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Abstract: We provide an overview of the helical magnetic structures in magnetic microwires. Having
analyzed the experimental data describing the magnetic behavior of magnetic microwires since the
1990s, we found indirect evidence of the existence of various types of helical magnetic structures.
Purposeful research has allowed us to discover the spiral magnetic structure as one of the most
unusual helical structures. A comparison of the spiral structure with another type of helical structure—
elliptical—was carried out. In the analysis, emphasis was placed on the length of the domain wall as
one of the most important parameters. The difference in the dynamic properties of the spiral and
elliptical domain walls has been demonstrated.

Keywords: soft magnetic materials; amorphous magnetic microwires; magnetic domains; magneto-
optic Kerr effect; magnetic anisotropy

1. Introduction

Non-destructive testing is one of the rapidly developing areas of magneto-chemical
sensors. In particular, the use of Giant magneto-resistance (GMR) sensors is one of the
most promising lines for active elements in the sensors, which gives information about the
corrosion of pipes occurring under various climatic influences.

Generally, testing using the eddy current is a traditional method for studying the
properties of metallic objects. In particular, bursting and corrosion is a common purpose
of this type of study [1]. The principle of action is that eddy currents are induced in
the metallic body when the AC electric current passes through it. The key point is the
defects of different types, which bring the fluctuation of the eddy current. It, in turn,
causes the transformation of such properties of the magnetic field as amplitude and phase.
An essential detail is the low frequency of excitation. It permits a good penetration of the
exiting field inside the metallic pipe. We could control the magnetic field by controlling
the change in the impedance in the system [2]. It is the basis of the testing functioning.
There are advantages and disadvantages with the application of the eddy current method
associated with this [3]. The disadvantage is that natural changes in the pipe, not related
to the presence of defects, can interfere with the standard operation of the testing system,
which appears in the errors and noise of the useful signal. The solution to the problem is the
use of a spatial system of the sensors, which makes it possible to implement a systematic
approach to the analysis of the defects and to increase the reliability of the work. The
advantage of the eddy current method is determined by its non-contact nature itself.

Within the framework of the indicated problem of creating a sensor system, GMR
active elements are the most suitable elements. GMR sensors have the following advantages:
a high signal-to-noise ratio at a low excitation frequency, small dimensions and associated
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with it low consumption of power. As a result, they are the almost ideal basis for creating
the said sensor system.

Thus, there is a whole series of using GMR sensors as elements in the non-intrusive
control of a wide range of objects. In particular, these can be small cracks close to the
surface, cracks both in large objects such as aircrafts or metal supports, and small objects
such as printed electronic circuit boards [4-13]. In addition, the volumetric systems of
sensors of this type make it possible to detect areas with metal corrosion with a size of the
order of units of mm [14-17].

It is also worth mentioning the technique of using pulsed eddy currents [18-22]. The
high accuracy of this method is because the jump transitions in the eddy current are coupled
with electromagnetic jumps. This is also related to the shortcomings of the method, which
increase the characteristic size of the detected defect to tens of mm. This is due to the need
for signal averaging.

As for Giant Magneto-impedance (GMI) sensors, they are also widely used in chemical
and, largely, biochemical sensors. Along with Hall sensors, Fluxgate sensors, GMR sensors
and spin valve sensors, GMI sensors find their rightful niche in this variety of the active
elements [23-26]. The widespread use of GMI sensors received a significant boost after
their potential in this area was established [27,28]. As is known, the GMI effect manifests
itself in a significant increase in the impedance at high frequencies during the application
of an external magnetic field. In ribbons, microwires and thin films, this is in turn due to
changes in the penetration depth caused by the field [29-34].

In recent years, several types of soft magnetic materials have been studied in detail
as candidates for GMI active elements for magnetic biosensors. Thin films, tapes and
microwires are the main materials of them [35-41]. GMI biochemical sensors logically
attract considerable attention due to their well-known advantages: low cost, relatively high
sensitivity and small geometric parameters. It is necessary to note a special stage in the
development of GMI biosensors, when they were included as prototypes in a bioanalytical
system [42-46].

One of the most important ways of using magnetic structures in micro- and nanowires
is the “magnetic domain-wall racetrack memory”. This use was conceptually shown in
a famous work [47] and then was developed in other works.

The idea was to use the controlled motion of domain walls in magnetic nanowires. The
control was supposed to be carried out by the method of short pulses of a spin-polarized
electric current. This was to allow the creation of a storage device with a high performance
and reliability. At the same time, the low cost of these storages was also assumed. A series
of magnetic nanowires had to be created on a silicon basis. In this case, there should be
spintronic reading and writing nanodevices that store a series of bits. This is the so-called
“hippodrome memory”.

More than ten years of active research has allowed us to get closer to the creation of
model prototypes. For example, the article [48] mentions “chiral domain wall (DW) motions
based racetrack memory”. Read—write heads are created with the help of tunnel junctions.
A single layer (CoFeB) or multi-layer (Co/Ni) magnetic nanowire can store information
because the magnetic domains have different magnetizations (the “up” direction is “0” and
the “down” direction represents “1”). To separate the data, direct currents, or artificial
potentials, are used. An essential condition is the control of domain nucleation. Nucleation
does not interfere with propagation if the nucleation process is determined mainly by the
switching mechanism. The charge current directed in the plane of the magnetic nanowires
is generated by the DW propagation circuit.

At a certain stage of research, scientists came to significant technical solutions that
allow the creation of the real prototypes. Initially, it was proposed [47] that a magneto-
resistive sensor performs the reading. It was located near the track. This was proposed
in order to be able to use the emanating fringing fields to distinguish the magnetic states.
Another method involved placing the magnetic tunnel junction (MT]) sensor directly on
the racetrack. The use of MT]J sensors [49] is promising. The size and compactness allow
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metal-oxide-semiconductors (CMOS) to be compatible with racetrack memory (RTM)
applications. In addition, the real values of the tunneling magneto-resistance (TMR) are
much higher than the values of the Giant magneto-resistance (GMR).

It is important to note such a property of tunneling currents as spin polarization. It is
this property that allows the magnetic bit to be reoriented by spin transfer torques (STT). In
addition, the polarity of the current allows one to determine the orientation of the bit being
written, which is also an essential practical step.

In addition to the technical details, conceptual modeling is also essential. In the
paper [50] it is shown by means of simulation how a domain wall can pass through an
inhomogeneity. In particular, it demonstrated the passage through such inhomogeneity as
the corner of the intersection of an L-shaped three-dimensional nanowire. The passage of
the inhomogeneity was accompanied by the transformation of the domain wall. Namely,
the domain wall was transformed from a head-to-head type into a Neel-type domain
wall or vice versa. The direction of the transformation depended on the direction of the
movement. An important way out for practical applications is to consider the threshold
current density required to push the domain wall through the corner. It is this parameter
that carries information about the technical details of the recording information.

The conducted studies have shown the particular importance of understanding the
magnetic structure of the active elements in the search for optimal modes of their operation.
For many years, our experimental and theoretical studies have been devoted to the study
of the magnetic structure and the nature of its transformations in one of the most promising
objects—amorphous glass-covered magnetic microwires.

Since the first observations of the domain structure in microwires, the need to classify
these structures has become of key importance both for fundamental research and for
applications. The results of our first extensive systematic magneto-optical studies made it
possible to identify two main types of these structures [51]. These results are fully consistent
with the known model [52,53].

At some point, it became clear to us that the circular magnetic structure is a particular
case of some more general structure. It was logical to assume that such a structure should
have been a helical structure. In our work [54], we confirmed this assumption, experimen-
tally and with calculations. From that moment on, we focused on this magnetic structure.
We managed to show its diversity and unusual properties. In particular, our attention
was drawn to the helical domain structure and the magnetization reversal processes in
which it was involved. The most unusual properties were shown by the spiral magnetic
structure, which is one of the two helical structures. We have studied the basic processes
of its existence: the processes of its origin, movement and disappearance. In addition, in
accordance with one another, a spiral structure and a magnetization reversal process were
put. A detailed comparison of the elliptical and helical domain walls was also carried out.

In the last stage of research, we studied the effect of external mechanical stress and
thermal annealing conditions. By extensively conducting theoretical rackets, we were able
to predict the features of the transformation of the helical structures in the presence of
external influences of various types. In this review, we focused precisely on the description
of these latest studies of ours.

2. Materials and Methods
2.1. Materials

We studied glass-coated amorphous microwires with different chemical compositions
and geometric ratios. The cobalt- and iron-rich amorphous microwires were prepared using
the Taylor-Ulitovsky method [55,56] and the rotating-water quenching technique (Unitika
Ltd., Osaka, Japan). The amorphous structure of the samples was confirmed by X-ray
Diffraction. The morphology of the samples was evaluated using a Carl Zeiss microscope.

As prepared and annealed microwires were studied. Annealing was carried out in
a conventional furnace. The temperature, T,;;, inside the furnace was set to 350 °C. The
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tensile stress was applied during the annealing and slow cooling of the microwire inside
the furnace (stress-annealing configuration).

2.2. Magneto-Optical Kerr Effect Technique

To observe the cylindrically shaped surface magnetic domains and the magnetization
reversal, we applied the magneto-optical Kerr effect (MOKE) [51,57]. Surface hysteresis
loops were obtained with a MOKE magnetometer. The contrast images of the cylindrically
shaped domains were obtained with an optical polarizing microscope (Carl Zeiss, reflective
version) [51,57]. The high contrast images of the domain structure were the result of the
digital processing of the original images. Reference images corresponding to the saturation
magnetic states were used in this process. The geometry of the experiment was chosen
in such a way that the rotation of the plane of the reflected light was proportional to the
magnetic field component which in turn was parallel to the axis of the cylindrically shaped
microwire and the plane of the incident light.

To apply the axial magnetic field parallel to the microwire axis, Helmholtz coils were
used. To apply the circular magnetic field lying in a plane perpendicular to the axis, an elec-
tric current that did not exceed the boundary values was passed through the microwire.
The direction of the circular field depended on the direction of the electric current. In some
experiments, the magnetic fields of these two types were used simultaneously, resulting
in an exotic configuration of the helicoidal field. The helicoidal angle of this field could
be controlled by the ratio of the amplitudes of the two magnetic fields making up the
total field.

3. Background: Helical, Elliptical, Spiral and Vortex Magnetic Structures

The main characteristic feature of magnetic vortexes is the presence of an axis around
which the magnetization smoothly rotates [58-61]. The simplest version of a vortex is a flat
vortex with a centrally located axis. The ordinary vortex is mentioned in article [62]. There,
the experimentally observed difference between a domain wall in the form of a plane vortex
and a transversal domain wall was shown. The domain wall dynamics were measured
with the classical Sixtus—Tonks experiments [51]. The energy difference between the two
formations led to the difference in the mobile properties of the domain walls observed
in the Fe-rich microwires. It was found that the transversal domain wall had no time to
de-pin. Instead, the vortex-type domain wall nucleated at the end of the microwire.

The energy of the vortex-type domain wall is much higher than transversal ones since
the exchange is higher. Therefore, it does not appear at a low applied field. However, the
vortex-type domain wall does not create the free poles at its surface and it can propagate
without an interaction with the radial domain structure below the surface. Therefore, its
domain wall mobility is higher and it can reach very high velocities. A more complex
version of the vortex is shown in [63]. Magnetic configuration consists of a periodic series
of anti-parallel transverse domain-like regions separated by transverse vortex states with
opposite alternating chirality.

As for the helical magnetic structure, the main feature is the inclination effect with
a fixed inclination angle. In turn, the helical structure is divided into elliptical and spiral
structures. The length of the domain wall in the form of an ellipse is limited only by the
length of the ellipse and is determined precisely by the angle of the ellipse inclination. The
limiting case of an elliptic domain structure is the classical circular bamboo structure. In
this case, the angle of the inclination from the circular direction is equal to 0.

The main feature of the spiral magnetic structure is its “infinity”. In other words,
only the length of the real sample determines its length. The limiting version of the spiral
structure is the longitudinal structure, when the angle of the deviation from the axial axis
becomes equal to zero. In this case, the domain wall is directed strictly along the microwire
axis. This exotic structure was observed in the work [64].

When the vortex becomes non-flat, it merges with the helical structure and the dis-
tinctions between them are blurred. If the plane cross-section of this structure continues
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to be a vortex, then in the general distributed form, the helicity of the structure is more
pronounced [63,65,66].

A wide range of different structures have been demonstrated in the works [66,67],
both experimentally (with CoNi nanowires) and as a result of simulations. It was shown ex-
perimentally and theoretically the existence of such structures as longitudinaly distributed
vortexes of a positive and negative chirality, chiral domain walls and two divided vortexes,
smoothly passing one into another. The transformation of a multi-domain cylindrical
structure into a compact series of transverse-vortex chains is shown in detail. Particular
attention is paid to longitudinal vortex domains.

In work [67], a pure helical structure was shown. A complex and inhomogeneous mag-
netic configuration is revealed, consisting of a periodic configuration of exotic antiparallel
transverse domain-like regions separated by transverse-vortex states of alternating chirality
and polarity in a region rich in hexagonal close-packed (hcp) crystal structures. In turn,
axial domains predominate in some areas. A transition between these two regions has also
been identified. The experimental results were compared with micromagnetic simulations
showing that a vortex chain is formed inside the cobalt-rich CoNi alloy. Correlated local
changes in the composition and crystal structure were identified as the source of different
magnetic configurations: the vortex chain is the result of the hcp phase.

4. Background: Magnetic Structure in Magnetic Microwires

Initially, we followed the pioneer works [68-70] devoted to the study of the surface
magnetic structure in Fe- and Co-rich microwires. These studies were carried out both by
the classical MOKE and by the dilute, ferro-fluid-based colloid (Bitter technique). In these
studies, for the first time, magnetic domains were clearly demonstrated on the surface of
magnetic microwires.

Following the experimental foundations laid down in these articles, we, together with
Yamasaki's laboratory, observed both the formation of magnetic vortexes and the transfor-
mation of surface domains under the action of mechanical stress [71,72]. An independent
confirmation of the vortex structure was demonstrated in the work [73].

Further studies using MOKE microscopy [74], a MOKE magnetometer [75] and the
Bitter technique [76] made it possible to discover a series of interesting effects that led us to
understanding the peculiarities of the magnetization reversal process in microwires. These
effects include the effects of axial and circular surface bistability, as well as the relationship
of the surface magnetic structure with the GMI effect [77-79]. All these effects are directly
related to the use of magnetic wires in magnetic sensors [80].

It is also necessary to note the studies that have shown the existence of helical struc-
tures. In the work, where the experiments were performed with the Bitter technique [81], it
was shown that the inclination of the helical magnetic structure correlates with the external
mechanical stress applied to the magnetic microwire. We also paid attention to the work
in which the authors, using the classical MOKE [82,83], independently observed inclined
DWs and the walls directed parallel to the microwire axis. As we will see below, these
structures are a manifestation of the general helical structure, which transforms depending
on the conditions of the experiment. Additional studies of interest were the original studies
that made it possible to observe the fine structure of the domain walls [83]. The idea of
the determination of a magnetic profile turned out to be useful for our further research.
These experiments [84] allowed us to study in detail the transformation of the surface
magnetic structure in the microwire. It is impossible not to leave without mentioning the
use of the magneto-optical method of indicator films [85]. Under certain conditions, such
studies make it possible to obtain the magnetic images in the samples with a low optical
surface quality.

Research cannot be complete without the development of an adequate theoretical
model. Such a model was once proposed [86] and developed for many years [87]. It is based
on an idea that the domain structure of the microwire consists of an inner core with axial
magnetization (observed by a Barkhausen jump at a low field) and a shell domain structure
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mostly circumferentially or radially magnetized. In the case of the radially magnetized
outer shell, the surface magnetic structure is complemented by the closure domains with
the magnetization directed along the microwire axis.

This model has found, in particular, its indirect confirmation in our work [88].

In this case, we studied 7 cm-long ferromagnetic wires obtained with the in-rotating-
water quenching technique ((Cog4Feg)7255i125B15, diameter 120 um). The sample was
partially polished prior to testing. Because of this, a flat wedge-shaped surface was created
with a varying width of the wedge [88].

The transformation of the domain structure was studied in two different places in
the wedge-shaped plane surface of the microwire. The polarization geometry was chosen
in such a way that the black-white contrast reflected the perpendicular direction of the
magnetization in the surface of the microwire (marked in Figures 1 and 2 by the black-
white arrows). Figure 1 demonstrates the surface magnetization reversal in the point of the
surface corresponding to the narrow wedge.

1

s

IR

ihy

Hax

Figure 1. Surface magnetic domain structures transformation in narrow wedge. (a) —10 Oe, (b) —2 Oe,
(c) —0.3 Oe, (d) 0.03 Oe, (e) 0.3 Oe, (f) 1.3 Oe, (g) 2 Oe, (h) 10 Oe. Reprinted with permission from [88].
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Figure 2. Surface magnetic domain structures transformation in wide wedge. (a) —10 Oe, (b) —2 Oe,
(c) —0.8 Oe, (d) —0.4 Oe, (e) 0.14 Oe, (f) 2 Oe, (g) 10 Oe. Reprinted with permission from [88].

First, we can see here an inclination of the axially directed component of the magne-
tization towards the perpendicular direction (Figure 1b). Then, the formation of circular
surface domains was observed (in the form of a black—white contrast).

The domain walls” motion marks the second phase (Figure 1b—d). These domain walls
separate the previously formed surface circular domains. This process culminated in the
formation of the circular mono-domain. In the remaining images, we see a similar process
occurring in a negative magnetic field. A further increase in the magnetic field leads to the
deviation of the magnetic system towards the axial direction.

In the case of a wider wedge, the process of the magnetization reversal is different
from that described above. This is because a wider wedge shows the process at a greater
depth in the microwire (Figure 2).

First, we could simultaneously see a black-white—grey contrast that testifies the co-
existence of magnetic domains with three different directions of magnetization. Second,
the magnetization reversal comes in the form of a jump-like rearrangement of the domain
structure, while the regular motion of the domain walls does not occur (Figure 2c—e). As
before, at the first step, the simultaneous rotation of the magnetization and the formation
of the domain structure take place. It should be noted that the change in contrast can
occur abruptly without changing the geometric configuration of the domains (Figure 2d,e).
Finally, magnetization reversal finishes with the motion of the small domains towards the
border of the wedged plane.

5. MOKE Study of Helical Magnetic Structures in Microwires

The division of the helical structure into elliptical and helical structures was demon-
strated in our paper [54]. The inference about the presence of two different helical structures
was prompted by a number of our studies with the response of the magnetic system of the
microwires to various external influences.
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The first type of the additional external influence was a circular magnetic field (Hcre).
An electric current flowing through a microwire [89] produced this field. We studied glass-coated
amorphous microwires with the nominal composition of Fes 71 Cog4.04B15885110.94Cr3.40Nig 03
(metallic nucleus radius 50 um, glass coating thickness 20 um).

Here (Figure 3) the longitudinal MOKE dependencies on the axial magnetic field (Hax)
are shown. We also demonstrate the transformation of the magnetic structure caused by the
circular magnetic field. Surface hysteresis loops also change in the presence of the Hcrc,
as well as the helical magnetic structure (here it was the elliptic structure with the helicity
angle of about 45°). An important detail is the parallel direction of all the observed domain
walls. It confirms that this structure is namely an elliptic one. The shape of the MOKE
hysteresis loop (Figure 3a) also confirms the mechanism of the magnetization reversal: it
occurs mainly by the regular motion of the elliptic domain walls.

o1 o-o-o.o-o’a‘@grﬂgmaa i
05 ;"?
/|

0.0 27

d | &

‘If i
05 s |
1.0] a000g9ddlen e | ol . é “

025 e 025 0.0 05 10 15
Hy (Oe) H_ (09
(a) o)

Figure 3. MOKE hysteresis loops and surface domain structures (a) Hax = 0.04 Oe, Hcre = 0;
(b) Hax = 1.25 Oe, Hcirce = 0.6 Oe. Reprinted with permission from [89].

The application of the circular magnetic field transforms the MOKE hysteresis loop
and the surface domain structure (Figure 3b). The non-symmetric shape and shift of the
hysteresis loop and the different angle of inclination of the domain walls is the manifestation
of this transformation. The difference in the angle of the DW inclination depends on the
amplitude of the Hcjre, Analyzing these images in hindsight, we could state the presence of
a multi-domain spiral domain structure in this wire. The shift of the hysteresis loop shows
that in order to form a stable domain, the magnetic system needs to overcome a much
larger energy barrier compared to the case of Hcre, = 0. Additionally adding up with
a periodically changing axial field, a DC circular magnetic field changes the magnetization
reversal mechanism. Preferred may be the mode of the domain nucleation or the motion of
the domain walls.

The experimental configuration of the combination of the crossed axial-circular mag-
netic fields realized in the Fe-rich microwires (Fe7; 7B1345i11Nb3sNig g, metallic nucleus
radius 50 pum, glass coating thickness 20 um) gives another interesting type of helical
domain structure [90]. Fixing the DC circular magnetic field, we changed the axial magnetic
field in a narrow range of 2.75 Oe-2.85 Oe (Figure 4).
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Figure 4. Axial magnetic field transformation of surface magnetic domain structure (Hcre pe
1.12 Oe) (a) Hax = 2.75 Oe; (b) Hax = 2.8 Oe; (¢) Hax = 2.85 Oe. Image size is 150 x 720 pm?.
Reprinted with permission from [90].

Here are two equal explanations of the observed effect, not contradicting one another.
First, we could state that we observe here the formation of the non-planar vortex structure
observed earlier in [88]. We see the formation of the wedged domain (Figure 4a) which
transforms to the vortex structure (Figure 4b). The fact that this is a vortex confirms the
directions of the four white arrows. Although the vortex appears to be somewhat stretched
in space, the 360-degree turn of the magnetization and smooth domain walls are indicative
of a vortex. A smooth change in the sign of the curvature of the domain walls also attracted
our attention as a characteristic feature of the vortex.

The second explanation lies within our search for a spiral magnetic structure. The
formation of a spatial system of wedge-shaped domains is a characteristic feature of one
of the scenarios for the formation of a spiral structure. The motion of the wedge-shaped
domain over the surface of the microwire was one of the characteristic features attributed by
us to the spiral structure [54]. There is no conflict between the two explanations. Ata certain
stage of the magnetization reversal process, it is possible to observe the transformation of
the vortex into a periodic system of wedge-shaped domains (Figure 4c).

By focusing on a very narrow range of the applied axial field, we can conclude that
both the vortex structure and the spiral structure, being attractive for detailed study, exist
within a very narrow energy range. Thus, the stable fixation of these domain structures
requires the fine tuning of the entire experimental system.

Focusing separately on the elliptical wall, we found [91] that the velocity of the
elliptically shaped domain wall significantly increases with an increasing domain wall
inclination with respect to the axis of the wire.

Here are the main stages of our experiments, which allowed us to discover the rela-
tionship between the structure of the elliptic domain walls and their mobility. Following
our preliminary developments, we set the angle of inclination of a single isolated elliptical
domain wall (inset Figure 5). The range of the inclination angle of the domain wall was
from 19 degrees to 74 degrees. The combination of the dc axial-circular magnetic fields
allowed us to place the domain wall in an advantageous starting position on the surface
of the microwire. To make the domain wall move, a pulsed circular field was applied in
the form of an electric current pulse (the time duration of the pulse was about 10 ns to
1 ms). The magnitude of the current did not exceed the limits associated with possible
thermal Joule overheating. The displacement of the domain walls was uniform and regular.
The displacement values depended on the amplitude of the circular field pulse. The result
of the experiments was a system of the dependences of the velocity of the motion of the
domain walls of various inclinations on the magnitude of the magnetic field (Figure 5). By
analyzing the figure, we can conclude that the mobility of the inclined elliptic domain walls
with the incitation close to the circular direction is two orders smaller than for the case of
the domain wall almost parallel to the microwire axis. We assumed that, in the general case,
the domain wall has the shape of an ellipse. Therefore, this effect is associated both with the
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length of the domain wall, which depends on the inclination, and with the change in the
magnetic pressure, which also depends on the angle of the inclination of the domain wall.

Figure 5. Dependencies of the velocity of the DW on pulsed magnetic field. Insets: domain structure
images for different angles of the DW inclination. Reprinted with permission from [91].

Another type of the external influence was the torsion mechanical stress [92]. Fe-rich
and Co-rich microwires were studied here: Fey; 7B1345i11Nb3Nig 9, metallic nucleus diam-
eter 80 um, glass coating 20 um, and Cogs.04Fes5 71 B15885110.94Cr3 4Nig 3 metallic nucleus
diameter 95 um, glass coating 16 um). The torsion stress of two opposite directions is the
source of the surface domain structure transformation (Figures 6 and 7). The applied stress
did not exceed the limit values, which could cause irreversible mechanical changes. These
values were chosen experimentally in advance. In the two types of microwires studied, the
stress-induced changes were similar in scenario but differed in their details. In two cases,
the application of the torsion stress caused the expected deviation from the equilibrium
positions. The amplitude of the deviation depended on the magnitude of the applied
torsion stress. The type of the equilibrium magnetic state determined the difference in the
magnetic behavior. Due to the difference in the value and the sign of magnetostriction, in
the Co wire it was a transverse multi-domain structure (a circular domain structure), while
in the Fe wire it was a two-domain structure with a domain wall parallel to the wire axis
(a longitudinal domain structure).

()

)

Figure 6. Co-rich microwire. Torsion-stress-induced transformation of surface domain structure
(a) —217t rad-m~%; (b) 57t rad-m~1; (¢) +217r rad-m~!. Reprinted with permission from [92].
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Figure 7. Fe-rich microwire. Torsion-stress-induced transformation of surface domain structure
(a) 347t rad-m~1; (b) 277t rad-m~1; (¢) —77 rad-m~!. Reprinted with permission from [92].

Thus, because of the performed wide series of the studies with a combination of
different types of external influences, we fixed the possibility of the existence of the spi-
ral magnetic structure, marked its difference from the elliptical magnetic structure, and
confirmed its existence with theoretical calculations [54].

Specifically, the existence of a spiral magnetic structure was determined in the sample
of Fe71.7B13.4S5i11Nb3Ni0.9 composition (diameter of the metallic nucleus 103 um, total
diameter 158 um) which was preliminarily stress annealed (the annealing temperature was
350 °C).

During the experiment, torsion stress was applied. As can be seen, the application of
torsion stress is often the key episode in the discovery of the spiral magnetic structure.

The scenario of magnetization reversal, taking into account the presence of a spiral
magnetic structure, was as follows. Starting from the saturation magnetic state, we applied
an axial field, turning the magnetization in the opposite direction. At a certain stage, the
alone wedge-shaped domain appeared (Figure 8a). This we considered the first sign of
a spiral magnetic structure. Then, there were more domains of this type on the curved
surface of the microwire. At this stage, two parallel processes took place: the co-directional
motion of the wedge tips and the expansion of the domains themselves (Figure 8b). Thus,
a system of infinite helical domains was formed, circularly encircling the entire sample. The
infinite length of the domain walls is the second characteristic feature of the spiral structure.
By using the term “infinite”, we mean that the length of the domain walls was limited only
by the boundaries of the real sample. The surface magnetization reversal process ends with
the fact that the spiral domains, expanding, fill the entire sample, forming a homogeneous
mono-domain, thereby replacing the unfavorable magnetic state.

Figure 8. Nucleation and displacement of wedge-shaped domains along the curved surface of
microwire in the presence of axial magnetic field. Hax: (a) 0.1 Oe, (b) 0.2 Oe and (c) 0.4 Oe. Reprinted
with permission from [54].
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To facilitate the analysis, we present three main domain structures that we observed on
the surface of the microwire: circular, elliptical and spiral (Figure 9). The circular structure
is the simplest and is often the basis for experiments. Applying the external influence, we
deviated from it in search of helical structures. The elliptical magnetic structure is one of
the two helical structures known to us. Its main characteristic is the angle of inclination.
The inclination angle is directly related to the length of the elliptical domain wall, which
in this case is finite. The third structure is the spiral structure. Often being metastable, it
nevertheless attracted our close attention due to its many unusual properties.

o 4 <) DW v ay
a) @ b) @ o)

Figure 9. Three typical domain structures existing in microwires. (a) Circular structure, (b) elliptical
structure, (c) spiral structure. Arrows show the direction of magnetization in domains. Dashed lines
show the domain walls. Reprinted with permission from [54].

To reinforce the experimental results, the demonstrated the spiral magnetic structure,
we performed a theoretical analysis. It was based on the statement that the internal
stresses inside the microwire are distributed in different way along different directions:
radial, circumferential and axial [93,94]. The details of the calculations are described in the
work [54].

The results of the simulations are presented in the Figures 10 and 11. The red-blue con-
trast corresponds to the axial directions of the magnetization My inside the microwire and
in the surface. Figure 10 clearly shows the spiral structure on the surface of the microwire.
To eliminate the ambiguous interpretation of the presented images, we demonstrated two-
sided calculated images of the microwire (Figure 10b,c). It is significant that the direction
of the inclination of the helical structure did not change the sign. Otherwise, we would be
talking about an elliptical magnetic structure [90].

+ NN

-M, - o +M,

e
I H, c)
‘ “
““ A%
Figure 10. Result of calculation. (a) Schematic picture of spiral structure. (b,c) Plane images of the (b)
front and (c) back part of the calculated structure. Reprinted with permission from [54].

Figure 11, showing detailed transversal cross sections of the microwire wire, completes
the picture of the calculations. Here we present the results of the calculations corresponding
to two different experimental configurations: the variation in the amplitude of the external
axial magnetic field in the fixed narrow cross-section plane of the microwire (Figure 11a—e)
and the variation in the position of the cross-sections at the fixed value of Hax.
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Figure 11. Result of calculation. Sections of microwire (a—e) fixed position Z = 5.27 um and varying
axial field. Hax (a) 28 Oe, (b) 15 Oe, (c) 0, (d) —28 Oe and (e) —40 kA/m. (f-j) fixed axial field
Hax = —30 kA/m and varying position. Z (f) 0.64 um, (g) 1.85 um, (h) 2.43 pm, (i) 3.65 um and
(j) 4.82 um. Reprinted with permission from [54].

Here are the main most significant results of the calculations to which we pay attention.
In the case of the spiral magnetic structure, the distribution of magnetization both inside
and on the surface of the microwire is almost completely different from the classical core—
shell model. The existing magnetic spiral is accompanied by an asymmetric distribution
of magnetization inside the cylinder. The actual magnetic spiral is located not only on the
surface but also largely in the volume of the microwire. Only at sufficiently large amplitudes
of the external magnetic field does the magnetization distribution closely correspond to the
classical core-shell model. This indirectly defines the range of magnetic fields where this
model can actually be used.

The main conclusion that we draw from the results of the calculations presented
in the series shown in Figure 11f-j is the presence of a clearly marked migration of the
spiral domain inside the microwire and in the surface. It is unusual that cyclic spiral
migration in some cases can occur only inside the microwire but without appearing on
the surface. In this case, the microwire, outwardly looking like a nearly saturated and
uniformly magnetized cylinder, retains all the unusual properties that characterize the
spiral magnetic structure.

Having recognized three main types of magnetic structures that can be observed on
the surface of a microwire (Figure 9), we focused on finding an experimental configuration
where these three structures could exist simultaneously. As a result, we found that such
a configuration exists and is feasible, albeit complex. This is a combination of the three
main external influences: torsion mechanical stress, the axial magnetic field and the circular
magnetic field [95].

Simultaneously varying the amplitude and sign of these parameters, we found a nar-
row range where we managed to observe the coexistence of cylindrical-elliptic—spiral
structures (Fey; 7B13.45i11Nb3Nigg d = 103 um, D = 158 um). Previously, these structures
were observed only separately [96-98]. As can be seen (Figure 12), each of the structures
occupies a local limited space on the surface of the microwire and the boundary between
them is quite sharp. Such a coexistence indicates that, being variations of the helical struc-
ture, they are energetically close enough and can reversibly transform into one another.

Figure 12. Experimental picture of coexistence of three types of surfaces of domain structure: cylin-
drical (I), spiral (II), elliptic (III). Reprinted with permission from [95].
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As we have seen, the essential difference in the spiral and elliptical magnetic structures
is the significant difference in the length of the domain wall. In this regard, we decided
to find out how this difference in length affects the mobile properties of the domain walls
in the microwire [99]. To do this, we investigated two microwires: Fey; 7B13.4Si11Nb3sNig g
(microwire I), d =103 um, D =158 um; and Fe5‘71C064.04B15.8gSi10'94CI'3.40Ni()‘03 (microwire
II), d = 100 pm, D = 140 um. A comparative analysis of experiments and calculations
of the mobile properties of the spiral and elliptical domain walls showed the following
(Figures 13 and 14).
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Figure 13. Dependence of DW length of angle of inclination (a) and dependence of mobility on DW
length in elliptic domain wall. (a) Line—results of the calculation (Equation (1)) and points taken
from the experiments. (b) experimental points. Reprinted with permission from [99].
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Figure 14. Dependence of DW length of angle of inclination (a) and dependence of mobility on DW
length in spiral domain wall. (a) Line—results of the calculation, points taken from the experiments.
(b) experimental points. Reprinted with permission from [99].

Direct studies on the motion of domain walls using the Sixtus—Tonks [51] method
have shown a real possibility of fixing a dynamic transition between the three designated
types of domain walls. As in the case of static observations, the external torsion stress
leads to a jump-like transition between different types of domain walls. As a result of the
experiments, we obtained magnetic field dependences of the velocity in the presence of
the torsion stress of various magnitudes and signs. In the absence of stress, a trivial linear
dependence was obtained, which we associate with the motion of a circular domain wall.
A relatively small torsion stress changed the field dependence of the velocity. A sharp
jump appeared on it, which, according to our understanding, is related to the transition
to a spiral domain wall type. It is interesting to note that, in fact, a series of jumps was
observed in a narrow range of fields but not exactly one jump. This effect is an indirect
confirmation of our earlier conclusion that domain walls of different types are very close
energetically. In a narrow range of fields, a series of reversible transitions between walls of
two types takes place. A further increase in the magnetic field makes the spiral domain
wall stable and the jumps disappear.

Some increase in torsion stress changes the angle of inclination of the spiral domain
wall, which manifests itself in an increase in the amplitude of the jump and, accordingly,
an increase in the velocity on the field dependence. Without reaching the limiting stress
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values associated with irreversible mechanical damage to the glass shell, we are nevertheless
remote to reach the next limiting stress value. This value was already associated with the
transitions of the domain wall to the state of the elliptical structure. In this case, a series of
reversible hops between two types of domain wall was also observed. A further increase
in the external magnetic field led to the establishment of a regime of uniform motion of
a stable elliptical domain wall.

First, we established a relationship between the inclination angle of the domain wall
and the length of the domain wall (Figures 11a and 12a). In the case of an elliptical wall,
we used the equation for the normalized length of the inclined ellipse:

L = 4(rtab + (ab)2)/((a + b)(27b)) )

“b” and “a” are the semi-axes of an elliptically closed line. The angle ¢ is the angle of
the ellipse inclination, which was measured from the axial direction of the microwire. For
the spiral wall, the calculations given in [54,100] were used.

Subsequently, we studied the mobile properties of the samples I and II using the
Sixtus-Tonks method [101,102]. The first conclusion from the performed experiments is
that the velocity of domain wall motion increases with an increasing magnetic field in the
two types of studied microwires. During the analysis, the following logical chain was built.
(a) There is a direct relationship between the angle of inclination of the domain wall and
its length. (b) There is a direct correlation between the angle of inclination of the domain
wall and its velocity (mobility). Thus, DW mobility was put in direct correspondence with
its length for two types of the studied magnetic structure. We built these dependences
based on the results of the calculations and experiments (Figures 13b and 14b). The clearly
pronounced difference in the obtained dependences of the domain wall mobility on their
length finds its explanation in the fact that the length of the elliptic domain wall is limited
while the length of the spiral domain wall is “infinite”. Another notable difference in
the magnetic behavior of the two studied magnetic systems is the following. During the
field-induced displacement of the elliptic domain wall, the value of the angle of the domain
wall inclination is stable, while for the spiral domain wall, the angle of the domain wall
inclination changes slightly from the initial direction.

It is impossible not to mention one more area of our research, which we consider quite
promising. We are talking about the study of very long microwires with magnetic properties
distributed along the length. This type of sample has not previously been developed. We
obtained this type of sample following to the original method. The method is based on
annealing in a furnace under tension stress. The temperature inside the furnace was set to
350 °C. Due to its large length, part of the sample was placed inside the annealing furnace
and part of the sample was outside. As a result, different parts of the sample were annealed
at different temperatures, but in the presence of the same external stress.

We see three zones in a sample that has undergone this kind of heat treatment. Zone
“A” corresponds to the part of the sample that was completely inside the annealing furnace
during the annealing process. Zone “B” is the zone where the temperature smoothly
changed from the temperature inside the annealing furnace to room temperature. Finally,
zone “C” corresponds to room temperature. The length of zone “B” was about 5 cm, which
allowed us to study it in sufficient detail. At the initial stage, we built the dependence
of the temperature at which the parts of the sample were in the process of annealing
on the length of the studied sample. As expected, the temperature gradually decreased
with distance from the annealing furnace. Further, using the fluxmetric method, we
obtained a series of field dependences of the magnetization corresponding to different
regions of the studied sample. The resulting hysteresis loops were characterized by both
different coercivity values and different loop squareness. The change in squareness is
associated with the disappearance of the so-called bistability effect. It occurs when the
secondary measuring coil moves along the sample from room temperature towards a high
temperature. At relatively low temperatures, magnetic bistability persisted. However, with
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an increase in temperature, the hysteresis loop sharply changed its shape, which indicated
the disappearance of the effect.

The main reason for the observed processes is the distribution of anisotropy along the
wire, caused by the process of non-uniform annealing along the length. In this case, when
analyzing the obtained experimental data, we used the mentioned “core-shell” model. In
the analysis, we followed the ratio M;/Mj, which changed as we moved along the sample.
M is the remanent magnetization and My is the magnetic moment of the maximum value of
the external magnetic field. The distribution of magnetic anisotropy finds its manifestation
in the form of its continuous spatial gradient along the length of the microwire, mainly in
zone “B”. This dependence is due to the spatial transformation of the domain structure
inside the surface of the microwire. We believe that there is a simultaneous increase in the
outer near-surface region, which has transverse magnetic anisotropy, and a decrease in the
inner volume region. This is evidenced by the change in the ratio M, /M.

The discovered longitudinal distribution of the magnetic properties prompted us to
study the dynamics of the domain walls. It was found that in the longitudinal areas with
a large induced anisotropy, the velocity of the DW displacement is higher. This is due
precisely to the transverse projection of the magnetic anisotropy in the surface zone of the
microwire. We believe that in this case the transverse component of the magnetic anisotropy
of names has a similar effect on the dynamics with a transverse magnetic field. We believe
that in this case the transverse component of the magnetic anisotropy has a similar effect of
the transverse magnetic field on the DW dynamics.

We used the features of the experiments of Sixtus—-Tonks [51] to obtain additional
information about the DW transformation. As is known, the motion of the DW through the
measuring coil is accompanied by a jump in the electromotive force (EMF) signal associated
with this motion. The transformation of the DW was estimated from the transformation
of the EMF peaks. In the area of the microwire where the temperature of the annealing
was changed, the following effect was observed. Faster DW motion is accompanied by the
decrease in the DW length.

In order to obtain a complete picture of the transformation of the magnetic structure
along the length of the microwire, we carried out MOKE studies in three designated
temperature zones of the sample under study. Particular attention was paid to the minor
loops, which carried detailed information about the surface bistability effect. An analysis of
the hysteresis loops obtained by the MOKE showed the following. Several types of surface
magnetic structures were found as we moved along the microwire. In the room temperature
zone, the bistability effect was recorded. The helical magnetic structure attracted the most
attention. The degree of its helicity varied along the length. This effect has not been
observed before. The application of torsion stress, traditional for such experiments, showed
that this stress both leads to the gradual disappearance of bistability and changes the twist
angle of the helical magnetic structure. In zone B, where, as we believe, there is a helicoidal
structure unfolded along the wire length, the minor loops demonstrate clear jumps between
two magnetic states with magnetization inclined from the axial direction, but not reaching
the circular direction. Thus, we have fixed a metastable helical state, which stably exists in
a narrow range of external axial magnetic fields during the magnetization reversal.

A joint analysis of the volume and surface hysteresis loops allowed us to modify the
model of the magnetic structure in the microwire, taking into account the existence of
a helical structure. On the one hand, we have a clear confirmation of the change in the
ratio of the inner and outer parts with length of microwires. On the other hand, as we
found out from the calculations, the helicoidal inner core performs cyclic migration along
the microwire associated with the periodical nature of the helical structure. Combining
these two statements, we believe that in the case of a microwire subjected to longitudinally
distributed annealing, the cyclic migration of the inner core is naturally accompanied by
a change in its characteristic cross section.
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6. Conclusions

Here we present the review of last year’s study on the magnetic structure in magnetic
microwires. We focused in particular on the formation and transformation of the helical
magnetic structure. First, we analyzed the results of other authors obtained earlier, based
on which we assumed the existence of two types of helical magnetic structures, spiral and
elliptical. After that, we carried out our preparatory studies, manipulating such external
influences as the DC electric current, DC axial magnetic field and torsion mechanical stress.
Finally, we established the existence of a spiral magnetic structure. Having described its
main properties, we outlined its main differences with the elliptical magnetic structure. The
performed calculations confirmed the reality of the existence of a spiral magnetic structure
in microwires. It was shown that an essential feature of the spiral magnetic structure is
the migration of the spiral domain inside the microwire volume and in the surface of
the microwire.

The simultaneous existence of spiral, elliptical and circular magnetic structures was
also found, which indicates the energetic closeness of these structures. In addition, we
paid special attention to the comparing of the lengths of the spiral and elliptical domain
elliptical domain walls. Only the length of the real sample limits the length of the spiral
domain wall. The difference in the length finds its manifestation in the difference of the
dynamic properties of two types of studied magnetic structures.
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