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The cobalt (Co)—tungsten (W) alloys exhibit unique combinations of mechanical and magnetic proper-
ties, biocompatibility, resistance against corrosion, wear, and high-temperature, which makes them
desirable materials for various practical applications. A nanoporous template with incorporated Co—W
alloy nanowires is a soft magnetic composite, whose dielectric and magnetic properties can be tuned
through the host material, pore distribution and size, Co—W composition and crystal structure, and
geometry of the nanowires. Here, we report the composition-dependent structural and magnetic
properties of Co—W alloy nanowires embedded in alumina templates by electrodeposition. The addition
of W transforms cobalt from the crystalline hexagonal-close-packed (hcp) Co to a mixed nanocrystalline/
amorphous-like Co(W) solid solution with ferromagnetic behavior and composition similar to that of the
weakly magnetic CosW compound. The combination of the approach to magnetic saturation, anisotropy
field distribution method, micromagnetic simulations, and first-order reversal curve diagram identifi-
cation method elucidates the structure-driven magnetization reversal processes in both individual
nanowires and magnetostatically coupled array as a whole.

© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Co—W alloys have attracted considerable interest because of
their outstanding mechanical, tribological, and anticorrosion
properties, high wear resistance, and ultralow degrees of cracking
on various substrates [1—4]. Typically, owing to their corrosion
resistance, Co—W alloys have been studied to replace Cr coatings
for various applications in many industries such as the aircraft and
automobile industries [5—7]. Contrary to the electrodeposition of
Cr compounds, which produces a contaminated toxic waste causing
critical health problems [5], the processing of Co—W is safe and
environment-friendly. The Co—W alloys have been proposed as

* Corresponding author.
** Corresponding author. School of Natural Sciences, Far Eastern Federal Univer-
sity, Vladivostok, 690950, Russia.
E-mail addresses: samardak.as@dvfu.ru (A.S. Samardak), ykim97@korea.ac.kr
(Y.K. Kim).
' E. Yoo and A. Yu. Samardak contributed equally to this work.

https://doi.org/10.1016/j.jallcom.2020.155902

multi-function diffusion barrier materials for Cu metallization [8,9],
cathodes for efficient hydrogen evolution [10], microbumps in
microelectromechanical systems (MEMS) [4], and metamaterials
for microwave tunable devices [11—13].

Elements such as W, Ge, Mo, and P have relatively negative
cathodic deposition potentials and very low hydrogen over-
potentials [4,14—16]. Therefore, pure W cannot be obtained alone
from its aqueous solution by electrodeposition. However, when W
is co-deposited with other metals such as Co, its alloys can be easily
deposited up to a certain W content [7]. Co—W alloy films were
synthesized by electrodeposition in the direct-current mode or
pulsed-current mode [3,7,17—19]. Co—W alloy coatings were elec-
trodeposited under different experimental conditions (e.g., at
different pH values, concentrations of precursors, and current
densities) [1,10,20—23]. The fabricated Co—W alloy films had
various compositions and crystal-structure-dependent mechanical
and magnetic properties. Few studies have been reported on Co—W
alloy nanostructures such as mesowires [24], microbumps [25],
nanolayers [9], and nanoparticles [4], where the dimensionalities
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and spatial distributions of the nano-elements have important
roles in addition to the crystal structures and compositions of the
Co—W alloys. Co—W alloy nanowires (NWs) electrodeposited into
nanoporous templates have also been investigated, though not
extensively [4,26,27]. Detailed characterizations of the
composition-dependent structural and magnetic properties of
Co—W alloys at the nanoscale have not been carried out.

In this study, we synthesized arrays of Co and Co—W alloy NWs
via electrodeposition by utilizing nanoporous alumina membranes.
To control the composition of the Co—W alloy NWs, we changed the
concentration of the electrolyte or applied current density. After
the synthesis, we characterized the microstructure and magnetic
properties according to the W content variation. In particular, we
employed the first-order reversal curve (FORC) diagram method to
elucidate the W-content-dependent magnetic anisotropy and
magnetization reversal. The initial magnetization curves of the
magnetic NWs were analyzed by using the approach to magnetic
saturation and characterized under an applied magnetic field to
estimate the macroscopic magnetic anisotropy. The magnetic hys-
teresis processes were analyzed through micromagnetic simula-
tions considering the crystal structures, grain sizes, and spatial
distributions of the Co—W NWs.

2. Experimental methods

The Co—W alloy NWs were synthesized by electrodeposition by
employing anodized aluminum oxide (AAO) membranes (Top-
membranes Technology), with a nominal pore diameter of 200 nm,
as nanoporous templates. For the electrodeposition, a 300-nm-
thick Ag layer was deposited as a cathode on one side of the tem-
plate [28,29]. The citrate electrolyte contained cobalt sulfate hep-
tahydrate  (CoSO4-7H0), sodium  tungstate  dihydrate
(NazWO04-2H0), sodium citrate tribasic dihydrate (CgH7NasOg),
boric acid (H3BOs3), and citric acid (CgHgO7). The bath temperature
was maintained at 30 °C. Through the electrodeposition, Co—W
alloy NWs were fabricated under constant current densities (1.25
and 5.0 mA/cm?) measured by using a source meter (Keithley
2612B). The concentration and applied current density were
adjusted to control the concentration of the Co—W alloy NWs. The
electrodeposition is illustrated in Fig. 1(a—c). Also, each dimension
of Fig. 1c is expressed in Fig. 1(d—f).

The morphologies of the alloy NWs were determined by field-

a b

emission scanning electron microscopy (FE-SEM, Hitachi SU-70)
and high-resolution transmission electron microscopy (HR-TEM,
JEOL JEM-2100F). The changes in microstructure according to the
added amount of tungsten were evaluated by selected-area elec-
tron diffraction (SAED). The composition of the NWs was deter-
mined by inductively coupled plasma mass spectrometry (Agilent
7700).

The magnetization hysteresis loops of the template-assisted
NWs in the AAO arrays were measured at room temperature by
vibrating-sample magnetometry (VSM, Microsense EV9) up to the
maximum magnetic field of +20 kOe. To analyze the magnetization
reversal processes, the magnetic hysteresis loops were measured at
various angles and the angular dependencies of the coercive force
and normalized remnant magnetization of the Co—W NWs were
evaluated. The experimental results are supported by a micro-
magnetic simulation. Besides, the FORC-based identification
method [30—32] was used with the help of additional measure-
ments by using a separate VSM instrument (LakeShore 7410) to
understand the distributions of the coercive forces and global and
local magnetic interactions in the arrays of Co—W NWs with
different microstructures.

3. Results and discussion
3.1. Microstructural characterization

As mentioned above, we changed the concentrations of the
precursors and applied current density to control the composition
of the Co—W alloy NWs, as shown in Table 1. The contents of the
main species of tungsten forming compounds with Co increased
with the concentrations of two precursors (NayWOg4-2H;0,
CgH7Na30g). Additionally, the increase in current density increased
the W content in the Co—W alloy NWs.

Fig. 2 shows the morphologies and microstructures of the pure
Co and Co—W alloy NWs. Cross-section FE-SEM images of the
Co—W NWs embedded in the AAO membranes are shown in the
insets of Fig. 2a, c, e. To precisely analyze the effects of the tungsten
content on the magnetic properties, the lengths and diameters of
the NWs were fixed to 5 um and 200 nm, respectively. The inter-
wire distance was 200 nm. Fig. 2b shows diffraction spots that
indicate a textured crystalline structure of the hexagonal-close-
packed-(hcp)-Co NWs with average grain sizes of 35—40 nm.
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Fig. 1. Scheme of the electrodeposition including three basic steps: (a) fabrication of the AAO template, (b) deposition of the 300-nm-thick Ag cathode, and (c) electrodeposition of
Co or Co—W. (d) A top view SEM image of AAO pores and (e) their size distribution. (f) Length distributions of nanowires with different W contents.
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Table 1
Compositions of the Co—W NWs.

Current density (mA/cm?)

Precursor-dependent content of W in the Co—W alloy (at%)

Na, W0, (0.10 M)

Na;WO, (0.20 M)

C5H7N3303 (025 M)

C5H7N3303 (050 M) C6H7N3303 (050 M)

1.25 39
5.00 143

6.9 22.0
17.0 25.8

When the amount of tungsten was increased to 3.9 at%, the SAED
pattern (Fig. 2d) showed blurred reflections related to the poly-
crystalline structure with a less pronounced texture than that of the
pure Co NWs. Fig. 2f presents the diffraction pattern of the Co—W
alloy NWs having a W content of 25.8 at%, which is typical for a
nanocrystalline or amorphous-like structure.

The interplanar distance d(100) of the hcp phase determined by
using the XRD data dependent on the tungsten content (Fig. 2g)
obeys the Vegard’s law for solid solutions (Fig. 3a). This demon-
strates that the NW materials with W concentrations in the range of
0—14.3 at% are Co—W solid solutions. In the case of phase separa-
tion, the points would not be on the Vegard’s line. This implies that
all crystallites (grains) in the NWs, whose sizes were determined
from the XRD patterns, consisted of dissolved hcp-Co—W phases,
while the transition to the nanocrystalline state occurred at W
contents larger than 17 at% (Fig. 3b). The reduction in the grain size
is due to the incorporation of W, having a bigger atomic size, that
refines the grain structure, increases the internal stresses, and in-
troduces more lattice defects [1].

3.2. Coercivity, saturation magnetization, and macroscopic
magnetic anisotropy of the Co—W NWs

Magnetic hysteresis loop measurements were carried out at
room temperature to analyze the magnetization reversal, coercive
force (H¢), and normalized remnant magnetization (M;/Ms)
depending on the angle (#) between the main axis of the NWs and
direction of the external magnetic field. At § = 0°, the magnetic field
is parallel to the long axis of the NWs, while § = 90° corresponds to
the perpendicular orientation. Fig. 3c shows that the coercive force
was very sensitive to the grain size of the Co—W alloy. The
maximum H. was obtained for the polycrystalline alloy having a
grain size of approximately 30 nm. The transition to the nano-
crystalline structure decreased H. at least by one order of magni-
tude. The large decrease in H. might be attributed to the switching
of magnetization reversal modes, as presented in Section 3.4.

To assess the reliability of the saturation magnetization mea-
surements of the Co—W alloys at room temperature, we summarize
the literature data in Fig. 3d. The Fig. 3d contains the M; values of all
Co—W NWs estimated as Mg = (Hg)/2m, where (Hy) is the average
magnetic anisotropy field determined by using the initial magne-
tization curve measured along the hard magnetization axis,
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Fig. 2. (a, ¢, e) TEM images and (b, d, f) corresponding SAED patterns of the Co—W alloy NWs with tungsten contents of 0, 3.9, and 25.8 at%, respectively. (g) Composition-dependent

X-ray diffraction (XRD) structural analysis of the Co—W alloy NWs.
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Fig. 3. (a) Linear dependence of the interplanar distance d(100) on the W content for the NWs grown at different current densities of 1.25 and 5.0 mA/cm?. (b) Grain size and crystal
structure type variations depending on the W content. (c) Grain size dependences of the coercive force measured in two magnetic field geometries. (d) Saturation magnetizations of

Co—W alloys measured in previous studies [1,20,33—37] and this study.

perpendicular to the main axis of the NWs (for a detailed expla-
nation, see also Section 1 in Supplementary file). In this indirect
method of M estimation, (H,) is determined only by the shape
anisotropy of the NWs. This assumption may be erroneous if other
contributions to the magnetic anisotropy field exist, such as that by
the texture of the crystallites. This explains M of the NWs con-
sisting of pure Co, slightly smaller than 1400 emu/cm>. According to
the SAED patterns, the crystalline texture became weaker with the
W addition and vanished at relatively large W contents (Fig. 3b).
Thus, our estimation of Mg can be considered acceptable, particu-
larly for W concentrations approaching 25 at%. Fig. 3d shows that
M; of the Co—W alloy NWs with the W content of 25.8 at% is slightly
higher than those of films and coatings. Considering the broad XRD
peak (Fig. 2g), it is difficult to distinguish a completely amorphous
structure from a nanocrystalline structure with grain sizes of
1—3 nm. The SAED pattern of the Co—W NWs with the W content of
25.8 at% (Fig. 2f) contained not only a broad halo but also a low-
intensity ring, which suggests that the sample was not
completely amorphous and thus can be considered nanocrystalline.

The literature data in Fig. 3d demonstrate the trend in
decreasing magnetization with the increase in W content. Likely,
the large decrease in Ms at a W content of approximately 25 at% is
attributed not to the complete formation line of the weakly mag-
netic crystalline CosW phase (Ms = 15 emu/cm?), but to the
transformation of the polycrystal structure to the nanocrystalline/
amorphous-like structure, which is partially crystallized into the
CosW phase (Mg = 175 emu/cm?) [20]. The formation of such a

mixed crystal phase could be attributed to the specific structural
states at the grain boundaries. The Co—W alloy NWs with a
composition similar to that of Co75W,s5 exhibit a saturation
magnetization of 137 emu/cm? [20]. This suggests that the Co—W
alloy with a W content of 25.8 at% consisted of this partially crys-
tallized phase.

Fig. 4a shows the dependences of (H,) on the W content (at%).
The blue and red lines are in the W content range of 0—25 at%. At a
W content of 0 at%, the magnetic anisotropy is set to correspond to
NWs of pure cobalt with the same lengths, diameters, and distances
between them as those observed in the SEM images (insets in
Fig. 2a, ¢, and e). The magnetic anisotropy is primarily associated
with the shape anisotropy, corrected for the dipole-dipole inter-
action in the NW array,

Ha = 27Ms(1 - 3p) (1 — Xco,w) Q)

where p is the porosity factor and xc,,w is the volume fraction of
CosW, which is weakly magnetic or even nonmagnetic
[1,20,36—38]. The equilibrium phase diagram of Co—W [39] at
given concentrations of W predicts a two-phase Co — CosW system.
Equation (1) implies a linear decrease in the magnetization of such
a system with the increase in W content.

However, as shown by the XRD patterns (Fig. 2g), a nonequi-
librium solid solution Co(W) was formed during the electrodepo-
sition. The partial separation into enriched and depleted W regions
in this nonequilibrium system could explain the observed deviation
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Fig. 4. (a) Macroscopic magnetic anisotropy fields H, of the Co—W NWs estimated at different field orientations. (b) Fitting of high-field magnetization curves for the samples with

W contents of 0 and 25.8 at%.

of the experimental points from the straight line in Fig. 4a. The XRD
patterns show that the NWs with W contents larger than 20 at%
consisted of amorphous-like Co(W) solutions with inclusions of
nanocrystallites. This is consistent with the results of a previous
study [36], where the amorphization at such concentrations was
explained. The nanocrystalline/amorphous-like Co(W) was ferro-
magnetic, although it had the same concentration as that of the
crystalline nonmagnetic CosW alloy. This explains the positions
(above the line) of the red dots in Fig. 4a for W contents larger than
20 at%.

3.3. Local magnetic anisotropy in the Co—W NWs (approach to
magnetic saturation)

To analyze the effect of the Co—W alloy composition on the local
magnetic anisotropy, we utilized the approach to magnetic satu-
ration, expressed by [40].

M(H) = xH + M; (1 - (aHa)* ) (2)

H4—d)/2 <Hd/2 n HRd/2)

where the term yH reflects the paramagnetic contribution of the
alumina membrane [32], Hr is the exchange field defined as
Hg = 2A/M;R?, A is the exchange stiffness, R. is the correlation
length of the local easy magnetization axis, Hy is the local magnetic
anisotropy field of the volume with a uniform orientation of the
local easy axis, and d is the dimensionality of the magnetic
anisotropy inhomogeneity.

Fig. 4b shows two examples of fitting of the high-field magne-
tization curves by using Equation (2) for the pure Co NWs and NWs
with a W content of 25.8 at%. The fitting results of the approach to

Table 2

Fitting parameters of the high-field magnetization curves.
at% of W d Hg, kOe Hpg, kOe
0 0 4.33 —
0 0 3.62 -
3.9 0 3.63 -
6.9 0 534 -
14.3 3 7.09 4.6
17.0 3 6.39 22
22.0 3 4.76 3.6
25.8 3 13.7 12.0

magnetic saturation are listed in Table 2.

The crystallites became smaller with the addition of tungsten, as
evidenced by the XRD (001) peak broadening (Figs. 2g and 3b).
Therefore, in the W content range of 6.9—14.3 at% (Table 2), the
Co—W microstructure dimensionality d changed from O to 3. The
corresponding crystal phase model was presented previously [32].
The anisotropy field H, of the Co—W NWs is smaller than that of the
hcp Co (H, ~12 kOe), which may be attributed to structural defects
(displaced planes). Surprisingly, the largest local magnetic anisot-
ropy field was obtained for the nanocrystalline/amorphous-like
ferromagnetic Co(W) having a composition similar to that of the
crystalline weakly magnetic CosW (the magnetization of this
sample was minimal).

3.4. Magnetization reversal modes of the Co—W alloy NWs

In the previous sections, we presented the characteristics of the
crystal structures and their influences on the macro- and micro-
scopic magnetic anisotropies. They are essential for better under-
standing of the magnetization reversal modes of the Co—W NWs
depending on the W content. Fig. 5 shows the angular dependences
of Hc and M;/M;. The W content largely influenced the H. and M;/Mg
behaviors. The various H¢ behaviors suggest different magnetiza-
tion reversal modes [41]. In the pure hcp Co, the preferred reversal
mode is transverse domain wall nucleation and propagation [42]. A
small addition of W led to a change in reversal mode, which can be
attributed to the curling of magnetization inducing vortex domain
walls [28]. The very small (smaller than 0.15) values of M;/M;
(Fig. 5b) reflect the practically complete self-demagnetization of
the samples after the external magnetic field was switched off.
Analytical calculations of the reversal modes for pure Co NWs are
presented in our previous report [28]. However, the analytical and
experimental results for the Co—W NWs do not agree, because the
analytical model is qualitative and does not consider the crystal
structure characteristics [42—44].

A micromagnetic simulation was carried out to understand the
micromagnetic origin of the hysteretic processes. We used a hex-
agonal lattice with a central node formed by seven parallel NWs
with parameters corresponding to the experimentally determined
parameters. The cell dimensions were set to 10 x 10 x 10 nm°.
Based on the structural analysis, the hcp Co(100) axis was set to
coincide with the easy magnetization axis. In the first approxima-
tion, the micromagnetic model of an NW can be represented by
grains in the form of discs with thicknesses equal to the sizes of the
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Fig. 5. Angular dependences of (a) H. and (b) M;/M; of the Co—W alloy NWs with the different contents of W.

crystallites (38 nm in this case). The easy magnetization axis was in
the plane of the discs (i.e., perpendicular to the long axis of the
NW). However, the easy axis was randomly oriented in the disc
plane in the different disks as no preferential axis direction in the
individual disc’s plane existed. The saturation magnetization of the
Co(W) solid solution was smaller than that of the pure Co and
decreased with the increase in W content. For the pure Co NWs, we
used the experimentally determined saturation magnetization
(Ms 1276 emu/cm?, Fig. 3d), exchange stiffness A of
3.0 x 107% erg/cm, and magnetocrystalline anisotropy constant K;
of 3.0 x 10 erg/cm?, smaller than that of the monocrystalline Co,
because of possible structural defects and impurities.

Fig. 6a presents experimental and modeled hysteresis loops for
the two orientations of the external magnetic field. The best
agreement was achieved for the parallel orientation to the main
NW axis (6 = 0°). The magnetization reversal in this geometry was

caused by the sequence of transverse and vortex domain wall
nucleation and propagation along the NW axis, which led to the
complete magnetization switching in the opposite saturation
magnetic field [45]. In the perpendicular geometry (6 = 90°), not
only coherent rotation of magnetization in some grains but also a
sequence of the vortex and transverse domain walls were observed.
The intergrain exchange interaction had a significant role leading to
the antiferromagnetic-like ordering of local magnetizations in
adjacent disc-shaped crystallites. At zero field, this exchange
interaction contributed to the decrease in remnant magnetization.
The detailed magnetization processes defined from micromagnetic
simulations for both geometries are presented in the Supplemen-
tary file (Section 2, Tables S2 and S3).

Fig. 6b shows experimental and simulated hysteresis loops of
the Co—W NWs with a W content of 14.3 at%. In this case, we used
the same geometry for the micromagnetic simulation, but the grain
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size was decreased to 23 nm according to the XRD results. Mg was
458 emu/cm?®, while K; = 2.0 x 10° erg/cm>. The observed
magnetization reversal processes were very similar to those in the
pure Co NWs, discussed above. As shown in Fig. 6b, the modeled
loop at # = 0° coincided with the experimental data, both quali-
tatively (characteristic switching processes caused by Barkhausen
jumps (for switching interacting NW segments in different fields))
and quantitatively (the coercive forces and saturation fields were
almost equal). On the other hand, the loops at § = 90° differed
qualitatively (avalanche-like reversal process instead of the
coherent rotation observed in the experiment) and quantitatively
(the saturation field was considerably larger than the experimental
value), which can be associated with the small number of simulated
NWs in the array.

3.5. FORC analysis

By using the FORC diagram identification method [46,47], we
carried out qualitative and quantitative analyses of the Co—W alloy
NW array according to the W content (Fig. 7). We expected that the
samples with smaller W contents exhibit higher Mg values and
consequently larger dipolar couplings between adjacent NWs in
the array. The strong dipolar coupling even in the diluted NWs in
the absence of an external magnetic field can induce the antipar-
allel alignment of magnetizations in adjacent NWs, which leads to a
net magnetization of the array close to zero, as observed in the
experiment (Fig. 5b). However, the micromagnetic simulations
showed that the intergrain exchange interaction can be another
factor for the self-demagnetization of individual NWs, which leads
to zero net magnetization of the whole array.

The method of FORC diagrams is based on the measurement of a
set of minor hysteresis loops, where each curve begins with a start
field H,. H; varies with a certain step, from the positive saturation
field + Hs to the negative field -Hs. The result is a set of FORCs,
70—100 curves with individual values of H; and H, which is the field
at which the magnetic moment (m) was measured. The FORC dis-
tribution p(H, H;) can be defined as the family of mixed derivatives
of the second-order obtained from m(H, Hy),

p(H7HT): -

1 [azm(H, Hr)} 3)

2| ®HoH;

We used a new set of coordinates (H., Hy), defined as H. =

(H=H) and H, = ®4H) Thus, the FORC distributions were rotated
by 45°, as shown in Fig. 7.
The FORC diagram of the pure Co NWs along their main axis

shows typical results for strongly coupled interacting uniaxial NWs
with a high magnetic moment (Fig. 7a) [28]. For quantitative
analysis, we extracted the coercive forces (Hf) as the maximum
values of the ridges along the H, axis at H, = 0. The interaction field
at saturation (4H,) can be defined as the half-width of the H,
distribution along the H, axis at Hf. Considering the wide distri-
bution of the interaction field AH, = 3220 Oe, irreversible processes
occur for the whole set of curves, from H; = 3500 Oe to —4000 Oe.
This implies that the individual NW switching begins at very high
fields owing to the strong coupling between the NWs. The main
peak of the pure Co is located at HE = 418 Oe, while the coercive
force derived from the hysteresis loop is HY = 142 Oe, which can be
related to the switching of dipolarly coupled NWs. The emergence
of the tail along the H. axis, with a second standalone coercivity
peak at HE = 1010 Oe almost without shift along the Hy axis, implies
a second relatively significant switching process related to a weakly
interacting phase with a larger coercivity. This can be attributed to
(i) growth of a Co film on the surface of the AAO template or (ii)
different orientations of the easy magnetization crystallographic
axes of the hcp Co phase. Another significant characteristic of this
image is the rather weak peak distributed nearby the H. = 0 Oe axis,
but at high interaction fields (H, = —3100 and 3600 Oe) (Fig. 7a). It
can be originated from magnetic dendrites at the bottom of the
NWs [48], where the magnetization is affected by the mean-field of
the whole array.

The FORC diagram of the Co NWs in the direction perpendicular
to the NW main axis (# = 90°, Fig. 7b) shows almost no irreversible
component. This suggests the only coherent rotation of magnetic
vectors without switching peak in the majority of starting fields H;.
Such behavior can represent the coherent rotation of the magne-
tization in the whole NW array.

With the addition of W, the FORC diagrams change considerably,
as shown in Fig. 7c and d. The shape of the FORC diagram of the
Co—W NWs with the W content of 3.9 at% measured at § = 0° is
significantly transformed to a wider coercive force distribution and
long “tail” along the H. axis. The increase in H. distribution occurs
possibly owing to the increase in dispersion of crystallite sizes. AH,,
decreases twice, which can be related to the increasing concen-
tration of W atoms in the intergrain boundaries and the reducing
crystallite sizes and magnetic moment of the Co—W compound
compared to pure Co NWs.

The further increase in W content leads to reversible magneti-
zation processes of the magnetically soft phase at H. = 0 and
separate peak at H. = 2100 Oe corresponding to the magnetically
hard phase originated from the significant structural trans-
formation (Fig. 7e). The origin of the soft magnetic phase can be
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attributed to the gradual transformation of the polycrystalline
Co—W alloy to a ferromagnetic nanocrystalline/amorphous-like
Co(W-rich) solid solution, as discussed in Section 3.2. The rela-
tively hard magnetic phase can be formed by the NWs or their parts
consisting of ultrafine Co-rich grains separated by intergranular
boundaries filled by amorphous W. The parameters derived from
the FORC diagrams for all samples are shown in Table S4 of Sup-
plementary file. Some table cells are empty owing to the specificity
of the FORC diagrams. The FORC diagrams of the samples with W
contents of 6.9, 17, 22, and 25.8 at% are presented in the Supple-
mentary file (Section 3, Figs. S3—S6). The transformation of the
crystal structure was enhanced in the samples with W contents

above 17 at%. This reduced the influence of the crystal structure on
the magnetization reversal processes. As shown in Supplementary
file, for the Co—W NWs with the W content of 25.8 at% and hybrid
nanocrystalline/amorphous-like structure, the reversible processes
became dominant, while the magnetostatic interaction between
NWs was still not negligible (Table S4 in Supplementary file).

4. Conclusions

In this study, we fabricated a series of Co—W alloy NW arrays
with different concentrations of W in the range of 0—25.8 at%. The
combination of structural analysis and magnetic characterization
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demonstrated that the W addition led to the gradual nano-
crystallization and partial amorphization of the alloy. Notably, at W
contents larger than 20 at%, the hybrid nanocrystalline/
amorphous-like Co(W) solid solution was formed. Although the
crystalline CosW alloy with the same concentration of W is weakly
magnetic, the nanocrystalline Co(W) solution was ferromagnetic
and exhibited the largest local magnetic anisotropy field. The
structural transformations modified the micromagnetic structure
of the Co—W NWs, which was the main driver of magnetization
reversal processes not only in an individual NW but also in the NW
array as a whole. The length distribution of the NWs within +10%
was the main origin of the coercive and anisotropy field distribu-
tions. The micromagnetic simulations and FORC diagram inter-
pretation method demonstrated the self-demagnetization of the
NW arrays by inter- and intra-nanowire magnetostatic interactions.
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