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Abstract—A comparative study of the magnetic properties of arrays of Co—Ni rods with different composition gradients
(smooth or step-like) along the rod axes was carried out. Ordered arrays of Co—Ni nanorods with diameters up to 400 nm
and 8 um length were prepared by electroless plating into a porous nuclear-track-etched polycarbonate membrane. The
gradient in Co and Ni composition was confirmed by energy-dispersive X-ray analysis. The variation of Co—Ni contents
along the long axis of the rods correlates with the gradient of the magnetization within the rod. Magnetization reversal was
studied by analyzing the angular dependence of coercivity and using micromagnetic simulations. For both types of gradient
rods, reversal occurs by curling. The local magnetic anisotropy field of rods with a step-type gradient is significantly higher

than that for rods with a smooth gradient.

Index Terms—Nanomagnetics, rods with gradients of composition, electroless deposition, coercivity, magnetic anisotropy.

I. INTRODUCTION

Structural and functional gradient materials, characterized by com-
positional or microstructural gradation along coordinate axes, make
up a new class of advanced materials [Sudakar 2007]. Functionally
graded materials (FGMs) are distinguished from isotropic materials
by gradients of composition, phase distributions, porosity, texture,
grain size, etc. Now FGMs are some of the most promising materials
for microwave applications, for producing highly sensitive sensors,
effective catalysts, for magnetic recording [Li 2008]. Nowadays,
many researchers regard magnetization-graded ferromagnetic materi-
als as magnetic counterparts of compositionally doped semiconductors
[Mantese 2005].

Applied properties, such as coercivity and magnetic anisotropy, can
be tailored by varying the shape, structure, and spatial distribution
of magnetic functional units [Mendez 2017, Komogortsev 2019].
So, different types of geometrical and compositional modulations of
magnetic nanowires (NWs) can be used to control functional magnetic
characteristics for the fabrication of spintronic, magnetic data storage,
and sensing devices [Parkin 2008, Darques 2009, Rial 2020]. To con-
trol the magnetization processes, NWs with modulations in diameter
or material composition are being studied [Bran 2016, Wang 2018].
Magnetic multisegmented NWs or wires with step-like composition
gradient are the focus of numerous works [Parkin 2008, Pereira 2015,
Bran 2017, Garcia 2018, Wang 2019, Rial 2020]. However, a limited
number of works have been reported on magnetic properties of NWs
with smooth composition gradient [Zeng 2014, Aslam 2020].
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The major applications of magnetic nanomaterials require an under-
standing of the magnetization reversal mechanisms. It is known that
the different magnetization reversal mechanisms manifest a different
angular dependence of the hysteresis loop [Han 2003, Tang 2006]. The
reversal mode, and thus the nature of the domain wall, is determined
by the wires’ material and by the diameter and aspect ratio. Moreover,
arrays of NWs have different magnetic properties than individual NWs.
An array of NWs is characterized by an effective anisotropy. Both the
shape anisotropy and magnetocrystalline anisotropy of individual NWs
and the dipole—dipole interaction in the array contribute to the effective
anisotropy of the array. The gradient distribution of magnetic Co and
Ni elements along the NWs governs the structure of the NWs, which
finally affect the magnetic properties [ Yang 2016].

In this letter, we demonstrate the possibility to control functional
magnetic characteristics of rods by means of composition architecture
(smooth or step-like gradient). Here, we focused on static magnetic
properties of Co—Ni rods with composition gradient. In this work, we
have synthesized Co—Ni rods with large diameters up to 400 nm and
lengths around 8 pm. The study of the magnetization reversal processes
was performed by analyzing the angular dependence of coercivity and
using micromagnetic simulations. Among the most important material
characteristics are the values of anisotropy and saturation field. Mag-
netic anisotropy of composition-modulated materials in comparison
with that for homogeneity in composition samples is the subject of
this letter.

II. EXPERIMENTAL

The segmented Co—Ni rods (step-like composition gradient), Co—Ni
alloy rods, and Co-Ni rods with gradient Ni content along the rod
axis (smooth composition gradient) have been prepared by electroless
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plating of ferromagnetic metals into linear pores of nuclear track etched
polycarbonate (PCTE) membrane with pore diameters 0.4 pm. One
side of the membrane was coated by a thin layer of thermal-sputtered
cooper. During deposition, the cooper layer was placed in contact
with an aluminum foil to create an electrochemical potential [Ruscior
1971], and thus promote metal deposition into the pores of the PCTE
membrane along the pore axis. It is known [Fert 1999] that Co and
Ni have similar deposition potentials, so it is possible to carry out
the co-deposition of Co and Ni from a single solution by electroless
plating. The plating bath was comprised of source metal ion (CoSO,
10 g/) or (NiSO,4 15 g/l), complexing agent (Naz;CeHsO; 90 g/l),
pH stabilizer [(NHy4),SO, buffer solution 40 g/1], and reducing agent
(NaPO,H; 90 g/l). The pH value was adjusted by adding NH,OH
solution. The rods with gradient Co and Ni content along the rod axis
were fabricated by gradually changing the pH value from 9 to 7 during
the deposition process. The duration of depositions was 1 h. In the
case of rods with the step-like composition gradient, samples were
grown into PCTE membrane pores by electroless deposition using
two different electrolytes: CoSO4 (10 g/l) + Na;CeHsO; (90 g/l)
+ (NH4),SO4 (40 g/1) + NaPO,H, (90 g/1) and (NiSO, 15 g/1) +
Na3C¢HsO7 (90 g/1) + (NH4),SO, (40 g/1) + NaPO,H, (90 g/1). Both
segments were deposited at a constant pH (8.5) for different periods
of time, 35 min for Ni and 25 min, respectively, for Co segments.
The temperature of the solution was maintained with a thermostat
at 85 °C. It should be noted that a definite phosphorus admixture is
always present in the resulting metal deposits because the reduction of
hypophosphite to elemental phosphorus always occurs simultaneously
with metal reduction.

The morphological characteristics and the elemental composition
of the investigated materials were studied by scanning electron mi-
croscopy (S5500 and TM3000 Hitachi) and energy dispersive X-ray
microanalysis (EDX). The crystalline structure of the rods was de-
termined using a DRON-4 X-ray diffractometer operating with Cu
K, radiation. The magnetic hysteresis loops were measured using a
vibrating sample magnetometer (VSM 8604 Lake Shore Cryotronics).

[ll. RESULTS AND DISCUSSION

A. Microstructural and Magnetic Characterization

Arrays of Co—Nirods with diameters of ~400 nm, distances between
rods varied in range from 0.2—1 pm, and aspect ratios (length/diameter)
10-20 were successfully obtained by electroless deposition inside
linear pores of PCTE membranes. Scanning electron micrographs of
the Co-Ni rods are shown in Fig. 1. The average length of rods is
8 um. The EDX analysis data confirm the composition modulation in
produced samples [see Fig. 1(c) and (d)]. For gradient rods, Co content
changes practically linearly along the rod axis from 35 at % to 75 at
%. According to the X-ray diffraction data, the Ni and Co alloys for
the rods of all type (with even element distribution and gradient Ni
content) were crystalline with an fcc structure.

To obtain data about macroscopic magnetic anisotropy of synthe-
sized samples, we measure magnetization curves at different orien-
tations of an external field. Figs. 2 and 3 show the hysteresis loop
for the Co—Ni segmented rods and Co—Ni gradient rods. An angular
dependence of the coercive field (H,) in a cylinder of sufficiently
large diameter (D > \/A/M?2) is the result from the development of

molar ratio
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molar ratio
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Fig.1. SEM images of (a) the Co—Ni rod and (b) Co—Ni rods array, (c)
EDX line-scan for Co—Ni gradient rod. (d) EDX line-scan for Co—Ni step-
like rod. (e) EDX line-scan for Co—Ni rod with evenly element distribution.

magnetic state instability in the filament by the magnetization curling
[Aharoni 1997]. According to Aharoni [1997] for H, that is equal to
the instability field
Hc _ Hd(lb

\/azsinz (¢) + b*cos? (¢)
where H; =27M,,a = 2N, — 1.08(1y/D)?, 2b = 2N, — 1.08(1s/D)?,
ly = \/A/M? , N,, N.— demagnetizing factors along and across fila-
ment. The solid lines in Figs. 3(b) and 4(b) are calculated accord-

(€))

ing to (1), considering the sizes of the cylinder and constants A =
1-107% erg/cm, M, = 1000 G, as well as a decrease in the effective
demagnetizing factor NV, associated with the interaction in the filament
ensemble [Denisova 2022]. The dipole—dipole interaction between
wires results in H; = 2w M, (1-3P), where P is the membrane porosity
(in our case P &~ 6%). Note, however, that good agreement between the
calculated and experimental data can be achieved for fitting parameter
H,; = 56 £ 1 Oe for the case of rods with the step-like composition
profile and H; = 59 % 10e for the rods with the smooth composition
profile that are both much less than 27w M. The reason of such a
decrease can be the polycrystalline structure of the filament, as well
as misorientation in the filament system, leading to the remanent
magnetization much less than M, even along the easiest magnetization
axis.

The low eccentricity of the ellipse H.(¢) for the rods with a sharp
compositional gradient in comparison with H.(¢) for the rods with
the smooth composition profile is clear within the analysis by (1). The
fact is that with a constant length of filaments set by the thickness of
the membrane, the aspect ratio of the magnetic cylindrical segments is
lower, which inevitably leads to a decrease in the difference between
the parameters a and b in (1).
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Fig. 2. (a) Magnetization curves and (b) coercivity H. for Co—Ni rods
with the step-like composition profile. The solid line in Fig. 2(b) is drawn
according to (1) with H; = 56 £ 1 Oe, a and b parameters calculated
using rod sizes and magnetic constants (see text). In the scheme, the
green part corresponds to the Ni segment.

B. Micromagnetic Simulation

Micromagnetic modeling of the rods was carried out in order to
reveal the influence of the magnetization gradient, as well as the
rod nanostructure on the magnetic properties. The simulation was
performed using the OOMMEF package [Donahue 1999]. In the mi-
cromagnetic simulations, the values for the variables that we use are
very similar to the ones reported in Talagala [2002]: the exchange
interaction constant A = 1-107 erg/cm, the size of the cubic cell in the
finite difference method 5 nm x 5 nm x 5 nm, and the magnetization
M; = 1000 G (for a uniform rod), and for a gradient rod, linear
changing along the filament from 500 to 1000 G is set. Previously,
the linear behavior of magnetization with Ni content in NiCo alloy
was experimentally established [Hinoul 1972]. Since the rods we are
dealing with in the experiment are polycrystalline, we also considered
the polycrystalline structure of the rod in the simulation. One crystallite
contained of 64 cells (crystallite size 20 nm). The square cross section
of the rod contained 2 x 2 crystallites, and the 100 crystallites were
along length. The direction of the easy magnetization axis (EMA) of
the cells within one crystallite was set uniformly, whereas in the system
of crystallites, the EMAs were oriented randomly with the anisotropy
constant (5-10* erg/cm?).
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Fig. 3. (a) Magnetization curves and (b) coercivity H. for Co—Ni rods
with the smooth composition profile. The solid line in Fig. 3(b) is drawn
according to (1) with H; = 59 + 1 Oe.

The numerical results in Fig. 4 are compared with the calculations
using (1). It turns out that if we use H; = 2w M; in (1), the values of
H., significantly exceed the results of the numerical experiment (outer
ellipse in Fig. 5). To achieve agreement with the numerical data (solid
line closed to the symbols), we used the value H; = 0.36 x 2w M.
This value is almost three times less than H, for a homogeneous rod
due to the polycrystalline structure of the filament [Satsuk 2021]. For
the angles close to 90°, the coercive field is no longer determined by
the instability field described by (1), but approaches zero at 90°.

In the experiment, this behavior is not observed, which may be due
to 1) a certain random deviation of the filaments in the membrane from
the vertical and 2) with a larger value of the local anisotropy constant
than that used for calculations. To obtain information about the local
magnetic anisotropy in rods obtained by chemical deposition, below
we study them using the approach to magnetic saturation technique.
Note that in Fig. 4, the angular dependence of a uniform rod is in
qualitative agreement with (1) for angles far from 90°. For a rod with
a magnetization gradient, noticeable deviations from (1) are observed,
whereas the value of the reduced H, for angles close to 0° is noticeably
higher than that for a homogeneous rod. The magnetization reversal
(see Fig. 4) occurs by both curling (at 0+70° and (1) is acceptable
of course for this range of angles only) and coherent reversal (or
transverse domain wall propagation at 70°+90°). This behavior is
similar to that reported for magnetic NWs and nanotubes [Escrig 2008].
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- TABLE 1. Magnetic characteristics for Co-Ni rods with different
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Fig. 4. Simulated angular dependences of a uniform nanorod (round
symbols) and a rod with the linear magnetization gradient (square sym-
bols). Lines correspond the calculation according to (1). The line close
to the symbols is for the value H; = 0.36 x 2xM; and the outer ellipse
is for Hy = 2 M.
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Fig. 5. Magnetization deviation from saturation for the rods with
smooth gradient (green triangles) and rod with step-like composition
gradient (blue circle). The black lines represent the respective fittings
using (2).

C. Local Magnetic Anisotropy Field

The local magnetic anisotropy field is studied using the approach
to magnetic saturation technique [Komogortsev 2017]. Fig. 5 shows
typical magnetization curves for Co—Ni rods with different composi-
tion gradient. We fit the experimental approach to magnetic saturation
curves with the following equation [Komogortsev 2017]:

AM (aH,)?
M, H# (Hd/z _;r_H[‘Z/z).

2

Here, M, = 2K/M, is a local magnetic anisotropy field, K is
the magnetic anisotropy energy constant, a is a coefficient equal to
1/15"2 for uniaxial anisotropy, and (2/105)"° for cubic anisotropy,
Hy =2A/(M,R.?*)is an exchange field, R, is a correlation length of local
EMA, d is the spatial dimension of nanograin distribution. M, contains
contributions of magnetocrystalline anisotropy and anisotropy induced
by internal stresses. The good quality of fitting by (2) in Fig. 5 indicates
the applicability of the theory of random magnetic anisotropy. Accord-
ing to this theory, the approach to magnetic saturation is determined by
the local magnetic anisotropy and by the dimension of the anisotropy
inhomogeneities. These parameters in (2) are determined as fitting
parameters and are given in Table 1.

As you can see, the local magnetic anisotropy field for films is
smaller than those for rods with the same type of composition gradient.
The impact of the shape of the ferromagnetic materials on their local
magnetic anisotropy may be attributed to the influence of surface layer
or curvature. The existence of an additional interface boundary causes
an increase in the anisotropy field for all samples.

V. CONCLUSION

The magnetic properties of compositionally modulated Co—Ni
nanorods with smooth and step-like composition profiles along the rod
have been studied. Nanorods were prepared in the pores of polycar-
bonate membrane by electroless deposition. The composition gradient
sets the gradient of the magnetization within the rod. Macroscopic
magnetic anisotropy for an ensemble of rods in membranes with the
same rod packing density is different: for rods with a smooth gradient,
this anisotropy is higher than for rods with a stepped gradient. Magne-
tization reversal is carried out by the curling mechanism. Micromag-
netic modeling performed considering the polycrystalline structure
of the filament shows that the magnetization gradient affects both the
magnitude of the coercive force and its angular dependence. Some dis-
crepancy between experiment and simulation is apparently explained
by imperfect orientation of the rods in the membrane and dipole—dipole
interaction in the system of rods. Since the simulation showed the im-
portance of taking into account the magnetic anisotropy of individual
crystallites, the latter was experimentally studied using an approach to
magnetic saturation. It turned out that the local magnetic anisotropy
field inrods with a step-type gradient is significantly higher than in rods
with a smooth gradient. In addition, the rods of two types exhibit mag-
netic anisotropy inhomogeneity of different shapes. The difference in
magnetic properties in rods with a compositional gradient of different
types indicates the possibility of tuning their properties by controlling
the profile and magnitude of the rod magnetization gradient.
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