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Formation of domain structure in laser-amorphized regions

of PrDyFeCoB microwires
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Local irradiation of the polycrystalline microwire PrDyFeCoB creates a thin layer of amorphous-crystalline
material with a depth of 2—3 um on its surface. This soft magnetic material with a coercive force of 100Oe is
divided into domains with magnetization directed in the plane of the surface layer. The motion of the domain wall
with increasing magnetic field and the absorption of domains of reverse magnetization is the main mechanism in
the surface layer. In locally amorphized regions, the dependence of the domain wall velocity on the magnetic field
corresponds to the creep mode of domain walls. In completely amorphous microwires, the domain motion velocity
is two orders of magnitude higher and demonstrates a transition from the creep mode to the sliding mode.
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1. Introduction

It is known that the irradiation of ferromagnets with short
laser pulses is not limited to short-term heating alone, and
the change of their properties is not explained by a short-
term increase of temperature. The effects associated with
the fully optical remagnetization of thin ferromagnetic films
are described in the literature [1,2], and data on changes of
structure and phase composition under the impact of a heat
shock wave and the electromagnetic field of a light wave are
discussed. Short-term heating by itself is also not equivalent
to annealing of the material and it is essentially an extreme
state , leading to the occurrence of new metastable phases.
The formation of a crater in ferromagnets based on rare
earth metals under the action of laser radiation has been
studied previously [3,4]. It was found that phases appear as
a result of such irradiation that did not exist in the source
material, a significant redistribution of chemical elements
takes place in the irradiation zone, as well as a significant
change of the coercive force and other magnetic properties.

Although NdFeB alloys are the most common type of
permanent magnets, their practical application is limited by
their high brittleness, significant changes of magnetization
with temperature, and the inability to create the desired
magnetization geometry in a sintered magnet. Therefore,
the compatibility of these properties is achieved by varying
the chemical composition of the sublattices of rare earth
and transition metals with a slight loss of magnetization in
the related PrDyFeCoB alloy. PrDyFeCoB microwires have
unusual micromagnetic properties due to the presence of
layers, exchange displacement, and switching of magnetiza-

tion [5,6] and are used for the creation of micropincers in
biology [7].

The amorphization of the surface of microwires is also
interesting in addition to micromagnetic applications in
Micro-Electro Mechanical Systems (MEMS) technologies
and it is important because amorphous alloys of this group
are usually very durable coatings which are resistant to
external chemical influences. Therefore, the formation of
an amorphous film on the surface of a micromagnet is its
natural protection from an aggressive external environment,
when, for example, magnetic micropincers is used in the
body in vivo. The laser engineering of the amorphous
surface layer, the design of the amorphous ,pattern” in
specified areas, and the programmable creation of a domain
structure in amorphous sections of microwires all open up
new opportunities for improving micromagnets.

The objectives of the work are to select the parameters
of laser processing, which leads to local amorphization of
PrDyFeCoB crystalline microwires, as well as to detect and
analyze the domain structure of the amorphized regions, and
compare it with the domain structure of samples subjected
to vacuum annealing.

2. Samples and experimental methods

Amorphous PrDyFeCoB microwires with a length
of ~1cm and a diameter of ~ 50um were obtained by
rapid cooling at a rate of about ~ 10% K/s by the suspended
melt droplet extraction (SMDE) heated by a high-energy
electron beam [5-8]. Figure 1,a shows a SEM image of the
polished end of an amorphous microwire. For comparison,

1813



1814

E.V. Dvoretskaya, R.B. Morgunov

Figure 1. SEM-images of the polished end of an amorphous
microwire: a — before annealing and b — after vacuum annealing,
¢ — microwires after vacuum annealing and laser profiling.

Figure 1,b shows the cross-section in the same microwire
after vacuum annealing at 900°C for 2h at a pressure
of 107 Torr.

The radiation from a pulsed ytterbium fiber laser
G-MARK100 with a wavelength of 1070 nm focused by a
lens F-100 (laser spot size 8—12um) was used for local
laser profiling of the microwire after vacuum annealing.
Profiling was carried out in air with a laser beam velocity of
850 mm/s, power of P ~ 16 W, pulse frequency of 25kHz,
single pulse energy of 1mlJ and duration of 120ns. Figu-
re 1,c shows an example of a fragment of a microwire
exposed to laser radiation.

The images of the microwires were obtained using a
SUPRA 25 scanning electron microscope (SEM) (Zeiss).
Electron diffraction was obtained using a high-resolution
transmission electron microscope JEOL (HR TEM) at an
accelerating voltage of 200kV.

The integrated magnetic characteristics of the mi-
crowires were determined by SQUID magnetometry using
MPMS XL Quantum Design magnetometer. Local mag-
netic hysteresis, visualization of magnetic domains, and the
process of remagnetization of microwires were obtained
using NEOARK Neomagnesia LiteBH-753 magneto-optical
microscope, recording the Kerr effect (MOKE) in longitu-
dinal geometry. The external magnetic field was directed
along the axis of the microwire in all experiments.

Figure 2. SEM images and corresponding electron diffraction
patterns for lamellae: a — amorphous microwire, b — microwire
after vacuum annealing, ¢ — microwire after vacuum annealing
and laser profiling.
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3. Experimental results and discussion

The structure of the microwires looks homogeneous be-
fore annealing (Figures 1,a and 2,a) a chaotic but uniform
distribution of dark inclusions is observed throughout the
entire volume of the microwire after annealing (Figures 1,5
and 2,b). The electron diffraction pattern of the macrowire
before annealing has a characteristic halo with rare reflexes
(Figure 2,a) corresponding to crystallites with the size
of up to 10nm. The crystallites most likely correspond
to inclusions of 2-14-1-phase and appear in amorphous
microwires when the cooling rate decreases from 55
to 50m/s. Vacuum annealing results in the formation
of a polycrystalline structure in amorphous microwires,
as evidenced by a large number of point reflections and
the absence of a halo on the electron diffraction pattern
(Figure 2,b). Local laser profiling of a polycrystalline mi-
crowire causes local surface amorphization of the material
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Figure 3. Magnetic moment hysteresis loops obtained using a
SQUID magnetometer for the same microwire at a temperature
of 300K: a — before vacuum annealing and b — after vacuum
annealing.
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Figure 4. Magnetic hysteresis loops (Ms — saturation magnetiza-
tion) obtained using a Kerr microscope at a temperature of 300 K
on a — a section of the surface of an amorphous microwire before
vacuum annealing and b — irradiated with a laser a section of an
annealed microwire.

up to a depth of 3um at the area of exposure to the
laser beam, as evidenced by weak continuous halos on the
SEM image in the vicinity of the molten section of the
microwire. (Figure 2,c¢). The electron diffraction pattern of
the lamella (Figure 2, ¢), cut from a section of a microwire
subjected to laser irradiation, contains both point reflexes
and weakly noticeable blurred rings, indicating the presence
of crystallites in the amorphous material.

Figure 3 shows hysteresis loops obtained using a SQUID
magnetometer for an amorphous microwire before anneal-
ing (Figure 3,a) and a polycrystalline microwire after
vacuum annealing at 900°C (Figure 3,b). Amorphous
microwires (Figure 3,a) are characterized by a narrow
rectangular hysteresis loop with saturation in small fields
of ~ 1500e¢ and a low coercive force of ~ 8 Oe. Vacuum
annealing causes a significant increase in the coercive force
to ~ 10kOe (Figure 3,b) for polycrystalline microwires,
while the magnetization does not reach saturation even in
the fields of ~ 50 kOe, which is attributable to the formation
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Figure 5. A sequential change of the domain structure of the amorphous microwire section (a) and the dependence of the coordinate (b)
and velocity (¢) of the domain wall on the field for the direction along the diagonal of the figure (shown by the red line). The field scan
rate is 1 Oe/s. X — the coordinate of the domain wall along the red line on the panel (a).

of a rigid magnetic phase of the 2-14-1 type. The presence
of steps on the hysteresis loop in small fields (Figure 1,5)
indicates the presence of two phases simultaneously in
polycrystalline microwires: hard magnetic, highly coercive
phase 2-14-1 and the soft magnetic phases 1-4-1 and 2-1.
Figure 4 shows local loops of magnetic hysteresis
obtained using a Kerr microscope for a section on the
surface of an amorphous microwire (Figure 4,a) and a
section of a polycrystalline microwire subjected to laser
profiling (Figure 4,b). It was not possible to record a
local magnetic hysteresis loop using the Kerr method for

a microwire after thermal annealing, since the maximum
field value of ~ 1,kOe was insufficient to remagnetize the
sample. Magnetization hysteresis M with coercive force
of ~ 100e and saturation in small fields of ~ 200e is
observed in the initial amorphous microwire (Figure 4,a).
The value of the coercive force in the laser-amorphized
section of the microwire is ~ 10 Oe like in the amorphous
microwire, while the loop acquires an oblique shape with a
saturation field of 200 Oe. This fact indicates the proximity
of the structural states of the initial amorphous material and
material which is amorphized under the action of a laser.
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Figure 6. A sequential change of the domain structure of the section of the microwire (a) subjected to vacuum annealing and subsequent
laser irradiation, and the dependence of the coordinate (») and the velocity of the domain wall (¢) on the field for the direction along the
red line. The solid line shows the approximation of the dependence v(H) by the formula (1). The field scan rate is 1 Oe/s. X — domain

width in the area along the red line on the panel (a).

Figures 5 and 6 show images of the domain structure
of an amorphous microwire (Figure 5,a) and a section of a
polycrystalline microwire after laser irradiation (Figure 6, a).
It was not possible to register the domain structure using
a Kerr microscope for a polycrystalline microwire without
laser profiling. The domain boundary and its movement
(movement of light and dark contrasts) are visible in the
amorphous microwire (Figure 5, a), remagnetization occurs
by domain expansion with a change in the magnitude and
direction of the external magnetic field. It should be noted
that, although we observe a longitudinal component of
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magnetization in this paper, we established earlier using
the method of magneto-optical indicator films (MOIF) [8]
the presence of domains with radial magnetization in the
surface layers [9] in the same PrDyFeCoB microwires. This
indicates that the total magnetization of the microwire is
directed at an angle to its axis. Figures 5,b and 6,b
show the dependences of the domain wall coordinate and
its velocity on the external magnetic field. This is also
evidenced by the rather high velocity of the domain wall
of ~ 18 um/s (Figure 5, b). The non-monotonic dependence
of the velocity of the domain wall on the magnetic field is
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typical for the transition regime from the domain wall creep
in a weak field to its sliding in fields of above 8 Oe [10).

Vacuum annealing of amorphous microwires leads to the
disappearance of the domain structure in a weak field of up
to 1kOe. However, local laser irradiation of polycrystalline
annealed microwires restores the domain structure in them
(Figure 6,a). The size of the domains decreases in this case,
and their arrangement becomes chaotic compared to the do-
mains in the original amorphous sample (Figure 5,a). The
dynamics of domains in laser-irradiated samples also differs
from the dynamics of domains in the initial amorphous
samples (Figure 5,a and b). The velocity of the domain wall
movement in the locally irradiated regions is two orders of
magnitude lower than in the initial completely amorphous
microwire of ~ 0.1um/s. Therefore, the dependence of
the velocity on the magnetic field is monotonous, and the
transition phase of the dependence v (H) to the sliding mode
of the domain wall is not observed (Figure 6,c).

The dependence of the velocity of the domain wall on
the magnetic field in the creep mode is described by the
formula [11]:

v(H):voexp<—kL]:—T(%)l/4), (1)

where U — height of the potential barrier, kg — Boltzmann
constant, T — temperature, He — critical field. The critical
field established using the approximation of Figure 6,c is
Hc = —550e in our experiments.

Thus, the dynamics of domain walls in fully amorphous
and partially amorphous laser microwires differ in terms
of velocity and modes of movement of the domain wall
in them.

Conclusions

1. The annealing of an amorphous DyPrFeCoB microwire
results in the formation of a polycrystalline hard magnetic
phase 2-14-1 and in a significant increase of the coercive
force from 8 Oe for amorphous microwires to 10kOe for
polycrystalline microwires.

2. The local laser profiling in polycrystalline DyPrFeCoB
microwires prepared by vacuum annealing leads to the
occurrence of an amorphous surface layer with a thickness
of ~3um and to a narrowing of the hysteresis loop
compared with the initial polycrystalline microwire.

3. Domains are observed in the amorphous part of the
microwire and they completely disappear under the action
of vacuum annealing. Local laser irradiation results in the
occurrence of small and randomly located domains in the
area of the laser tag.

4. The dependence of the velocity of the domain wall on
the field is consistent with the creep regime in the irradiated
regions, in which the domain wall thermally overcomes
obstacles such as inhomogeneities of the amorphous phase.
The dependence of the velocity of the domain wall on the
field is nonmonotonic in a fully amorphous microwire not

subjected to laser irradiation and annealing, and the velocity
of movement is two orders of magnitude higher than in
local amorphous regions. This indicates the transition of the
creep mode to the sliding mode in completely amorphous
microwires, as well as different drag mechanisms in fully
and partially amorphous microwires.
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