of the applied magnetic field. One plausible model to explain its mechanism is the migration of

atoms. The applied magnetic field drives an anisotropic distribution of atom pairs among Co, Fe,

and B33–35 that increases the uniaxial anisotropy constant. The anisotropy field after annealing

is Bk =
2K f ilm
µ0Ms

= 2.7 mT and the uniaxial anisotropy constant is K f ilm = 1.54(2) kJ
m3 , where Ms

is the saturation magnetization of the magnetic material. A comparison of the angular depen-

dence of the remanent magnetization and hysteresis loops before and after annealing are shown

for Co40Fe40B20, respectively in figure 2 a) and b) - c). A weak uniaxial anisotropy, K f ilm < 50(5)
J

m3 , is present even in the as deposited Co40Fe40B20 and might be associated to internal stresses

during the material growth or asymmetries in the deposition system36. Since this value is 30 times

smaller than the anisotropy field induced by thermal annealing with magnetic field, it is neglected

in our study.

The structures are then patterned using photolithograpy and Ar ion milling. The devices used
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FIG. 2. Characterization of the full film 5” wafers of Co40Fe40B20 using a BH Looper before structuring.

a) The angular dependence of the remanent magnetisation Mr/Ms shows the effects of thermal annealing

in presence of magnetic field (orange triangles), that induces a uniaxial anisotropy with easy axis in the

direction Φ = 0◦. Error bars are within the data points. The magnetic curves of the sample as deposited b)

and after annealing c) show a easy axis and a hard axis of magnetization in blue and green, respectively.

Orange and yellow are intermediate direction of applied magnetic field.

in this study can be seen in figure 1 c). A nucleation pad (20 µm× 10 µm) is attached to a 200

µm long nanowire with different widths, from 350 nm to 800 nm. The specific geometry of the

pad is designed to narrow the field distribution for injecting magnetic domains into the wire, and

to allow for a DW nucleation at low fields.

To switch the magnetization in the device, we applied an external in-plane magnetic field in the

x direction (aligned with the nanowire). As the magnitude of the field is increased, the nucleated

DW depins from the pad and is injected into the nanowire (injection field, Bin j). We measure the

injection field by imaging differential contrast changes in the magneto-optical Kerr effect (MOKE)
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in a longitudinal configuration of the polarized white light. To image and detect the switching

event, a 50x magnification objective was used. The magnetic contrast, without structural contrast,

is accomplished by subtracting a reference image in the saturated stage, at the beginning of the

measurement. We have conducted our experiment at fields lower than the spontaneous domain

nucleation field in the wire, that is reported to be around 40 mT 13. This ensures us that a DW is

injected from the pad into the wire, and not from structure defects or nucleated at the edge of the

wire.

To apply strain to our devices, the substrate was bent mechanically with a three-point bender

that applies an out of plane force as shown schematically in figure 1 a). A square sample of 1 by 1

cm is vertically constrained on two sides and pushed uniformly from below by a cylinder that has

off centered rotation axis. The device generates a tensile strain in the plane of the sample up to

0.12% when the cylinder is rotated. The strain is mostly uniaxial27 and uniform in the central area

of the sample, and thus in the measured area. The intensity of the strain induced on the surface

of the SiOx has been measured with a strain gauge (RS PRO). The stack is thin enough to assume

that the strain is entirely transferred to our device and that shear strain is negligible37.

III. RESULTS AND DISCUSSION

A. Injection field in nanowires

The injection field is the minimum field required to create and propagate a DW in the magnetic

sensor device. However, to obtain reliable and a repeatable injection, one needs to understand the

whole process of the DW injection. The MOKE images allow us to observe how the magnetization

is gradually switched in the nucleation pad, creating a DW at its end, and also, captures the moment

when a DW starts propagating into the wire.

In the absence of strain, the domain configuration in the pad is mostly dominated by the shape

anisotropy, and is not varying strongly for the materials studied. We indeed obtain similar images

for all the measured devices. The process of injection can be observed in figure 3 a) - c). When

no strain is applied to the substrate, a pattern with 6 domains is formed, with a domain wall at the

entrance of the nanowire for fields as small as 1 mT . However, at such low fields the DW cannot

propagate into the nanowire, and is pinned at its entrance. The difference in geometry between the

pad and the wire creates a local pinning site for the DW. The pad has a lower coercivity than the
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FIG. 3. Kerr microscope images of the device made of Co40Fe40B20 as deposited (no annealing). The white

arrows indicate the local direction of the magnetization. The width of the nanowire is 350 nm. The field is

applied along the x direction and progressively increased (from left to right) until the DW nucleated in the

pad is injected into the nanowire. In a) - c) the sample is not strained, d) - f) tensile strain is applied along

the wire εxx = 0.06%, and g) - i) tensile strain is applied perpendicular to the wire εyy = 0.06%.

nanowire due to the shape anisotropy, therefore, changes in the magnetization distribution of the

pad result in the creation of a wall in the vicinity of the pad/wire interface. It is this wall that can

then subsequently be injected to propagate along the wire38. To obtain the injection, the external

field is increased.

If, on the other hand, the substrate of our device is mechanically deformed (strained), an ad-

ditional anisotropy is induced in the magnetic system. Strain-induced anisotropy will compete

with the shape anisotropy and exchange to determine the domain configuration and the switching

mechanism in the injection pad. It is known how the magnetization is coupled to the uniform

macroscopic strain in the expression of the free energy39. As reported in previous studies20,32 the

magnetoelastic energy simplifies to a uniaxial magnetic anisotropy constant defined as

KME =
3
2

λsY |εxx− εyy| (1)

where λs is the saturation magnetostriction, Y is the Young’s modulus of the ferromagnetic

layer and εxx, εyy are the components of the uniaxial in-plane strain along, respectively, x and

y. In our experiments, the magnitude of the strain is equal to εii = 0.06%, where ii indicates

the direction of uniaxial strain. This particular strain magnitude is chosen since it avoids sample

breaking (at ε > 0.12%) and is large enough to probe strain effects on the injection field. Since
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the strain is uniaxial, we assume that the other direction can be neglected (εyy << εxx and vice

versa). This means the strength and the direction of the uniaxial anisotropy contribution will be

determined by, respectively, the magnitude and the sign of the saturation magnetostriction λs.

In a positive magnetostrictive material (Co40Fe40B20), the easy axis will follow the direction of

the tensile strain, while there will be a hard axis in this direction for a negative magnetostrictive

material (Ni).

We experimentally observe that the conditions for the DW nucleation and injection are modified

by the strain. When the easy axis of magnetization is along the wire (x - direction), the coercive

field of the pad is increased and the magnetization rotates suddenly from left to right. This can be

seen in figure 3 d) - f). No intermediate multi-domain state is present in the pad and the DW is

not pinned at wire entrance, since the coercive field coincides with the injection field. The second

case is represented in figure 3 g) - i). Here the easy axis of magnetization is induced perpendicular

to the field direction (along y). In this case the multi-domain state that minimizes the energy in

the pad prefers spin aligned along the y axis, and a DW is nucleated at the entrance of the pad. In

this case, the nucleated DW stays pinned at the entrance even for higher field with respect to the

unstrained case.

Using the values in table I and equation 1, one can calculate the uniaxial anisotropy constant due

to the magnetoelastic term which is KME = 3.6(1) kJ
m3 for Co40Fe40B20, KME =−4.3(1) kJ

m3 for Ni

and only KME = −7(1)× 10−2 kJ
m3 for Ni82Fe18. The sign is determined by the magnetostrictive

constant. The energetically favorable state for magnetization direction will therefore be along

(Co40Fe40B20) or perpendicular (Ni) to the direction of tensile strain. The strain induced effects

are expected to be more than 50 times smaller in the devices made of Ni82Fe18.

In figure 4, the injection field Bin j is experimentally reported for three different materials. As

expected, materials with strong magnetoelastic coupling (i.e. large |λs|) will show the largest strain

effects as can be seen in figure 4 a) and c). This is why, for Ni82Fe18, with low magnetoelastic

coupling, the three curves overlap within the error bars in figure 4 b). This also confirms that the

observed changes in the injection field are caused by strain.

A first observation is that in magnetostrictive materials strain is always increasing the injection

field, thus imposing a lower limit for the sensor operation field. When an easy axis along x is

created, the pad coercivity grows, thus also increasing the injection field. This is the case of εxx

for Co40Fe40B20 and εyy for Ni. When instead the easy axis is oriented along the y direction (εyy

for Co40Fe40B20 and εxx for Ni), the DW created at the mouth of the pad finds this position more
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FIG. 4. Experimental results of the injection field Bin j. Three different ferromagnetic materials (thickness

30 nm) have been measured: a) Co40Fe40B20, b) Ni82Fe18 and c) Ni. The experimental values are plotted

as a function of the nominal width of the nanowire. For the data points in blue no strain is applied. Uniaxial

strain εii was applied in the x or in the y direction for the red and green curve, respectively as schematically

shown in the inset. d) - e) Bin j for Co40Fe40B20 is plotted as a function of the intensity of the strain applied

along the x and the y direction respectively, for selected wire widths.

energetically favorable than the wire. Therefore, a larger injection field is required. Due to small

magnetic contrast in Ni, some experimental points in 4 c) are missing.

A second observation concerns the wire width dependence of the injection field. Regardless of

the material, when strain is not applied (εxx = εyy = 0), we find that the injection field decreases

with the increasing width of the wire. As reported elsewhere40,41, the injection field in soft mag-

netic wires is mainly determined by the shape of the cross section (width and thickness) and the

monotonic behavior of Bin j is the consequence of different sizes of DWs governed by different

wire widths. Therefore, we expect that in the absence of strain the de-pinning field from the ex-

tremity of the pad is mainly due to shape anisotropy42. However, when magnetoelastic anisotropy
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energy is introduced in the system, we observe deviation from this dependence. When KME favors

a spin orientation along the x direction, the injection field is determined by the coercivity of the

pad and the dependence of the injection field on the wire width is negligible for thin wires (figure

4 a), red circles and 4 c), green diamonds). This is because Bc in the pad is large enough to inject

and propagate the DW through the nanowire. In all the other measured cases, instead, the DW

stays pinned at the edge of the pad, and a net dependence of Bin j on the wire width is observable.

Interestingly, when the strain-induced easy axis of magnetization is perpendicular to the wire, the

dependence of Bin j on the wire width is maintained (figure 4 a), green diamonds).

An explanation for this can be found in the different competing contributions to the system

energy. To describe the impact of strain on the magnetization orientation and injection field, we

use the free energy of the system Ftot that is a measure for the angular dependence of the magnetic

hardness. In a system with no net crystalline anisotropy, the free energy is given by31,43

Ftot = Fzeeman +Fdemag +Fmagel. (2)

Fzeeman describes the influence of the external magnetic field, and the demagnetization term

Fdemag depends on the shape of the device. The last term describes the influence of the lattice

strain to the magnetic anisotropy Fmagel = KMEsin2(φ) according to equation 1, where φ is the

angle between the magnetization and the easy axis. Minima in the expression of Ftot correspond

to magnetic easy directions.

Let us now compare the case of Fmagel = 0 (no strain) and Ky
ME 6= 0 with the easy axis along

y. This strain-induced uniaxial anisotropy tends to favor a spin configuration with wider DW in

the nucleation pad, where a large part of magnetization is pointing along y. This is observed both

in the MOKE images and in the simulated spin structure. What determines the injection field41,

is the energy difference between a DW sitting at the extremity of the pad and inside the wire

∆EDW = EDW
wire−EDW

pad . Since in the wire a narrow DW is preferred44, the energy barrier ∆EDW will

be larger if Ky
ME 6= 0 . Therefore, a larger external applied field is required to inject the DW wall,

as we experimentally observe. Additional experimental data reported in figure 4 d) - e) allow the

identification of the different energy terms in equation 2. When Bin j for Co40Fe40B20 is plotted as

a function of the intensity of the strain applied, the behavior is monotonic in qualitative agreement

with the magnetoelastic energy term Fmagel calculated using equation 1. At the same time these

data reaffirm how the impact of device shape (energy term Fdemag) becomes negligible in presence

of large strain along the wire (εxx), while it remains significant if the strain is perpendicular to the
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FIG. 5. Snapshots of the simulations performed with the Mumax3 framework. We used material parameters

of amorphous Co40Fe40B20. The field is applied along the x direction and progressively increased (from

left to right) until the DW nucleated in the pad is injected into the nanowire (300 nm wide). a) - c) strain

is not included, d) - f) uniform tensile strain along the wire is applied, εxx = 0.06%, and g) - i) uniform

tensile strain is applied perpendicular to the wire, εyy = 0.06%.The order of the images follows figure 3,

and a comparison confirms the same switching mechanism observed in the experiments. j) - l) comparison

between the calculated and measured Bin j for the indicated strain configurations.

device (εyy).

To get a better understanding of the effect of strain on the injection field we performed micro-

magnetic simulations using the GPU-based Mumax3 framework45. The material parameter values

measured for our sample were considered, namely λs = 2.7× 10−5 and Ms = 1.0× 106 A/m for

saturation magnetostriction and magnetization, respectively, whereas for the exchange and elastic

constants typical values for Co40Fe40B20 reported in the literature were used28: Aex = 1.5×10−11

J/m, c11 = 2.8×1011 N/m2, c12 = 1.4×1011 N/m2 and c44 = 0.7×1011 N/m2. As the anisotropy

for as deposited samples is less than 50 J
m3 , the first order uniaxial anisotropy constant is set to

zero in the simulations as its energy contribution is negligible.

In the simulations the dimensions of the pad are the same than in the physical system (figure 1
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c)), whereas the nanowire is shortened to 2.5 µm. The computational region is divided into 5×

5×15 nm3 cells. The mechanical stress is modeled by adding a magnetoelastic field contribution

to the effective field46,47. The system is initialized with uniform magnetization pointing in the −x

direction and the equilibrium state is calculated for a series of increasing applied fields in steps of

0.2 mT . The results of the simulations are shown in figure 5. Some snapshots of the magnetization

are presented to be compared with the Kerr microscope images in figure 3. As noticeable, the main

features observed at B= 1 mT are reproduced by the simulations, namely the double vortex pattern

in the absence of strain (figures 3 b) and 5 b)), the quasi-uniform configuration for εxx = 0.06%

(figures 3 e) and 5 e)) and the multidomain state favoring the magnetization pointing along y

for εyy = 0.06% (figures 3 h) and 5 h)). The computed injection fields as a function of the wire

width are plotted in the lower part of figure 5 together with the experimental ones, showing good

quantitative agreement except for the case where the tensile strain is applied along x, where the

computed values are significantly below the experimental ones. Both the decrease in the injection

field when increasing the wire width for the cases of no strain (figure 5 j)) and εyy = 0.06% (figure 5

l)) and the negligible dependence for εxx = 0.06% are well captured by the simulations, supporting

our interpretation of the experimental results.

To summarize, an overview of the effects of the strain on the injection field can be observed

in figure 4 a). We report that for a positive magnetostrictive material such as Co40Fe40B20, the

injection field is proportional to the uniaxial strain εxx (fig. 4 d)) or εyy (fig. 4 e)). Only in the case

when the easy axis of magnetization is aligned along the wire, the injection field coincides with

Bc of the pad and the wire width dependence is low (figure 4 a), red circles).

B. Effects of growth induced anisotropy

Up to now we have considered isotropic and magnetically soft ferromagnetic materials. In this

case, a strain induced uniaxial anisotropy with constant of KME ' 3−5 kJ
m3 was the only anisotropy

energy contribution in the full film material. To further investigate the mechanism and the limits

for DW nucleation and injection, we structured our devices using thermally annealed Co40Fe40B20.

In this section, again the numerical value of the Young’s modulus reported in table I is assumed.

This material preparation induces a preferential orientation (easy axis, EA) for the magnetization,

according to the direction of the applied magnetic field during annealing. The uniaxial anisotropy

K f ilm = 1.54(2) kJ
m3 has been measured experimentally from the full film hysteresis loops. To
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take this contribution into account, an additional term to the free energy is added, and equation 2

becomes

Ftot = Fzeeman +Fdemag +Fmagel +Ff ilm, (3)

where Ff ilm =K f ilmsin2(φ) is the free energy term of the crystalline magnetic anisotropy, which

may compete with strain-induced anisotropy and alter the magnetization orientation effects.

FIG. 6. Experimental injection field for Co40Fe40B20. Here samples with and without annealing are com-

pared. a) εxx = 0.06% in plane strain is applied and b) εyy = 0.06%. KME and K f ilm are the uniaxial magnetic

anisotropy constants due to strain and annealing, respectively. The apexes indicate the in plane direction of

the uniaxial anisotropy. Grey triangles are, for comparison, the reference case where no strain is applied.

The scheme on the right shows the direction of the magnetic field applied during annealing (white arrows)

relative to the tensile strain (black arrows).

13



In light of this, the experiment described in the previous section has been repeated for annealed

Co40Fe40B20 samples. Sizable effects are found when K f ilm and the magnetoelastic anisotropy

KME are superimposed. In figure 6, the results for this experiment are shown, and the annealed

films are compared with the as-deposited samples. One can observe how, when the directions

of KME and K f ilm are parallel, the effective uniaxial anisotropy grows (larger injection field for

red points in figure 6). On the other hand, the injection field is reduced if KME and K f ilm have

perpendicular easy axis direction (green points in figure 6). When two different uniaxial anisotropy

contributions point in the same direction, the resulting anisotropy of the film is still uniaxial, but

now has an equivalent anisotropy constant Keq ∝ KME +K f ilm. This is experimentally confirmed by

an increase in the anisotropy field Bk, measured along the hard axis of magnetization. Again, we

can distinguish two situations. When Kx
ME and Kx

f ilm are oriented along x, the resulting EA is along

the wire (figure 6 a), red circles). This increases the coercive field of the pad and consequently

the injection field also grows. When Ky
ME and Ky

f ilm are oriented with EA along y, the resulting

anisotropy favors energetically the DW to be positioned at the extremity of the pad. Consequently

∆EDW and Bin j are larger (figure 6 b), red circles).

The nontrivial case is the situation when the two contributions of anisotropy, KME and K f im,

are perpendicular to each other. Experimentally, the values of the injection field are reduced and

are close to the non-strained sample (gray triangles in figure 6). This result is important since

it shows that the impact of the effective anisotropy on the device can be attenuated by material

preparation. This outcome might seem unexpected, due to the difference in strength of the two

contributions KME = 3.6 kJ
m3 and K f ilm = 1.54 kJ

m3 . However, one should keep in mind that the

idea of an "effective" uniaxial magnetic anisotropy Keq is not applicable, unless the anisotropy are

oriented along identical directions.

To understand these results, a characterization of the full film material has been done in the pres-

ence of strain and annealing-induced anisotropy with MOKE hysteresis loops. The most general

case considers a magnetic energy described by two perpendicular uniaxial magnetic anisotropies

axes. We have measured the angular dependence of the normalized remanent magnetization

Mr/Ms as function of the angle Φ between the external magnetic field and the easy axis of magne-

tization. In figure 7 the cases Kx
ME , Kx

f ilm and Kx
ME , Ky

f ilm are compared. In both cases, the strain is

defining the dominant easy axis, since KME > K f ilm. However, in figure 7 we observe differences

in the angular plots of Mr in the vicinity of the hard axis (Φ =90◦). The precise determination of

the magnetic easy axis is carried out by fitting the normalized magnetic hysteresis Mr/Ms curves
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as a function of Φ. The projection of the in-plane magnetization vector to the plane of incidence

of light during our MOKE measurements is a cosine-like function (as is evident from the inset in

figure 7), therefore, the following fitting function is chosen48:

Mr

Ms
=

Mmax
r

Ms
|cos(Φ)|+ Mo f f

r

Ms
(4)

where Mmax
r

Ms
is the maximum normalized magnetic remanence, and Mo f f

r
Ms

is the offset in magnetic

remanence Mr. The strength of the uniaxial magnetic anisotropy is the amplitude of the fitting

parameter, and the offset originates from the isotropic contribution of the film.

FIG. 7. Angular dependence of the normalized remanent magnetization of full film Co40Fe40B20. The

material was strained along Φ =0◦ and measured with MOKE contrast. In orange (circles) and blue (stars)

the magnetic field during annealing was applied along Φ =0◦ and 90◦ respectively. The experimental values

were fitted using equation 4 of Mr, and are here showed with lines. The offset of Mr along the hard axis

(Φ =90◦) shows the overlap of two perpendicular uniaxial anisotropy directions (biaxial anisotropy), where

the magnetoelastic contribution is dominant K f ilm < KME . In the inset, the data are displayed in a 2D plot.

The fitting confirms that the easy axis is along Φ = 0◦ (strain direction). However, the strength

of the dominant magnetic easy axis is strongly reduced when KME ⊥ K f ilm. More quantitatively,

if we compare the two cases KME ‖ K f ilm and KME ⊥ K f ilm, the offset Mo f f
r

Ms
increases from 0.02

to 0.21 while the maximum remanence decreases from 1.00 to 0.75, respectively. This means the
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annealing induced anisotropy can contribute to the effective magnetic anisotropy of the system.

The pure uniaxial anisotropy is modified by the presence of an isotropic part.

The observed results and consideration on the full film material properties can explain the

experimentally determined injection field. In figure 6, we showed how the effects of strain can be

compensated by annealing Co40Fe40B20 with a magnetic field perpendicular to the strain direction.

In a material with larger Mo f f
r

Ms
the coherent rotation of the magnetization requires less energy: the

anisotropy field decreases and the coercive field is reduced at the same time. Therefore, the film

becomes magnetically softer, and the magnetic properties of the blue points in figure 7 are closer

to the ones of the unstrained as-deposited state, shown in figure 2 a). This supports the findings

displayed in figure 6, where the green (KME ⊥ K f ilm) and gray (no anisotropy) data points overlap.

The material softness directly influences not only the creation and nucleation of the DW in the

nucleation pad, but also the injection field, due to the fact that the energy difference between the

DW at the mouth of the pad and in the nanowire is affected by the film properties. We can indeed

say that the DW energy in the thin long wire is unchanged by the presence of an annealing-induced

anisotropy, because here the strong shape anisotropy49 is in the order of ' 104 J/m3. On the other

hand, in the nucleation pad, if the strength of the uniaxial magnetic anisotropy is reduced, the

magnetization is free to rotate in the field direction similarly to the unstrained as-deposited state.

IV. CONCLUSIONS

In conclusion, we have investigated the effects of mechanical strain on the injection of a DW

into a nanowire using MOKE microscopy and Mumax3 micromagnetic simulations. We have mea-

sured in-plane magnetized Co40Fe40B20 , Ni and Ni82Fe18 films structured by optical lithography.

We find that the effects of the strain are proportional to the magnetoelastic coupling of the material,

quantified by the saturation magnetostriction λs. We report that uniaxial strain, regardless of the

direction, induces a uniaxial magnetic anisotropy in the material and increases the injection field.

The changes are up to 30% in materials with |λs| ' 30 p.p.m., while are negligible in low magne-

tostrictive Ni82Fe18. The experimental results show how the mechanism of DW injection depends

primarily on the creation of the DW in the pad. Further measurements involved different material

preparation introducing a thermal annealing step with a magnetic field for Co40Fe40B20. With this,

another uniaxial magnetic anisotropy is introduced, and contributes together with strain effects to

the Bin j. We find that the strain induced uniaxial anisotropy, KME , can be enhanced or weakened
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using annealing induced uniaxial anisotropy, K f ilm, respectively, parallel or perpendicular to the

strain contribution. If the easy axis of magnetization is along the wire direction, the coercive field

of the nucleation pad increases significantly. In the same way, low anisotropy will facilitate the

magnetization to switch, and creates a DW at low fields (' 1mT ) at the extremity of the pad. The

DW stays pinned at the wire entrance until the energy difference ∆EDW = EDW
wire−EDW

pad is compa-

rable with the Zeeman energy (higher external fields). This energy barrier is the combination of

different anisotropies, and can be tailored by device design and material preparation. The validity

of these results is verified by micromagnetic simulations, that can help to identify the lower limit

for reliable DW injection. The optimization and development of magnetic sensors and devices

based on domain walls needs to consider, therefore, the effects of strain and material prepara-

tion. Our results of the DW injection mechanism show that a magnetostrictive free behavior of

the DW based device, can even be reached in systems with finite magnetostriction. A careful ma-

terial preparation, can reduce the effective anisotropy caused by strain in the magnetic layer thus

keeping the DW injection field low in these devices. This provides, therefore, a way to improve

robustness of these type of magnetic sensors against strain disturbances.
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