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Magnetism in Solids
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Abstract—In this work, we investigated the ferromagnetic resonance spectra of metal/carbon composite coatings. FeC
and NiC coatings were synthesized by electroless deposition using polysaccharide arabinogalactan. An analysis of the
angular dependences of the resonance field showed that the coatings consist of three magnetic phases separated by a

nonmagnetic phase of carbon.

Index Terms—Magnetism in solids, electroless deposition, magnetic coatings, ferromagnetic resonance.

I. INTRODUCTION

A considerable interest in metal cover based on transition metals,
for example, to absorb spread spectrum microwave radiation [Saib
2006, Wen 2006, Meng 2009, Liu 2010], stimulates development
and research on not only new alloys but also the modernization of
synthetic methods that already exist. Among the existing methods
[Feng 2008, Vazquez 2009, Lv 2010, Moradi 2010, Brosseau 2011],
electroless deposition is the simplest and most economical method for
synthesizing metal coatings. Also, the advantages of this technique
are the quality of the coating, physical and mechanical properties,
and corrosion resistance [Agarwala 2003, Sudagar 2013]. The use of
classical reducing agents [Domenech 2003, Cheong 2004, Yaroslavt-
sev 2014, Vazhenina 2017, Iskhakov 2020] has been accompanied by
toxic chemical reagents, and therefore, an important line of research
is the search for environmentally friendly reducing agents. The use
of green chemistry approaches is promising, i.e., the use of plant
extracts in the synthesis of nanomaterials. In this work, as a reducing
agent, we used the polysaccharide arabinogalactan [Gasilova 2013,
Komogortsev 2021], isolated from larch to prepare ferromagnetic
metal coatings.

The proposed changes of chemical agent have influence on chemical
features, structure, and magnetic properties of obtained coatings. To
carry out an integrated study of both structure and magnetic features,
the ferromagnetic resonance (FMR) method, which is the most infor-
mative and simple to analyze, was chosen.

In view of the above, the aim of this work was the preparation and
study of chemical and magnetic structure of composite coatings based
on Fe-C and Ni-C obtained by electroless deposition.

II. MATERIALS AND METHODS

A. Sample Preparation

Ferromagnetic coatings were synthesized by electroless deposition
using arabinogalactan. Deposition of Fe-C coatings was carried out
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from an aqueous solution of the following composition: iron sulfate—30
¢/1, sodium citrate—50 g/l, EDTA-Na2-20 g/, arabinogalactan—10 g/1,
NH,OH to reach 11 pH. Deposition of Ni-C coatings was carried
out from an aqueous solution of the following composition: nickel
sulfate—10 g/1, sodium citrate—10 g/1, arabinogalactan—10 g/l, NH,OH
to reach 11 pH. The temperature of the solution was maintained with
a thermostat at 85 °C.

The substrate was Cu foil, which was located into Al contact during
the deposition process. The decomposition of arabinogalactan in an
alkaline solution during the preparation of coatings was investigated
according to the data obtained. With an increase in the duration of the
process, the value of the average molecular weight decreases, and the
curves of the molecular weight distribution shift to the low molecular
weight region. We assume that during the process, alkaline hydrol-
ysis of arabinogalactan molecules occurs. The thickness of coatings
is 1 pm.

B. Structure and Elemental Composition

The coatings studied in this work are metal/carbon composites in
which the metal phase is distributed in a carbon matrix. Elemental
analysis performed by EDX spectroscopy showed that the coating
contains ~ 20% carbon.

Fig. 1 shows X-ray diffraction patterns of samples: Ni-C and
Fe-C coatings. The X-ray diffraction patterns contain both reflections
corresponding to ferromagnetic metals and reflections corresponding
to a copper substrate. Along with reflections from metal planes, low-
intensity reflections were recorded at 2® = 27°. This reflection is due
to reflections from closely packed planes of the graphite phase. This
indicates that carbon is deposited in the form of graphite.

The photoelectron spectra (see Fig. 2) were recorded with a SPECS
spectrometer equipped with a PHOIBOS 150 MCD9 hemispherical
energy analyzer using monochromatic Al Ko radiation of the dual
anode X-ray tube at the analyzer transmission energy of 20 eV for the
survey spectraor 10 eV for narrow scans. Typical assignment of carbon
lines with increasing bond energy is aliphatic carbon (285-285.5 eV),
alcohol and ether groups (286-287 eV), ketone groups (287-288 eV),
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Fig. 1. X-ray diffraction patterns.
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Fig.2. X-ray photoelectron spectrum of Fe-C coating.

and carboxyl groups (289-290 eV), depending on protonation and
bonds with the metal of the substrate. Oxygen lines of about 530 eV
are O~ in oxides, metal hydroxides, oxygen in functional groups of
organic matter, and adsorbed water.

C. Ferromagnetic Resonance

The microwave spectra of the films were obtained on the equipment
of the Krasnoyarsk Regional Center of Research Equipment of Federal
Research Center, Krasnoyarsk Science Center, Siberian Branch of the
Russian Academy of Sciences (spectrometer ELEXSYS E580, Bruker,
Germany). The microwave spectra were measured at room temperature
in the X-band (resonator pumping frequency f= 9.2 GHz); the sample
was placed in the antinode of an alternating magnetic field 4. of a
cavity resonator. The measurements were carried out both when the

Fig.3. Experiment geometry.

direction of the constant magnetic field H was changed in the film
plane (along the angle @) and in the plane parallel to the normal to
the film (along the angle 0 ) (see Fig. 3).

The microwave absorption curves, which have a complex shape,
were decomposed into components using the differentiated Lorentz
function, the choice of which took into account the absence of the
contribution of the electrical component (due to the design of the
resonator and the size of the sample).

The general expression of the FMR resonance frequency w0 in the
spherical coordinate system [Smit 1955, Suhl 1955, Artman 1957] in
terms of the total energy of the magnetic system E, taking into account
the Landau-Lifshitz equation for the motion of the magnetization M,
given by the polar 6 and azimuthal ¢ angles, can be represented as

1/2
y | 9E 9E 026 \*1"”
o=t )
Msinf | 902 d¢ 900¢
where y = 1.758-107 Hz/Oe—gyromagnetic ratio.

The equilibrium position of the magnetization vector is determined
by the following relation:

JE _JE
dp 00

and the free energy density

@

E= —M-H{[sin(9)-sin(0y)-cos (¢ — ¢y) + cos (0) - cos (Oy)]
+ % [sin* () - sin* (2 - @) + sin” (26)]
Ky 5 -2 22
+ 6 sin” (26) - sin“ (0) - sin” (2¢)

+ [27‘[M2 + K,,] -cos? () + K, - sin? (8) - sin® (¢ — @) (3)

where 6 and ¢y are the polar and azimuthal angle of the external con-
stant bias field H; K, and K, are the first and second cubic anisotropy
constants; K, is the constant of perpendicular uniaxial anisotropy; K,
is the constant of uniaxial anisotropy in a plane acting at an angle ¢,.

The value of the resonant field H, of the uniform mode for an
arbitrary direction of the external magnetic field can be found by
numerically solving the system of equations (1)—(3). Extreme cases
for a magnetically isotropic sample in the form of an infinitely thin
disk were obtained by [Kittel 1948]

wo

— = (Hy —4nM) (at@ =6y =0°)
14

wo 2
(7) =H0 (H0+47TM)
14

(ath =6y =90°)  (4)
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Fig. 4. (a) Ni-C coating spectra measured in the in-plane orientation
in the full angular range (0 < ¢y < 180; the curves with different colors
correspond to different angles of the applied magnetic field)/. The in-
set shows the experimental spectrum at ¢y = 0° and its fitting curve.
(b) Example of a spectrum of an Fe-C coating (the field is applied
along the plane, ¢y = 0° and 6y = 90°) and its decomposition into
components.
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Fig.5. In-plane polar plot of Ni-C coating.

where M is the saturation magnetization.

Ill. RESULTS AND DISCUSSION

The synthesized coatings were investigated by the FMR method.
The in-plane and out-of-plane angular dependences of resonance were
investigated. Examples of FMR spectra are shown in Fig. 4.

The resonance absorption curves of the Ni-C coating [see Fig. 4(a)]
have enough symmetric form, and each curve was considered as one
mode characterized by resonance field H. The angular dependence of
the FMR resonance field measured in the in-plane orientation of the
Ni-C coating is shown in Fig. 5. The magenta line in the graph shows
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Fig.6. In-plane polar plot of Fe-C coating.

the resonant field of an isotropic nickel film. As can be seen, the coating
is rather anisotropic in the plane; the resonance field value varies from
~120to ~150kA/m. There are two axes of hard magnetization, located
at an angle of 80° relative to each other. M can be found by (4) at
O = 90°, and its value is about 0.09 T.

The microwave spectra of the Fe-C coating have a complex shape,
which cannot be compared with only one Lorentz function. The
smallest number of Lorentz functions, the addition of which led to
small deviations (no more than 5%) of the fitting curve from the
experimental one, was three. Also, when choosing the number of
individual functions involved in the fitting, we took into account that
the parameters determined by the FMR method are integral. Based on
this, the values of the estimated values have a qualitative character.
Thus, the difference between the shape of the curve and the Lorentz
function indicates the heterogeneity of the distribution of magnetic
parameters over the coating volume. Each experimental curve was
decomposed into three modes [see Fig. 4(b)].

The angular dependences of the resonance field of individual modes
shown in Fig. 6 indicate that the Fe-C coating is magnetically isotropic
inthe plane. Therefore, the angular dependences of the resonance were
measured in the out-of-plane orientation (see Fig. 7).

The measured resonance absorption curves have an asymmetric,
non-Lorentzian shape; for their analysis, each spectrum was decom-
posed into three components using the Lorentz function [see Fig. 4(b)].
Fig. 7 shows the out-of-plane angular dependences of the resonance
field, resonance line width, and intensity for three absorption lines.
As the angle between the applied field and the film plane increases,
the resonance field and the resonance line width increase while the
intensity of resonance absorption decreases.

The presence of three resonance absorption lines tells us about the
existence of three magnetic phases separated in space.

The united solution of (1)—(3) allowed us to define the value of the
resonance field of each individual mode in the full range of 8. The
value of perpendicular anisotropy field H,, = 2K, /M was a variable
parameter. M was calculated from spectra in parallel geometry by (4).
K, and K; are equal to zero due to the film, which is nanocrystalline.
According to data in-plane measuring, K,, is equal to zero. The fitting
result is the numeric value H,,, the accuracy of definition of which
is about ~5 kA/m. Fig. 8 shows the angular dependences of the
FMR resonance field of three magnetic phases, as well as fitting
curves.
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Fig. 7. (a) Out-of-plane angular dependences of the resonance field
Hy, (b) resonance linewidth AH, and (c) intensity for Fe-C coating.

TABLE 1. Magnetic parameters of Fe-C obtained from fitting.
M, T Han, kA/m
1** magnetic phase (140+7)-107 1206
2" magnetic phase (90+4.5)-107 120+6
3" magnetic phase (80+4)-10° -63+3

Table 1 shows the results of fitting the angular dependences of
the three magnetic phases. The first magnetic phase with parameters
M =~ 0.14 T and H,, &~ 120 kA/m corresponds to metallic Fe. A
high positive value of the anisotropy field indicates that the easy axis
of anisotropy is directly perpendicular to the plane of the film, i.e.,
predominantly perpendicular crystallite growth takes place. Such a
coating formation was previously observed in electron microscopic
images in films synthesized with arabinogalactan [Stolyar 2020].

The second magnetic phase with the parameters M ~ 0.09 T and
H,, ~ 120 kA/m apparently corresponds to the metal phase with a re-
duced magnetization—the Fe-C solid solution, with the same crystallite
orientation.

The third magnetic phase with the parameters M ~ 0.08 T and
H,, = —63 kA/m corresponds to iron oxide with crystallites oriented
along the film plane.
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Fig. 8. Fitting curves for every magnetic phase (dashed line) and
the angular dependences of the experimental resonance fields of
FMR curves (rhombus, sphere, and triangle). (a) First magnetic phase.
(b) Second magnetic phase. (c) Third magnetic phase.

Thus, composite coatings consist of three magnetic phases separated
by a nonmagnetic carbon layer.

V. CONCLUSION

The analysis of study results were carried out by FMR; the X-ray
photoelectron method demonstrates that chosen synthesis method
allows us to produce composite coating 3-D metal-carbon. Carbon
exists in the form of graphite. Obtained coatings are composites in
which the heterogeneous structure was found. The study demonstrates
that the magnetic parameters of the coating (the type and magnitude
of anisotropy, the presence or absence of areas with their own sets
of magnetic characteristics) depend on the alloy. Thus, in-plane mea-
surements by the FMR method allow us to define the presence of the
biaxial anisotropy in the plane for Ni-C coating. At the same time,
the Ni-C coating has a fairly uniform magnetization distribution over
the thickness, the effective value of which is about 0.09 T. The results
obtained by FMR for Fe-C coatings demonstrate the presence of three
magnetic phases, each of which has its own value of effective mag-
netization and anisotropy. The angular dependences of the resonance
field measured both in-plane and out-of-plane of the sample show the
presence of only perpendicular magnetic anisotropy for each magnetic
phase. It is possible that the difference in the type of anisotropy and
the formation of regions having inhomogeneous magnetic parameters
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is caused by the predominantly columnar growth of crystallites during
the procedure, i.e., the texture of the coating. A more detailed study of
the latter assumption will be the direction of our next research.
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