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Abstract—The features of the magnetic state of an array of parallel oriented permalloy ribbons are discussed.
The arrays are made by explosive lithography. The ribbons have a thickness of 180 nm, a width of 2.8 μm, and
a length of about 4 mm. The distance between ribbons in different samples varies in the range from 300 nm
to 4 μm. It is found that the ribbons in the regions far from the end faces are in a single-domain state with
small-angle ripples, the magnetization distribution of which correlates with inhomogeneities of the ribbon
side surfaces. Moreover, there is a distinct relationship in the spatial distribution of the ripples between adja-
cent ribbons with a relatively small distance between them. This makes it possible to evaluate the role of the
magnetostatic coupling of magnetic subsystems of array elements and to estimate the characteristic value of
the random stray field that pins the magnetization.
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INTRODUCTION
Low-dimensional objects like ferromagnetic

micro- and nanoribbons are considered promising
components of information storage devices and other
new generation spintronics devices [1–4]. Interest in
ribbons is attributable to several factors. In particular,
it opens the possibility of multiplying the recording
density with simultaneous miniaturization of devices.
The solution of this dual problem makes it necessary
to investigate the magnetic properties of not only indi-
vidual nanoobjects, but also their arrays [5–9]. This
inevitably leads to the need to study the influence of
the interaction of magnetic subsystems of nano-
objects on the properties of arrays. This is especially
important for high-performance devices and/or spin-
tronics devices based on fast magnetization reversal
processes [10–13].

In particular, bit carriers in new generation infor-
mation storage devices are topological magnetization
inhomogeneities in magnetic ribbons/wires, such as
magnetic vortices/skyrmions and domain walls of var-
ious types [14–20]. It is important to develop a reliable
method for controlling the magnetic state of such
objects. As a rule, the procedure for writing and read-
ing information is associated with controlled sliding of
topological inhomogeneities, which is provoked by the

presence of electromagnetic fields, spin-polarized
currents, and other factors. The mobility of bit carriers
is affected by structural defects, field inhomogene-
ities, etc. In particular, the static magnetic state and
magnetization reversal processes are substantially
affected by stray field inhomogeneities, the existence
of which is responsible for surface defects (roughness)
of nanowires/nanoribbons [21–25]. Moreover, the
main interaction mechanism of magnetic subsystems
of elements in arrays can be magnetostatic coupling
through stray fields.

In this work, ordered arrays of ferromagnetic rib-
bons with different element repetition periods were
experimentally studied.

EXPERIMENTAL
The explosive lithography method was used to

obtain arrays of ribbons with parallel orientations. A
layer of an AZ Nlof 2035 negative photoresist was
deposited on a prepared silicon substrate. This photo-
resist was chosen because of its high thermal stability
(up to 250°C) and high chemical resistance. The cre-
ation of a uniform film with a certain thickness is a
stage in the formation of the resist mask. Centrifuga-
tion was used to perform this operation, which makes
109



110 ORLOV et al.
it possible to obtain uniform films (deviations from the
average thickness along the surface are not more than

). The substrate is fixed in a centrifuge with a
vacuum suction cup and spun at a speed of 3000 rpm
after applying a few drops of resist on it. The planariz-
ing effect of centrifugal forces leads to the formation of
supersmooth films with a thickness uniformity of
about 1%, which cannot be achieved in any other way.
After this, the films were exposed to light through a
preliminarily prepared photomask. At the exposure
stage, a DRSh-350 mercury lamp characterized by
high radiation intensity and high parallelism and uni-
formity of the light beam was used as a source of
actinic electromagnetic radiation. Next, the sample
was washed in a developing solution that removed the
photoresist with an unchanged structure. After this, a
film of the 80NKhS alloy was deposited on a substrate
covered with a photoresist by the thermal evaporation
method in a high vacuum. After depositing the coat-
ing, the sample is immersed in an organic solvent,
which dissolves the photoresist and removes it from
the semiconductor surface. At the same time, unnec-
essary layers of deposited metal are removed along
with the photoresist.

In this fashion, arrays of ribbons with a size of the
order of 4 × 4 mm2 were obtained. The thickness of the
ribbons was  nm. The distance between rib-
bons in different arrays varied in the range from 4 to
0.3 μm. Figure 1 shows the morphological textures of
the samples according to scanning probe force micros-
copy. Figure 2 shows an example of the morphology of
the ribbons at their ends. These regions have features
in the shape of a fork.

The state of magnetization was studied by magnetic
force microscopy (MFM) on a Veeco MultiMode
NanoScope IIIa SPM System microscope using a
double-scan technique in the mode of frequency
recording as an MFM contrast. The details of the
magnetic state of the array are discussed in the next
section.

RESULTS AND DISCUSSION

As found from the analysis of magnetic force
microscopy data, the ribbons are practically in a single
domain state (magnetization orientation along the
long axis predominates) with the f lux closing at the
ends of the ribbons by combined domain walls con-
taining magnetic vortices (see Fig. 3).

The vortex and quasi-vortex distribution of magne-
tization at the edges of the ribbons is facilitated by a
dendritic shape with semicircle elements. In [27–29],
diagrams that determine the ratios of the linear sizes of
nanosized magnets were obtained theoretically and by
computer simulation, in which various types of mag-
netic states are considered (magnetic vortex, magneti-
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zation in the plane, magnetization perpendicular to
the plane, etc.). According to the data from [27–29],
the ratio of the thickness b to the characteristic curva-
ture radius R at the ribbon boundary (in our case,

) corresponds to the state of a magnetic vor-
tex or a vortex domain wall. This is actually confirmed
by microscopy data.

We assume that the vortex objects, which are
formed at the ends of the ribbons and separate the
domains, begin to move by shifting along the long axis
of the ribbons when the field is turned on. At the same
time, the vortex walls move in a random potential of
stray fields created by surface irregularities. This is a
dominant mechanism of the process of magnetization
reversal of ribbons [30].

At a distance from the end faces, a magnetization
ripple is observed, which practically repeats the rough-
ness of the side surfaces of the ribbons (see Fig. 4).
Therefore, we attribute the existence of this ripple to
the inhomogeneities of the side surfaces of the rib-
bons, in which stray fields arise. This is true for the
samples shown in Figs. 1a and 1b, in which the dis-
tance between the ribbons is relatively large, so the role
of the interaction of magnetic subsystems of different
ribbons is insignificant.

An analysis of the contrast showed that the angular
spread of the magnetization direction at a distance
from the end faces does not exceed  This estimate
was obtained from the analysis of the MFM image by
drawing a cross section along the axis of the ribbon
(cross section analysis). Figure 5 shows an example of
the cross section analysis for the sample shown in
Fig. 1b, on the basis of which the relationship between
the magnetization misorientation angle and the fre-
quency was determined. Between the regions with the
maximum frequency difference in the cross section,
which equals Δν = 1.2 Hz, a maximum angle between
the magnetization vectors is also observed. Upon
rotating the magnetic moment by approximately 90°,
the frequency difference is Δν = 2.5 Hz. This relation-
ship between the angle and the frequency was estab-
lished by analyzing the MFM image at the edge of the
same ribbon (see Fig. 6), for which the angular distri-
bution of magnetization is known, for example, in a
magnetic vortex near the end face.

It is important that the distributions of magnetiza-
tion ripples in different ribbons of the arrays with
closely spaced ribbons (Figs. 1c and 1d) noticeably
correlate (see Fig. 7), which allows us to conclude that
there is a significant magnetostatic coupling mecha-
nism between magnetic subsystems through stray
fields on the inhomogeneities of the side surfaces. This
makes it possible to estimate the average constant of
effective random anisotropy, which plays the role of a
pinning factor associated with surface defects.

≈ 0.3b R

± °20 .
LS AND METALLOGRAPHY  Vol. 124  No. 2  2023



PHYSICS OF METALS AND METALLOGRAPHY  Vol. 124  No. 2  2023

FEATURES OF THE MAGNETIC STATE OF AN ORDERED ARRAY 111

Fig. 1. The morphology of ordered arrays of ribbons. The images are taken from the regions far from the ends of the ribbons with
a width of 2.8 μm; the distances between the ribbons are about (a) ≈4, (b) ≈2, (c) ≈1.5, and (d) ≈0.3 μm.
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Fig. 2. The morphology of the ribbons at the end faces.
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Fig. 3. The magnetic force contrast near the ribbon ends
for the arrays shown in Figs. 1a–1c. The light arrows in
Fig. 1a show the approximate orientation of the magneti-
zation near the vortex formations.
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In [31], a theoretical method was proposed for esti-
mating the stray fields created by the surface rough-
ness of a ferromagnet. This method was developed in
[32, 33] with respect to models with randomly distrib-
uted irregularities. According to [31–33], the field cre-
ated by irregularities can be estimated using the fol-
lowing expression:

(1)

Here,  is the saturation magnetization; h and  are
the average depth of irregularities and the average
period of their repetition, respectively; L is the width
of the magnet (the width of the ribbons); and d is the
width of the nonmagnetic gap (the distance between
the ribbons).

The random anisotropy constant Kef associated
with the existence of stray fields can be estimated from
the following simple reasoning. If there is a noticeable
connection between the magnetization ripples of adja-
cent ribbons (as in Fig. 5), then the stray field in which
the selected ribbon is located begins to win the com-
petition with the pinning field of the effective anisot-
ropy created by the roughness (these fields are com-
parable). Hence, the Kef constant can be expressed as
follows:

(2)

Here, HM is the stray field created by all array elements
due to the long-range nature of the magnetostatic
interaction. Assuming that all ribbons are magnetized
in the same direction, HM can be estimated by sum-
ming field (1) over the array:

(3)
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Fig. 4. The magnetic force contrast in the regions far from
the ends of the ribbons for the arrays shown in Figs. 1a and
1b. The light arrows near the side surfaces show the
approximate orientation of the magnetization.
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Fig. 5. An example of the result of a cross section analysis
along the long axis of the ribbon in the region far from the
end faces.
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Noticeable weakening of the correlation between
the magnetization ripples of the ribbons is observed for
the sample shown in Fig. 5c. In the sample shown in
Fig. 4b, this relationship is practically absent. There-
fore, we can state that the distance d of interest to us in
formula (3) approximately corresponds to the distance
between the ribbons in the array shown in Fig. 1c
(  μm). The characteristic value of roughness
depths h is approximately 0.2 μm (see the upper part of
Fig. 4), and the repetition period is  μm (see
Fig. 4). Taking into account these data from expres-
sions (2) and (3), the constant is

(4)
Within magnetic measurements, hysteresis loops

were obtained by the Kerr method. The results are

≈ 1.5d

λ ≈ 4

≈ 2
ef S0.026 .K M
PHYSICS OF METALS AND METALLOGRAPHY  Vol. 1
shown in Fig. 8. The linear size of the region covered
by the measurement was about 3 μm. A laser with a
round shape of the spot was used as a light source. The
measurements were conducted in different regions of
each of the samples. No differences were found in the
hysteresis loops belonging to the same array, but
recorded in different regions.

In the curves shown in Figs. 8b and 8c, constric-
tions, i.e., sections of the loop with a noticeable
decrease in the coercive force relative to that for the
loops of continuous films, are especially pronounced.
Constricted graphs look like the loop is somewhat
compressed along the field strength axis. This allows
one to consider that the magnetization reversal similar
to that in a system with two (or more) components
occurs. In fact, no more than two or three ribbons par-
tially fall into the region being measured by the Kerr
method. Moreover, the distance between the ribbons
in the arrays shown in Figs. 8b and 8c is not so large as
to consider them noninteracting ribbons, but not so
small that this interaction provides synchronous mag-
netization reversal similar to that observed in a contin-
uous film. Features in the shape of constrictions barely
appear in the curves shown in Figs. 8a and 8d. In fact,
in the case of the array shown in Fig. 8a, only one rib-
bon falls into the measurement region (behaves like a
continuous film), and in the case of the array shown in
Fig. 8d, the magnetostatic coupling is so strong that
the magnetization reversal occurs almost simultane-
ously (similar to a solid magnet). Relatively small val-
ues of the coercive force indirectly indicate that the
process of nucleation and motion of vortex domain
walls near the ends of the ribbons occurs in small fields
compared, for example, to wires, in which the magne-
tization reversal process is provided by the sliding of
traditional domain walls [34]. The main mechanism of
24  No. 2  2023
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Fig. 6. An example of the result of a cross section analysis
along the long axis of the ribbon near the end face.
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Fig. 7. The magnetic force contrast far from the ends of the
ribbons for the arrays shown in Figs. 1c (upper image) and
1d (lower image). The light dash-and-dot lines show the
synchronized sections of the magnetization ripples belong-
ing to different ribbons.
magnetization reversal in the direction perpendicular
to the ribbon axis (a lower row of plots in Fig. 8) is
associated with the process of magnetization rotation.
However, there are also features (constrictions) that
we associate with the disappearance of the vortex
structure with an increase in the field and upon
approaching the saturation magnetization.

CONCLUSIONS
In summary, the magnetic force microscopy study

of ordered two-dimensional arrays of ferromagnetic
ribbons has shown that the equilibrium state is a prac-
tically homogeneous state of magnetization oriented
along the long axis of the ribbons with superimposed
small-angle ripples. The ripple period is determined
by the period of inhomogeneities of the side surfaces of
the ribbons. This statement is violated in arrays with a
relatively small distance between the ribbons, where
synchronization of the magnetization ripples of differ-
ent ribbons is observed, regardless of the surface
roughness positions. We associate the phenomenon of
synchronization with the presence of stray fields
induced by surface defects.

Structural inhomogeneities of the ribbons actually
create a random potential in which domain walls move
when the ribbons are remagnetized. Comparison of
PHYSICS OF META
the magnetic state of the samples with different dis-
tances between the components has made it possible
to estimate the characteristic value of the random pin-
ning field or the average constant of the random
anisotropy induced by surface inhomogeneities.

It should be noted that the magnetic force micros-
copy images indicate the presence of vortex forma-
tions at the ends of the ribbons, which corresponds to
the theoretical predictions for samples with the inves-
tigated geometric dimensions. We assume that the
combined domain walls (a mixture of Néel turns and
magnetic vortices) that appear at the ends of the rib-
bons begin to move and slide in a random potential
created by stray fields in a way similar to the motion of
LS AND METALLOGRAPHY  Vol. 124  No. 2  2023
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Fig. 8. Curves of the magnetization reversal of arrays. The left column of diagrams corresponds to the magnetization reversal
along the long axis of the ribbons, and the right column corresponds to the magnetization reversal at a right angle to the axis of
the ribbons in the plane of the arrays.
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vortex walls in a random anisotropy field in the pro-
cess of magnetization reversal [35].

Thus, it is reasonable to assume that the effects
associated with the interaction between array elements
PHYSICS OF METALS AND METALLOGRAPHY  Vol. 1
have a substantial effect on the magnetic states. These
effects should be taken into account when designing
data storage devices, especially those based on arrays
of densely packed elements.
24  No. 2  2023
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