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Magnetic anisotropy evolution with Fe content in
electrodeposited Nijgo_xFex thin filmsf

A. Begué, (2%° N. Coton (22 and R. Ranchal (2 3¢

In this study, we have experimentally and theoretically determined how the magnetic anisotropy of
Niigo_xFex thin films evolves as a function of the Fe content in electrodeposited samples. When the Fe
content is below 12 at%, stripe domains are promoted once the thickness exceeds a critical value. For
an Fe content of 7 at%, the transcritical shape is present in the hysteresis loop for a thickness of
600 nm. However, for compositions equal to or above 12 at%, we have not found evidence of stripe
domains, as indicated by the absence of the transcritical shape in the hysteresis loops for layer
thicknesses as high as 1 um even if a magnetic field is applied perpendicular to the sample plane during
growth. All the studied layers are polycrystalline with a (111) texture. The experimental results are
understood in the framework of a theoretical model which considers different contributions to the
magnetic anisotropy: magnetocrystalline, magnetoelastic, magnetostatic and from pairs. Out-of-plane
anisotropy promoted by columnar growth has not been considered as the saccharine-based electrolyte
used for the electrodeposition prevents it. In fact, the magnetic anisotropy related to pairs, which is not
generally taken into account in models for Nijgo_xFe,, appears to play a crucial role in these thin films.
Fitting of the experimental results to this model reveals that the local anisotropy generated by pairs can
be as high as 3.30 x 10° J m~>. This theoretical and experimental combined investigation highlights the
relevance of all these fundamental mechanisms for the understanding and tuning of magnetic materials.

1. Introduction

Control of magnetic anisotropy is a key issue when dealing with
magnetic materials, and in particular for thin films. While for
some applications perpendicular magnetic anisotropy (PMA) is
crucial to increase for example the magnetic storage capacity'
or to create spin textures such as skyrmions or stripe domains,®®
it might be considered a disadvantage for other applications
such as giant magnetoimpedance (GMI) sensors in which the
need for soft magnetic properties is crucial.'">"? Since optimum
performance of GMI sensors is obtained for a thickness of
around 1 pm, the insertion of layers is required to avoid the
formation of stripes once the thickness exceeds the critical value
for their formation, which is around 200 nm for sputtered
NigoFe,, layers' or even lower for materials with a higher PMA
such as FePt."® Generally, the presence of stripe domains can be
identified in the in-plane (IP) hysteresis loops, which exhibit

what it is known as the “transcritical shape”,"*™® characterized
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by a linear behaviour in the magnetization curve as the magnetic
saturated state is reached"*™ and an increase of coercivity in
comparison to thinner samples without stripes.'*

Ni;g0_xFe, alloys have been broadly studied due to their low
coercivity and large saturation magnetization (M) 0214171820
In sputtered NigoFe,, thin films, the appearance of stripe domains
has been previously reported when a certain critical thickness is
exceeded due to columnar growth.'®'* The possibility of avoiding
columnar growth through electrodeposition in continuous
mode by adding saccharine to the electrolyte has been reported.
This addition enables smooth and uniform deposition while
preventing columnar growth in NiCu and Nig,Fe,o alloys.”"*?
However, in our previous investigation of electrodeposited
NigoFe;o thin films grown from a saccharine-based electrolyte,
we have shown that when the electrolyte is not stirred, stripe
domains are formed for thicknesses above 0.8 pum.'” Moreover,
when the electrolyte is not stirred and stripes are promoted, the
critical thickness for their formation can be reduced if a
perpendicular magnetic field to the sample plane is applied
during growth."®

Here, we have systematically investigated the evolution of
the magnetic anisotropy in electrodeposited Ni,q,_,Fe, layers
obtained from a saccharine-based electrolyte in a composi-
tional range between 7 < x < 48 at% Fe. The effect of the
thickness and even of a perpendicular magnetic field applied

This journal is © The Royal Society of Chemistry 2024
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during growth has also been assessed. The interplay between
magnetocrystalline, magnetoelastic, magnetostatic and even
magnetic anisotropy from pairs plays a crucial role on the
evolution of the anisotropy of these (111) textured films.

2. Experimental section

Nijgo_xFe, layers were grown by electrodeposition on glass
substrates covered with a Ti/Au bilayer to increase electrical
conductivity. We have used a three-electrode cell with a platinum
mesh as a counter electrode and an Ag/AgCl (3 M NaCl) reference
electrode. A PalmSens EmStat3+Blue potentiostat was used to
perform the depositions at room temperature in non-rotating
substrates in a horizontal position. The electrolyte was not
magnetically stirred during growth. To deposit the samples, an
electric potential of —1.2 V was used. The electrolyte had a fixed
composition for H;BO; (0.4 M), NiSO,-6H,O (0.7 M) and sac-
charine (17 mM). To tune the Ni;o_,Fe, composition, the
concentration of FeSO,4-7H,0 ranged from 20 mM to 80 mM.

The growth time of Nijgo_xFe, was adjusted to reach the
expected thicknesses (¢) by means of Faraday’s law:

nkFd

C =
M atom

St (1)

where C is the electric charge measured in the cathode, 7 is the
number of electrons involved in the reduction reaction, F is
Faraday’s constant (96 485, 34 C mol '), d is the density of the
electrodeposited material, S is the area of the sample, and
Miom is the molecular mass. A set of calibration samples was
firstly deposited in which the layer thickness was measured
by atomic force microscopy (AFM). These samples were used
to adjust the formula of Faraday’s law to take into account
hydrogen evolution.

We have used X-ray diffractometry (XRD) in the Bragg-
Brentano configuration to study the structural properties.
Measurements were performed using D8 Bruker equipment
using the Cu K, wavelength (1 = 1.54056 A). The composition of
the alloys was measured by energy-dispersive X-ray spectroscopy
using JEOL JSM 7600F equipment at 15 kV. In-plane hysteresis
loops were measured using a homemade magneto-optical Kerr
effect (MOKE) setup in the longitudinal configuration, employing
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p-polarized light from a laser with a wavelength of 650 nm
operating at 10 kHz.

3. Experimental results

The IP hysteresis loops shown in Fig. 1a for Nig;Fe; layers with
thicknesses ranging from 600 nm to 1.4 um exhibit the transcri-
tical shape, consistent with our previous results on Nig,Fe;, films
where stripe domains are promoted when deposition is performed
under non-stirring conditions.”” MOKE hysteresis loops appear
reversed due to the inversion in Kerr signal promoted by Ni.**
However, IP hysteresis loops do not exhibit the transcritical shape
related to the presence of stripe domains even when the thickness
is as high as 1.4 um if the Fe content increases to 12 at% (Fig. 1b).

Upon comparing 1 pm thick layers with different composi-
tions, it is evident that the transcritical shape is not present
once the Fe content is equal to or higher than 12 at% (Fig. 2a).
In the NigoFe;, layers electrodeposited from a saccharine-based
electrolyte, we have previously reported that the formation of
stripe domains can be enhanced by applying an external
magnetic field perpendicular to the sample plane.'® However,
for NiggFe,, this procedure is not effective even when the layer
thickness is 1 pm (Fig. 2b).

To understand the evolution of the magnetic anisotropy in
these Ni;go_,Fe, alloys, XRD characterization was performed
(Fig. 3a). All the layers exhibit an fcc crystal structure as revealed
by the diffraction peaks present in all the patterns which is in
agreement with the fact that that this crystal structure is kept up
to an Fe content as high as ca. 90 at% in Niygo_.Fe, alloys.”® In
addition, all the studied thin films exhibit a (111) texture
regardless of the composition. Therefore, the evolution of the
magnetic anisotropy appears to be strongly dependent on the Fe
content that controls the formation of stripe domains in electro-
deposited Nijgo_Fe, films being not possible to achieve its
formation for compositions equal to or above 12 at%. We have
studied the correlation between Fe content and the coherent
domain size (D) by means of Scherrer’s formula:>*

v

D= !

FWHM cos 6 2)

where y is a dimensionless factor that depends on the experi-
mental technique and it is generally considered as 0.9, FWHM is
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(@) MOKE hysteresis loops for NigsFe; layers with different thicknesses: (

HoH (mT)

H) 600 nm, (@) 1 um, and (A) 1.4 pm. (b) MOKE hysteresis loops for

NiggFer, layers with different thicknesses: (@) 400 nm, (A) 600 nm, and (V¥) 1.4 um.
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(a) MOKE hysteresis loops for 1 pm thick Nijgg_xFe, layers with different Fe contents indicated in the label. (b) MOKE hysteresis loop for a 1 um

thick NiggFeso layer deposited under an applied magnetic field of 10 mT perpendicular to the sample plane.
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Fig. 3

(a) XRD diffraction patterns for different electrodeposited Nijgo_xFe, layers. Curves have been vertically shifted for clarity. * is used to indicate

peaks related to the Au layer. (b) Coherent domain size (D) inferred from Scherrer’s equation as a function of the Fe content.

the full width at half maximum obtained from the fit of the
diffraction peak, and 0 is the angle at which the diffraction peak is
centered. In this study, the diffraction peak related to the reflec-
tion (111) has been used to calculate D with eqn (2) in all cases. As
presented in Fig. 3b, the coherent domain size strongly decreases
with the Fe content indicating that the order inside the Ni matrix
is gradually reduced upon Fe introduction. This is the experi-
mental reason for introducing the magnetic anisotropy term
related to pairs in the theoretical model, as explained below.

4. Theoretical model

To explain the loss of domain stripes occurring around Fe 12
at%, we have developed a model based on the magnetic
anisotropies involved in these alloys. The sign of the total
anisotropy of the films is defined taking into account that the
magnetocrystalline anisotropy constant is typically defined as
K; < 0 when the magnetization lies along the (111) directions,
and K; > 0 for perpendicular directions (i.e. (100) direction).*
From MOKE loops we see that for compositions below Fe 12
at%, the anisotropy is negative, as the magnetization points in
the out-of-plane (OOP) direction, which is parallel to the (111)
direction in these textured films. On the other hand, for
compositions equal to or above Fe 12 at%, the anisotropy has
to be positive as the magnetization lies in the sample plane.

10106 | J Mater. Chem. C, 2024, 12,10104-10109

The total magnetic anisotropy, Kiota, Of the films is the sum
of the different anisotropies involved:

Kiotal = Kme t Kime T Kins T Kpairs

®)

where K. is the magnetocrystalline anisotropy, Ky, is the
magnetoelastic anisotropy, K is the magnetostatic anisotropy
and Kpairs is the anisotropy generated by pairs. Fig. 4a shows the
contribution of each magnetic anisotropy as a function of the
Fe content. It is worth noting that, while in magnetoelastic
materials, both magnetoelastic and magnetocrystalline aniso-
tropy might be expected to be the most significant, this figure
illustrates the contribution of all terms of anisotropy consid-
ered in this study for clarity.

K is determined by the values of anisotropy constant K; for
each composition of the Ni,q,_,Fe, alloy, with no consideration
of K, due to its low contribution to the anisotropy. We have
introduced in our calculation the data of K; for every composi-
tion reported by Cullity.*°

Kpe is calculated as:

3
Kme = zApcY

- @

where 4, is the magnetostriction of the polycrystalline Nijgo_y
Fe,, € is the microstrain and Y is the Young’s modulus. The
value of /, can be obtained as the average of random orienta-
tions of the grains, which depend on the magnetostriction

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 (a) Dependency of the different magnetic anisotropies with respect to Fe content (at%). The dashed line at Fe 12 at% indicates the change of sign

in Kiotal- (b) Excess magnetostriction (A7) obtained from the references (black)?® with its quadratic fit (dashed-red).

constants 4,90 and 4,44 for each composition. It is calculated as
Jp = (22100 + 3).111)/5.20 The microstrain is determined by
applying the Williamson-Hall method to the (111) XRD peak
as ¢ = FWHM/(4 tan 0).>* From the values of ¢ obtained at each
composition, we performed a linear fit in order to extrapolate
the values of ¢ to compositions for which we do not have data
(see ESIt). The Young’s modulus for each Ni;qo_,Fe, composi-
tion is obtained from the literature.>

Due to the shape of the samples, there is a significant
magnetostatic anisotropy leading the magnetization to lie in
the sample plane of the thin films. The magnetostatic aniso-
tropy for a film is calculated as:

1
K = iﬂoMsz (5)

where p, is the permeability of the vacuum and M is the
saturation magnetization, which is also obtained from the
literature for every Ni,o,_,Fe, composition.>°

In many metallic alloys, there is also a non-negligible con-
tribution to the magnetic anisotropy due to the formation of
pairs, denoted as Kpairs in this work. Chikazumi already reported
that in Nijoo_Fe, alloys featuring the Niz;Fe superlattice, the
anisotropy exhibits a decrease in its value®® that is attributed to
the ordered superlattice, while disordered configurations, where
Fe or Ni atoms are first neighbors, serve to enhance a local
uniaxial anisotropy along the direction of pair formation.?” For
other Fe-based alloys such as FeGa, Cullen et al. developed a
model to calculate the induced anisotropy by pairs, resulting in
5 x 107 J m® for Ga-pairs in the Fe matrix.”® This Cullen’s
model is based on the premise that the excess magnetostriction,
AJ, depends quadratically on the composition. In the studied
Nij_xFe, alloys, the addition of Fe to the Ni matrix results in a
reduction in coherence length as shown in the reduction of the
crystallite size with increasing Fe atomic content (Fig. 3b). The
introduction of Fe atoms diminishes this magnetic anisotropy
within the Ni matrix, resulting in a reduction of local uniaxial
anisotropy. By adapting the model initially formulated for Ga-
pairs by Cullen to Ni-pairs, we can effectively express the

This journal is © The Royal Society of Chemistry 2024

observed excess magnetostriction:

3

Al = (5) (p — Apni) (6)

/pni being the magnetostriction of the polycrystalline Ni. Fig. 4b
shows how A4/ fits the trend of a quadratic dependence with Ni
at% indicating that we can actually consider Cullen’s model to be
applicable to our Ni;o_,Fe, thin films. Then, the calculation of the
effective magnetic anisotropy generated by pairs is as follows:
204 2
Ko = = o)

where K is the local uniaxial anisotropy generated by pairs, C is the
Ni atomic content, a is the defect dimension (roughly twice the
unit cell unit) and 4, is the exchange stiffness constant. By using
the known values for Ni, such as a = 0.7 nm and 4, = 15 pf m™ ' we
can estimate the value of K that corresponds to the change in sign
in Kiora for Fe at 12 at% (Fig. 4a). The obtained fitted value is K =
3.30 x 10° ] m3, which is pretty close to FesPtgo, 7 x 10°J m32°
Therefore, the theoretical model proposed in this work that takes
into account the magnetocrystalline, magnetoelastic, magneto-
static and pair properties enables an understanding of the
evolution of the magnetic anisotropy experimentally observed in
Niy0_xFe, thin films electrodeposited from a saccharine-based
electrolyte in which columnar growth is prevented. In fact, at the
beginning of this study we also examined the potential role of
columnar growth as a source of OOP magnetic anisotropy. As
shown in the ESIL,{ accounting for this contribution shifts the
crossover point of the total magnetic anisotropy to a Fe content of
19 at%, which significantly differs from our experimental observa-
tions. Consequently, columnar growth is not included in our
theoretical model.

5. Conclusions

In conclusion, this study has provided valuable insights into
the evolution of the magnetic anisotropy in electrodeposited
Ni;g0_xFe, alloys across a range of Fe contents spanning from
7 to 48 at%. Regardless of the composition, all the layers are

J. Mater. Chem. C, 2024, 12,10104-10109 | 10107
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polycrystalline with a (111) texture. We have developed a
theoretical model for the magnetic anisotropy evolution that
accounts for the observed experimental results obtained in a
saccharine-based electrolyte in which columnar growth is
avoided. Our research underscores the complex interplay
between composition, crystalline structure, and different
sources of magnetic anisotropies as: magnetocrystalline, mag-
netoelastic, magnetostatic and from pairs. By elucidating these
relationships, we advance our understanding of the fundamen-
tal mechanisms governing magnetic behavior in thin films.
Due to the use of a saccharine-based electrolyte for the layer
growth, the contribution from columnar growth has not been
considered. Further research could explore the generalization
of the model to magnetic systems where this constraint does
not apply, such as in Ni;o,_,Fe, sputtered layers.'*'*
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