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Abstract—Arrays of ordered segmented nanowires, which are ferromagnetic regions separated by non-mag-
netic inserts, are considered as a promising material for three-dimensional information storage systems.
However, the presence of a large number of competing interactions significantly complicates the description
of the magnetic behavior of such systems. In this paper, the effect of the segment length on the integral mag-
netic properties of Ni/Cu wires arrays is investigated. It is shown that the coercivity increases with an increase
in the length of the magnetic segment for both the longitudinal and transverse directions of the long axis of
the wires relative to the external magnetic field. A change in the direction of the easy magnetization axis was
found with the ratio of the Ni segment length to the diameter in the range from 10 to 15.
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1. INTRODUCTION
The development of methods for the synthesis of

magnetic nanostructures in recent years has led to the
possibility of creating systems with specified geomet-
ric parameters [1]. Significant progress in understand-
ing the magnetic states of individual nano-objects
(cubes, disks, pyramids) [2–4] has made it possible to
proceed to the study of ensembles of particles [5, 6]
and porous ordered structures [7, 8].

However, most of the systems currently being stud-
ied are consisted of objects ordered on a plane. Appar-
ently, further progress will be associated with the study
of three-dimensional ordered systems. There are two
main groups of methods used for the synthesis of such
structures: lithography [9] and techniques based on
the effect of self-ordering of particles [10, 11]. Litho-
graphic methods make it possible to control the geo-
metric characteristics of the synthesized systems with
high precision. As examples of objects obtained using
this technique, one can single out a truncated icosahe-
dron [9], a nanospiral [12], and an ordered lattice of
nanowires [13]. The self-assembly technology is easier

to use and allows the fabrication of samples of a larger
area, however, direct control of the geometric param-
eters of the system is difficult. Nevertheless, using this
method, the highly ordered three-dimensional peri-
odic structures were successfully obtained: artificial
opals [14] and inverse opals [15–17], mesocrystals [18,
19], and gyroids [20].

One of the most interesting manifestations of the
self-ordering effect is observed in the preparation of
porous films of anodic aluminum oxide (AAO) [21].
The structures with hexagonal pore ordering formed
as a result of metal anodization can be used as a tem-
plate for the synthesis of arrays of magnetic nanowires
[22]. Improvement of this technology made it possible
to obtain well-ordered arrays of nanowires and to
ensure the reproducibility of experimental results,
which led to an expansion of the range of possible
applications of these systems [23]. Nanowires can be
used in medicine to destroy cells using hyperthermia
or mechanical vibrations [24, 25]; they can be used to
fabricate waveguides and magnonic crystals for the
needs of magnonics [26, 27]; due to the large magnetic
1
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Fig. 1. Schematic representation of an array of segmented
nanowires.
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anisotropy, nanowires can be used to create perma-
nent magnets [28] or needles for quantitative magnetic
force microscopy [29].

The next step is to move to three-dimensionally
ordered arrays of segmented nanowires. They can be
obtained by sequential deposition of magnetic and
non-magnetic materials, such as nickel and copper,
into the pores of the template [30]. The interest in
these systems is primarily due to the possibility of
using such nanowires in spintronics [31] and super-
dense information recording [32]. At the same time,
the distribution of magnetization in the arrays of seg-
mented nanowires is nontrivial due to the long-range
nature of the interaction between the nanowires [33].
In addition, the magnetic structure of nanowires sig-
nificantly depends on their geometric characteristics
[34]. In particular, by changing the length of the non-
magnetic segment, it is possible to modify the magni-
tude of the interaction in the system [35, 36]. An even
richer picture of magnetic states can be obtained by
varying the length of the ferromagnetic segments. In
this case, not only the magnitude, but also the very
nature of the interaction can change, since at a certain
critical length of the ferromagnetic segment, the easy
magnetization axis must change its direction. The first
results obtained for small segments (up to 140 nm)
indicate the possibility of antiferromagnetic ordering
of magnetic moments [37]. This work is devoted to the
study of this phenomenon in an array of segmented
Ni/Cu nanowires with a nickel segment length from
140 nm to 1 μm.

2. SAMPLES

The arrays of segmented Ni/Cu nanowires (Fig. 1)
were formed using the method of template electrode-
position into porous films of AAO. To obtain porous
templates, a two-stage procedure of anodizing alumi-
num in 0.3 mol H2C2O4 at a constant voltage of 40 V
and a temperature of 0°C was used, which was
described in detail elsewhere [38—41]. This two-stage
technique leads to the formation of a highly ordered
AAO structure with a hexagonal arrangement of pores
in the plane of the film. The thickness of the oxide
layer formed during the first and second stages was 10
and 35 μm, respectively. Etching of the AAO barrier
layer was carried out in a solution of 3 mol Н3РO4,
while controlling the moment of pore opening and
their further etching to a pore diameter of ~50 nm. At
the last stage, a 200 nm thick gold layer was deposited
on the bottom of the AAO template using magnetron
sputtering on a Quorum Technologies Q 150T ES
setup.

The electrodeposition of Ni nanowires was carried
out at room temperature in a three-electrode cell of an
electrolyte simultaneously containing copper and
nickel ions. A porous AAO film with a sputtered cur-
rent collector was used as a working electrode; a Pt
wire served as an auxiliary electrode; a saturated (KCl)
Ag/AgCl electrode connected to the cell through a
Luggin–Haber capillary was used as a reference elec-
trode. In this study, the following electrolyte composi-
tion was used: 0.005 mol CuSO4, 0.5 mol NiSO4, and
0.6 mol H3BO3. The deposition potential of Cu was
−0.4 V, Ni was deposited at −1.0 V. It should be noted
that under these conditions, metallic precipitates are
formed containing both metals simultaneously: at a
copper deposition potential (Ed = −0.4 V), the precip-
itate can contain up to 12% Ni, and at the nickel depo-
sition potential (Ed = –1.0 V) — up to 3% Cu [42]. To
increase the convective mass transfer of metal ions in
the electrolyte solution, the solution was circulated
using a Heidolph PD5006 peristaltic pump with a
pumping rate of 0.5 L/min. The lengths of the copper
and nickel segments were controlled coulometrically.
As a result, three arrays of segmented nanowires with
a nickel segment length of 140, 300, and 1000 nm were
synthesized; the length of the copper segments was the
same and amounted to 25 nm. The nanowires in each
sample contained 10 repeated Ni/Cu fragments.

The surface morphology and cleavage of nanowire
arrays in the AAO matrix were studied by scanning
electron microscopy (SEM) using a Zeiss AURIGA
Laser microscope (Research Park—Saint Petersburg
State University) and Carl Zeiss Vision 40 (Kurnakov
Institute of General and Inorganic Chemistry of the
Russian Academy of Sciences). Since the contrast
between the nickel and copper sections is too small,
PHYSICS OF THE SOLID STATE  2021
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Fig. 2. SEM images of the surface (a) and side (b) of a nanocomposite containing nanowires with a magnetic segment length of
300 nm. 
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the samples were pre-immersed in nitric acid to dis-
solve the copper segments. Thus, in the SEM images
of the of the array side, one can see the nickel areas
separated by voids.

Typical SEM images of the surface and side are
shown in Fig. 2. To determine the nanowires diame-
ters Dn and the distance between the long nanowires
axes Dint, the SEM images of the surfaces were pro-
cessed using the Statistics2D program [43]. The seg-
ment lengths were determined by plotting the intensity
profiles along the nanowires on the images of the
cleavages. As a result, it was found that the diameter of
nanowires, the length of the copper segments, and the
periods of the structure are the same for all three sam-
ples and are, respectively, Dn = 50 ± 6 nm, Dint =
101 ± 8 nm, and LCu = 25 ± 5 nm. The lengths of
PHYSICS OF THE SOLID STATE  2021

Fig. 3. Diffraction pattern of an array of segmented Ni/Cu
nanowires in an AAO matrix.

41 42 43 44 45 46

1

2

0

120

3

In
te

ns
ity

, a
rb

. u
ni

ts

111

200 220 311 222

Ni [4-784]
Cu [4-836]
Au [4-784]

220

111

111

40 60 80 100

1

2

0

120
2�, deg

3
111

200 220 311 222
nickel segments differ for different samples and are
equal to L1Ni = 145 ± 5 nm, L2Ni = 302 ± 5 nm, L3Ni =
1000 ± 5 nm.

The atomic structure of the arrays of segmented
nanowires was studied using a Rigaku D/MAX 2500
X-ray diffractometer. The measurements were carried
out in the Bragg–Brentano (BB) geometry using
CuKα radiation (λ = 1.5418 Å) in the 2θ range from 30°
to 120°.

The main diffraction peaks observed in the X-ray
diffraction pattern correspond to Ni (Fig. 3); and there
are no oxide phases. Weak peaks of copper, which is
much less than nickel, and gold (from the current col-
lector) can also be distinguished. The Ni segments are
highly textured, showing a high reflection intensity
(111), whereas the intensities of the other peaks are sig-
nificantly lower. Typically, for a bulk material, the Ni
(200) reflection has a relative intensity of 42% (base
PC-PDF 2 [4-784]). Taking into account the high
reflection intensity (111) and the small line width, it
can be concluded that all nickel sections consist of sin-
gle-crystal large grains oriented mainly in the crystal-
lographic direction 111. It is interesting to note that
in the samples with shorter lengths, which were stud-
ied in [37], texturing along the 220 direction was
found.

3. MAGNETIC PROPERTIES

The measurements of the magnetization reversal
curves of arrays of segmented nanowires in AAO
matrices were carried out on a QuantumDesign
MPMS-5S SQUID magnetometer in the magnetic
field range from −20 to 20 kOe with a step from 100 Oe
to 1 kOe, depending on the field range at T = 300 K.

Figure 4 shows the data obtained by applying a
magnetic field parallel and perpendicular to the long
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Fig. 4. Curves of magnetization reversal when an external magnetic field is applied along (a) and perpendicular (b) to the long
axis of the wires. 
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Fig. 5. Dependences of the coercive force on the length of the Ni segment when a field is applied along (a) and perpendicular (b)
to the long axis of the wires. 
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axis of the magnetic nanowires. The curves were nor-
malized to the saturation magnetization value MS.

It can be seen that the curves differ slightly; how-
ever, when the field is applied perpendicular to the axis
of the wires, the curve for L1Ni = 140 nm stands out
from the series. To carry out a more detailed analysis
of the magnetic behavior of the studied arrays of
nanowires, the following parameters were determined
from the magnetization reversal curves: the coercivity,
the squareness of the loop (the ratio of the residual
magnetization to the saturation magnetization
MR/MS), and the slope of the curve in the linear sec-
tion near the zero field.

For both directions of the field, the coercivity
increases with the length of the Ni segment. At the
same time, there is a sharp increase in the transition
from L1Ni = 140 nm to L2Ni = 300 nm (Fig. 5).

This behavior of the coercivity indicates a decrease
in the interaction fields between the nanowires with an
increase the length of the Ni segment. To describe this
behavior, we used the model of long interacting wires
proposed in [44]. In this case, the dependence of the
coercivity on the length is described by the expression
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Fig. 6. Dependences of the squareness of the loop on the length of the Ni segment when a field is applied along and perpendicular
to the long axis of the wires (a). Dependence of the ratio of the tangents of the slopes of the normalized magnetization reversal
curves when a magnetic field is applied along and perpendicular to nanowires on the length of the Ni segment (b).
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where H0 is the coercivity of an infinitely long cylinder,
MS = 6.1 kOe is the saturation magnetization of bulk
nickel, ε is an empirical parameter that depends on the
mutual arrangement of the wires and takes into
account the lowering of the energy barrier during mag-
netization reversal magnetization [44], Dn = 50 nm
and Dint = 100 nm.

Figure 5a shows the fitting curve with the following
parameters: H0 = 541 ± 4 Oe, ε = 81 ± 9. It should be
noted that in this case, the length of the nickel segment
was taken as the independent variable L, and not the
total length of the wire.

The chosen model describes the experimental data
well; however, if the total wire length rather than the
segment length is used as the independent variable L,
the same value is obtained for H0 (this value limits the
values of the magnetization reversal field from above
and should not change with a change in the scale of the
horizontal axis). At the same time, ε increases by a fac-
tor of 10 and exceeds the values that have a physical
meaning [45, 46]. In addition, the value of the coerciv-
ity for a similar array of solid (not segmented) nickel
nanowires turns out to be twice as large as H0 [47].

This behavior can be interpreted as follows: nickel
segments interact most strongly with the nearest
neighbors located along the same axis, but still do not
form a single wire.

The dependences of squareness on the length of the
nickel segment are shown in Fig. 6. The nature of the
dependence is similar to the behavior of the coercivity.
For a field directed perpendicular to the axis of the
wires, a sharp jump is also observed at the transition to
LNi = 400 nm, the further change is weakly expressed.
PHYSICS OF THE SOLID STATE  2021
The direction of the external field along the easy
magnetization axis corresponds to a lower value of the
saturation field with respect to the corresponding
value for the direction along the hard magnetization
axis. However, the field step in the saturation region in
the measurements performed is too large to determine
the exact value of the saturation field. However, it can
be seen that this value correlates with the slope of the
curve in the linear region in the center of the loop, in
which there are a large number of measured points.
Thus, this angle is, in fact, determined by the magne-
tization rate.

In this regard, for the analysis of the magnetization
anisotropy, the tangent of the slope angle α of the lin-
ear sections of the normalized magnetization reversal
curves in the range from –1 to 1 kOe was calculated.
The ratio of the tangents for the longitudinal and per-
pendicular directions of the external field was calcu-
lated as a parameter that determines the “lightness” of
the direction. The results are shown in Fig. 6b.

It can be seen that the ratio of the tangents of the
slopes of the magnetization reversal curves in the case
of an external field applied parallel and perpendicular
to the length of the axis of the wires increases with the
length of the nickel segment, and when the LNi reaches
800—900 nm, it becomes greater than unity. Thus, the
direction of the easy magnetization axis changes from
perpendicular to the wires to longitudinal. Perhaps
this occurs at shorter lengths, but nevertheless at a
rather large ratio of wire length to diameter (from 10 to
15). In [37], a similar change occurs up to LNi =
100 nm, that is, when the ratio of length to diameter is
equal to two.

Probably, it is precisely the intersegment interac-
tion within one wire that makes the anisotropy state of
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the “easy plane” type (perpendicular to the wires)
more favorable than the “easy axis” (parallel to the
wires). The overall behavior of the entire array is deter-
mined by the balance of interactions between seg-
ments within a wire, in adjacent wires, and the contri-
bution of the segment shape anisotropy. Also, the
presence of a noticeable texture of nickel grains cer-
tainly affects the magnetic characteristics; however,
for segments with a high length-to-diameter ratio, this
factor plays a lesser role. The number of segments can
also have an additional influence, i.e., the total length
of the wire, which is of interest for further research.

CONCLUSIONS
In this work, we investigated the magnetic proper-

ties of arrays of segmented Ni/Cu nanowires with dif-
ferent lengths of the Ni segment. It was shown that a
noticeable change in properties occurs when the
length changes from 140 to 300 nm. The character of
the dependence of the coercivity on the length of the
nickel segments is monotonic and is similar for the
directions of the field along and perpendicular to the
length of the axis of the wires. It is shown that the
direction of the easy magnetization axis changes from
perpendicular to the wires to longitudinal. The
observed behavior is most likely due to the fact that the
interaction between different segments of one wire is
greater than between segments of adjacent wires.
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