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Abstract: Our thin films are constituted by Permalloy nanoparticles the type: (NisiFe19)1x(Al20s)xand
Employing Radiofrequency Sputtering, they are deposited on Corning glass substrates in a dynamic
field along the hard axis of magnetization, the samples were subjected to a magnetic field applied
in their plane. We utilized the ranges of argon pressures of 4.10% and 60.10% (mbar). The rates of
AlLOs substitution are set at 24, 34 and 44% at. The measurements and damping coefficient deduced
from this adjustment align with the calculations of permeability spectra obtained from the Gilbert
Lifshitz Landau model. After this adjustment, the damping ratio values accord with the values from
the previous research. Similar to pressure, the damping coefficient increases linearly with pressure.
A linear relationship exists between the coefficient of depth and the Full Width at Half-Maximum
(FWHM) values of the imaginary part of the permeability dependent frequency. The actual fits were
done through the convolution of a Gaussian line width for the inhomogeneity term and a Lorentzian
line width for the TMS and a magnon-electron (m-e) terms. Based on broadband ferromagnetic
resonance measurements of the Permalloy films, the saturation magnetization field (47Ms) increase
as H, grew and remained close to the theoretical value. This work helps us understand to the
physical origin of the Gilbert damping in magnetic films and utilized in spintronic devices and the
sensors applications.

Keywords: frequency of resonance; permalloy nanoparticles; permeability; damping coefficient

1. Introduction

The Permalloy nanoparticles constitute a rich niche for the study of magnetic recording and
related properties. Currently, systems based on alloy matrix with nanoparticles of iron, cobalt or
nickel, deposited on metallic substrates, semiconductors, or insulators such as (NisiFe19)1-<(Al2Os)x are
widely investigated. Advancements in 5G communication, high-frequency electronics, and
miniaturized devices are driving the accessible for thin films with high saturation magnetization and
high permeability. Researchers and engineers are continually exploring and developing new
materials and fabrication techniques to meet these demands [1-3]. To put it briefly, The metal-
insulator granular films you're discussing consist of magnetic metals (Ni, Co,Fe, and their alloys),
non-magnetic elements ,and insulating element. M (non-magnetic elements) and X (insulating
elements) are combined to create the insulating matrix [4-8].These soft materials have a dynamic
permeability well described by a cyclotron model [9].In particular, the saturation magnetization and
anisotropy field are most influential parameters influencing the magnetic behavior of a material, and
they play a role in determining its resonance frequency in various applications [10,11]. The assemblies
of nanoparticles make it possible to acquire microwave properties which are directly proportional to
those of thin film and concentration [12] . The deposits were made by magnetron sputtering under
low pressure argon, which provide low anisotropy fields. The growth substrates are Corning glass,
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permitting detachment of ferromagnetic RF sputtering in a magnetic field employed in the plane of
samples. The study of magnetic properties of ferromagnetic deposits was performed before and after
peeling on samples that marked the two main axes corresponding to the parallel and perpendicular
directions of layer placement during deposition. Applying the permeability spectrum model,
gyromagnetism, of Gilbert type parameter is used to determine damping @,rr. Hysteresis loops
captured by vibrating the sample magnetometer (VSM) are employed for identifying the saturation
magnetization and anisotropy field. Measuring the permeability as a function of frequency is
performed by a disruption technique of microwave coil [13,14].The same measurement method can
be applied to a ferromagnetic tape on which a known tensile force is exerted [15].This phenomenon
was observed by Grove spraying in 1852 [16].The magnetic field is created by two Helmholtz coils
and is applied along to the hard axis magnetization. This measurement procedure was developed in
our laboratory[17].

2. The Dynamic Equation Landau-Lifshitz- Gilbert (LLG)

The Landau-Lifshitz equation is essential for explaining the dynamics of magnetization in
ferromagnetic materials, however for precise modeling of macro-spin dynamics, it is sometimes
combined with the Landau-Lifshitz-Gilbert equation [9] which was later reformulated by Gilbert [18]
as:

i—l\t/[ = —HoY(M X ﬁeff) + aMLZf (M X i—l\g

The effective field, magnetization, and damping coefficient are symbolized by the letters H, M,
a.rr,Consecutively. The Landé g-factor formula is the basis for calculating the gyromagnetic ratio,
which is pivotal in describing the behavior of charged particles with spin in a magnetic field [19] :
Y= %. It appears that your discussion is focused on the properties of films with in-plane uniaxial
anisotropy and the use of the macro-spin approximation to solve a specific equation (Eq. 1), The

following is how the formulas for ,u' and ,u” are determined [20-22]:

(H,fyn + 4nMy)(w? — w?) + agffwzH,fyn

W =1+ 4nMyy? )

d 2
(Wf = (1 +alpp)w?)? + (wyaesr(2H,”" + 4TMy))

(HP™ + 47'[Ms)2y2 + (1 + alrf)w?

l'l” = 4”Mswyaeff ©)

d 2
(W = (1 + a2 )w?)? + (wyaesr(2H," + 4TM))

where w, = 2nfpyr, The saturation magnetization and dynamic magnetic anisotropy field are

denoted by the letters 4mMg and H ;{i Y™ consecutively. Employing Equations (2) and (3) to adjust the
LLG, using permeability spectra to adjust parameters to reduce the difference between theory and
experiment.

3. Materials and Methods

The composites samples (Py)ix (Al2Os)x were elaborated from different targets with different
surface concentration in (Py) (24%, 34% and 44%). These samples were grown on Corning Glass
substrate using a radiofrequency sputtering apparatus (f = 13.56 MHz), of the type LEYBOLD AG
Z400. These films were deposited on 9 mm square glass substrates. During deposition, the substrates
were placed on the anode, between two magnets creating a magnetic field of 300 Oe to elicit a
direction of easy magnetization in the material. For each target, the samples were deposited using a
wide range of argon pressures, ranging from 1.9.10- (mbar) to 6.102 (mbar). The film thicknesses for
all samples were around 300 nm. Magnetization loops can provide insights into various magnetic
properties, including saturation magnetization and coercive field. According to the statement, the
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sample permeability spectra were obtained at a wide frequency range (250 MHz to 10 GHz) by
utilizing a method that involved shorted micro-strip transmission line perturbation [23].

4. Results

Vibration sample magnetometer (VSM) is a common and effective approach in materials science
and physics, where static magnetic properties of samples can be characterized through magnetic
hysteresis loop measurements at room temperature [24-28]. A Figure 1 describes magnetic hysteresis
loops (M — H loops) of certain samples. The information you provided indicates that the loops were
measured within a magnetic field range between -10 and 10 (kOe).The magnetic properties being
studied can be influenced by pressure as the observed uniaxial magnetic anisotropy in Figures 1.a
and 1.b becomes more prominent at P =10.10-2 (mbar).Plotting static parameters from hysteresis loops
is depicted in Fig (3-a),Some static parameters from the hysteresis loops are plotted in Fig.3.a, They
take care of coercivity for the easy axis (H.) and the hard axis (H), Static anisotropy field (H,) is
the anisotropy field derived from static measurements. Along the hard and easy axes, the difference
in magnetic fields crucial for saturation magnetization is characterized as the anisotropy field
H3',and it is presented to quantitatively explain the change of magnetic anisotropy, respectively

H itat =H g‘ft +H Egt [29-31]and is deduced from the HA the rotational-like magnetization
curve's incline[32,33]. The hysteresis loops along the (Py)1x(Al20s)x thin film's easy and hard axes are
visible in Figs. 1.a and 1.b. In deposition, the easy axis direction is the direction of the magnetic field,
whereas the hard axis is within the sample plane but perpendicular to the easy axis[34]. Magnetic
anisotropy is illustrated by a slanted loop in the hard axis and an exchange bias by a loop shift in the

easy axis on the magnetization curve [21,34,35] . The hysteresis loop permits the extraction of the

static magnetic anisotropy H itat [21,35].
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Figure 1. represents M/Ms — H loop parts measured within -10 to 10 Oe field range, parallel to easy
and hard axis at Permalloy (Py)1-x(Al2Os)x, under different pressures.

In the microwave frequencies range 250 MHz - 1 GHz, the permeability spectra didn’t present
the resonance at all argon pressures with concentration of 24%. Figure 2.a,2.b shows a similar
comparison between experimental and theoretical spectra, illustrating that an increase in pressure
leads to a reduction in measured permeability levels simultaneously. In Figure 2.c,2.d, the diagrams
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show that the theoretical results align with the experimental ones. We found that the real part of
permeability increases with low pressure, reching a maximum of 700 (emu) at P, =4.103 (mbar). It

suggests that the variation of permeability with argon pressure (P,;) present a good resonance
frequency at low pressure. There is a sign change observed for the real part when the imaginary part
reaches its maximum. In this study, we have demonstrated the ability to adjust the resonance
frequency in the band 250 MHz - 1 GHz for the deposited thin films. These highly soft ferromagnetic
layers (coercive field H, < 0.5(0e)) are particularly interesting for microwave applications due to
their adjustable resonance frequency. The reduction in argon pressure observed in the microwave
(Figure 2.¢,2.d), is caused by augmentation the strength of the anisotropy field coupled with the
demagnetization effects. This was accompanied by different magnetic loss spreading. As shown in

Figure (2.e,2.f), the measured and simulated values of the imaginary part JTRR: permeability were
close across the frequency band 250 MHz - 1 GHz for a concentration of 44%.

The amplitude loss /4" and the position of the resonance frequency are affected by the damping
factor spectra and the width of resonance. Both the initial permeability and the resonance frequency
diminish with increasing pressure, Our results are sufficient when compared to Samuel Queste's
[17]. When the pressure exceeds the value 17.103 (mbar), the resonance frequency is canceled, and

the dissipative parameter ~ Qgff is inferior than 0.088. The lower absorption resonance [T

important and has a narrow linewidth .These curves show a significant expansion of the of magnetic
loss area for low field values [36] . The damping coefficient values obtained from theoretical
simulations using GLL equation with experimental results are determined. The reduction in pressure
is a good way to get a very small coefficient deeply. The resonance frequency appears when the
damping coefficient ranges between 0.032 and 0.0885. The LLG model may be used to accurately fit
all of these permeability spectra, as shown in Figures. (2.c-2. d-2.e-2.f), which means that the natural
resonances occur within these frequency ranges. The measured pressure range spanned from 1.9.10-
3 (mbar) up to 60.10- (mbar). As the pressure increases, the permeability spectrum noticeably moves
towards a lower frequency, as shown in Figures 3 and 4. Permalloy's trend can be compared to certain
more magnetic materials that were earlier investigated by our and other research groups
examined[17,24,37].

The influence of pressure and saturation magnetizations of different concentrations seems high,
as illustrated in Figure 3.b. We observe a similar behavior in the variation of the saturation
magnetization for the three rates. The magnetization decreases as pressure increases. The best
Permalloy deposit is below the pressure 17.10-% (mbar) , containing high magnetization. Possibly due
to variations in the Al20s concentration gradient, the easy axis was perpendicular to the employed
external magnetic field when the P, flow rates were equal to or less than 17.10%(mbar). The
damping factor, being too low, leads to a slightly damped precession around the new equilibrium
position; It is commonly recognized that the primary cause of the decrease in magnetization
saturation with pressure. Furthermore, Figure (3.a) displays the Hg‘® and coercivity (Hc) values that
were attained from the VSM measurement results.

It is widely recognized that Hc is dependent on the magnetization process's reversal modes as
well as magnetic anisotropy. But just like in our situation, the coercivity essentially stayed the same
while the magnetic anisotropy depicted in Figure (3.a) altered dramatically. While H{™"' and Hf{lyn
both rise with pressure, Hﬂyn value was greater than Hy'™". This difference, which has also been
noted in many other magnetic thin films, can be explained by rotatable magnetic anisotropy [6,38,39]
. Rotatable magnetic anisotropy is consistently aligned in both direction and magnetization.
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Figure 2. (a-b-c-d-e-f)
frequency for various concentrations 24%,34%,44% and pressures at room temperature and constant
thickness.

illustrates that theoretical and experimental permeability changes with

Asshowninthe M — H loops, when the magnetization is reversed, the anisotropy direction also
changes correspondingly[40,41] . The permeability spectra reveal that rotatable magnetic anisotropy
exists because there is insufficient tiny stimulated magnetic field to reverse the magnetization, which
changes directions at microwave frequencies[42—44]. It is possible to conceptualize this anisotropy as
having an energy minimum parallel to a direction of FM magnetization [43], brought about by the
existence of ripples or local disorder[45]. The magnetic hysteresis loops of (Py)ix(Al2Os)x granular
film formed at different Argon pressures are displayed in Figure 3.a. The easy axis direction
coercivities (H,.) of the nanoparticle that was placed at 1.9.10 mbar, 4.103 mbar and 60.10° mbar, got
the values 3.58 Oe, 9.31 Oe and 42.93 Oe, successively, show that (H,) increases as Argon pressure
rises. Notably, coercivity also augmented in the hard axis direction (H.y). The outcomes demonstrate
that greater Argon pressure can produce higher (H.). Low Argon pressure films have a specific
pressure present, which contributes to their favorable soft magnetic characteristics[46] . The rise in
coercivity and anisotropy field fluctuation may be explained by the exchange coupling model[47],
which also successfully describes the soft magnetic characteristics of granular films, nano-crystalline
materials, and amorphous films.
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Figure 3. a. Dependencies between the static and dynamic anisotropy (Hg**, H,?y ™and coercivities
(Hge ; Hep) of the various samples deposited at varying sputtering gas pressures.(b) Magnetization
dependencies of the various samples deposited at varying pressures of the sputtering gas.

Using the previously indicated parameters, formulae (2)—(3) are used to fit the computed real
and imaginary permeability spectra, which are indicated in figures 2.c, 2.d, 2.e, and 2.f. At argon
pressures ranging from 1.9.10° (mbar) to 60.10° (mbar), the Gilbert dampings that fit are roughly
0.032 and 0.0885 for (Py)ix(Al2Os)x films. Several sources of damping, such as spin-orbit
interactions, magnon interactions, and the spin pumping effect, are identified by the
phenomenological quantity known as damping [48-51]. Our magnetic permeability spectra still
exhibit a high degree of Gilbert damping, or it can be integrated into Gilbert damping, as
demonstrated by the good fit with Eqs (2)—(3) [48].

One would move away from the ideal magnetic characteristics if the pressure in these granular
layers were reduced. This offers a plausible explanation for the marginal rise in H,, observed in
Figure 4.a,4.b as the pressure of argon is gradually increased. In most cases, lowest ot occurs when
the optimal static soft magnetic properties are found. Here, the high value of a clearly surpasses the
thin film normal range [50] ,demonstrating extrinsic damping effects, such as the inhomogeneity [52]
and even the spin-wave contributions [53]. Nevertheless, there is ongoing debate regarding the
precise source of these extrinsic damping contributions. The soft magnetic thin films have been the
focus of lengthy discussions on various damping mechanisms [18,49,54-57].The phenomenological
LLG equation is actually unable to adequately characterize few extrinsic contributions, especially
Arias-Mill's TMS [49,50,56,58]. Fig. 4.a illustrates how the effective damping factor a.rrand
frequency linewidth Af change with argon pressure. It is discovered that and are both insensitive
to changes in pressure and that Par slightly increases as pressure increases (a.fsincreasing from 0.03
to 0.0885 and from 1.27 to 1.49), nearly meeting the requirement that each component be
independently adjusted by changing pressure over a wide frequency range. The following formula
can be used to get the frequency linewidth Af [38,42] :

d
. ya’eff(ZHkyn + 47TM5) o
2

Determining linewidth from experimental data using Lorentzian fits. Af and a.s; exhibit

Af

a

comparable increasing tendencies and compare them with the declining tendency of (y;").
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Figure 4. (a) Line-width and the damping of the 34% and (b) the damping as a function of Argon
pressure respectively for various studied compositions.

From Figure 5-a, we deduced that the frequency never appear at the charge rate 24% ,
regardless of the pressure. In contrast, in the cases of 34 and 44% , the frequency increases with
concentration : which indicates the existence of a resonance frequency. Figure 5.a illustrates how the
actual component of permeability rises (from 60 to 800). Correspondingly, the resonance frequency
decreases (from 934 to 517MHz) with argon pressure. We note that the resonance frequency at 44%
is higher than that at 34% , indicating a good quality of our samples. The (fzyz) theory and (f;,,)
align with the experimental (fryz) in the pressure range between 1.9.10° (mbar) and 60.10 (mbar).
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Figure 5. a): Frequency dependence on the gas pressure spraying (argon).(b)relationship among the
gas pressure spraying (argon) and the real part of the permeability.

Figure 6.a and 6.b illustrate the increase in Line-width Af and d amping as pressure increases for
thin-films manufactured at different argon pressures, demonstrating remarkable tenability.

Accordingly, the imaginary permeability increases under pressure till saturation. The damping
value is lowest when the softest magnetic characteristics are found, as indicated by the damping
change tendency being almost equal to that of (H().It is evident that when the gas Argon pressure
rises, the damping increases significantly. It seems generally that the situation with the best static soft
magnetic characteristics yields the lowest Damping. The investigation indicates inversely scaling of

d0i:10.20944/preprints202412.1900.v1
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the inherent Gilbert damping a [59-61]with varied pressures, where the supplied argon pressure
ranges from 4.103 to 60.10°® mbar. As a phenomenological characteristic, damping suggests many
types of physical sources, such as interactions between magnons and spin-orbit interactions [49,56] .
An explanation of how pressure impacts the static soft magnetic properties in response to thin-film
stress has been published [62-65]. By identifying the peak point during the permeability spectrum
experiment, able to approximate the FMR frequency; however, this method is not precise when
dealing with broad frequency line-width. Therefore, The fitting curves in Figure (2.c,2.f) are
implemented for identifying the FMR frequency (femr) for increased precision.

Figure 6.c illustrates how the FMR frequency and frequency line-width change with pressure.
Specifically, the following method can be used to obtain (fzyr) using Kittel's equation[66]:

Y d d
frmr = %\/(Hky” + 4nMs)H”"

According to Kittel's equation [67-75], this increase in magnetic anisotropy induce to rise in the
ferromagnetic resonance frequency, which is coherent with the outcome seen in Figure 6.c. According
to the illustration, the increasing tendencies of fryr, fLor, and Af are similar to each other, while
ey is increasing tendency is illustrated in Figure 6.a,6.b. Hg>", Damping, fryr, and frequency line-
width are among the fitting parameters that are illustrates in Figures 6.a and 6.b, consecutively. in
contrast to the comparable anisotropy dynamic values H ,f 7" which were marginally greater and had
a similar tendency to the anisotropy static Hg'* depicted in Figure 5.a. The variations between them
were attributed to the influence of magnetic ripple fields [76] and was documented in numerous
academic publications[77-80].
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Figure 6. : Dependence of Line-width, frequency and the damping as a function of the gas pressure
spraying (Argon) at different concentrations 34% (a) and 44% (b), respectively, and (c) Evolution
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of the resonance frequency depending on the resonance field of Py-Al2Os for various Pressures in Plan
0=0° and 6=90°.

5. Conclusions

The permeability spectra obtained from the Gilbert model and considering a dynamic field along
the axis of hard magnetization, were compared with those obtained experimentally, which were in a
good agreement. The resonance frequency and the permeability in the same method varied
depending on the argon pressure. An increase in pressure caused the effective field to rise, resulting

in a larger permeability. When the dissipative parameter @eff was smaller, the resonance

absorption was important, resulting in narrow linewidth . However, measurements in the frequency
domain have been shown to offere better guarantees of validity.
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