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We studied the influence of AC current flowing through microwires, on magnetization dynamics. We
used a previously developed Sixtus-Tonks modified setup to evaluate the domain wall (DW) velocity
within the microwire. However, instead of a magnetizing solenoid, we used a current flowing through
the microwire. We observed that the AC current flowing through the annealed Co-rich microwire leads
to remagnetization by fast domain wall propagation. The estimated DW velocity was approximately
4.5 km/s, which is similar to and even higher than that reported for the magnetic-field-driven domain
wall propagation in Fe- and Co-rich microwires. We measured the DW velocity under tensile stress,
and found that the DW velocity decreases under applied stress. An observed DW propagation induced
by the current flowing through the microwire is explained considering the influence of an Oersted
magnetic field on the outer domain shell. This field has a circular easy magnetization direction and
magnetostatic interaction between the outer circumferentially magnetized shell and the inner axially
magnetized core.

Keywords domain wall propagation, magnetic microwire, amorphous material, magnetoelastic
anisotropy
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1 Introduction

The engineering of domain wall (DW) dynamics in
nano- and microwires is a challenge for fundamental
physics and technological applications related to mag-
netic recording and magnetic sensors [1, 2]. In these ap-
plications, the DW serves as the logic gate or memory
element.

The magnetic-field-driven domain wall propagation in
different families of magnetic wires is a conventional
topic of research. The most basic phenomena of domain
wall dynamics, such as the existence of a domain wall nu-
cleation and the concept of domain wall mobility, were
established in previous works [3–5]. Moreover, applica-
tions of domain wall dynamics to magnetic bubble mem-
ories, in which information is stored in small magnetized
areas delimited by domain walls and written by displace-
ment of the walls under magnetic fields, were proposed
more than 30 years ago [4].

Several years ago, an alternative approach to using
current-induced magnetic domain wall propagation in
magnetic wires was proposed [1, 2, 6]. Consequently,
control of the domain wall motion induced by a magnetic
field and/or by a current flowing directly into the mag-
netic element is a recent issue in magnetism as well as a
technological challenge. Additionally, the DW velocity
value is critical in the aforementioned applications.

On the other hand, electric-current-driven and
magnetic-field-driven DW dynamics present rather dif-
ferent features. Current-induced DW propagation has
considerably different features from magnetic-field-
driven propagation, making the former particularly use-
ful for memory storage applications [6]. When using a
current-induced DW movement, each DW moves in the
same direction, maintaining the overall magnetic struc-
ture in the wire [6]. For thin magnetic wires (typically
permalloy, Ni81Fe19), a current-driven DW motion oc-
curs if the current density exceeds a threshold value on
the order of 108 A/cm2. Such elevated current densities
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are impractical for device applications, and it is crucial
to find methods to reduce this threshold value. More-
over, for amorphous magnetic microwires, these current
densities can be critical owing to Joule heating: the mag-
netic softness typical of amorphous magnetic wires can
be destroyed [7]. Direct and indirect experiments indi-
cate that for amorphous microwires, there is considerable
Joule heating at current densities above 470 A/mm2, and
even short current pulses considerably affect the mag-
netic properties [7, 8]. Therefore, Joule heating must be
carefully avoided in order to maintain the soft magnetic
character of amorphous microwires.

The Oersted magnetic field produced by current pulses
can play an important role, considering the high current
density involved [9]. Thus, for a current of 2×1012 A/m2,
a transverse field close to 8 kA/m can be produced [9].
In any case, for nanowires, it is demonstrated that the
aforementioned Oersted field does not considerably affect
the domain wall velocity [9]. The case of Co-rich amor-
phous magnetic microwires is completely different: using
transverse magnetooptical Kerr effect (MOKE) magne-
tometry, we observed that the electrical current flowing
through a magnetically soft Co-rich microwire can give
rise to the remagnetization of the domains on the surface
of the microwires [10]. This considerable difference can be
attributed to the much softer magnetic properties of Co-
rich microwires as compared to FeNi nanowires. More-
over, it is commonly assumed and experimentally con-
firmed that Co-rich microwires present a circular mag-
netization orientation of the outer domain shell [10–13].
Therefore, circular magnetic field created by electrical
current can produce magnetization process in the sur-
face domains of Co-rich microwires.

On the other hand, amorphous microwires with pos-
itive magnetostriction coefficient microwires present a
magnetically bistable character: under the application
of a longitudinal magnetic field opposite to the rema-
nent magnetization, a large Barkhausen jump occurs
[14–18]. The magnetization reversal of these microwires
runs through a fast domain wall (DW) propagation [14–
17].

A DW speed above 1000 m/s was reported for amor-
phous magnetic microwires [14–16], although less atten-
tion has been paid to the manipulation of DW dynamics
[16, 17]. Thus, recently, DW braking and even trapping
at a given position under the effect of an additional an-
tiparallel local magnetic field were reported. That posi-
tion and the DW velocity are further controlled by suit-
able tuning of the local field. Low parallel-local field gen-
erated tail-to-tail and head-to-head pairs of walls move
along opposite directions when that field is strong enough
[14, 17]. On the other hand, when manipulating the
magnetoelastic energy through the application of tensile
stress, changes to the magnetostriction constant and the

internal stresses significantly affect the DW dynamics in
magnetically bistable microwires [16].

The origin of the aforementioned spontaneous mag-
netic bistability in Fe-rich microwires is related to the
peculiar domain structure of these microwires consisting
of a single axial domain surrounded by a radial domain
structure [12, 13].

Recently, we reported that in Co-rich microwires with
low and negative magnetostriction coefficient present lin-
ear hysteresis loop in the as-prepared state and a mag-
netic bistability can be induced by thermal treatment
[19, 20].

The main interest in Co-rich microwires with low mag-
netostriction coefficient is related to the giant magneto-
impedance (GMI) effect. This GMI effect consists of a
large change in the electrical impedance in a magnetic
conductor subjected to an axial dc magnetic field H [21–
23]. The GMI effect originates from the dependence of
the transverse magnetic permeability upon the dc mag-
netic field and skin effect.

The aforementioned GMI effect is a promising phe-
nomenon, exhibiting the highest sensitivity to magnetic
fields among cryogen-free technologies, and is therefore
suitable for designing various magnetic sensors and mag-
netometers with a pico-Tesla resolution achieved at room
temperature [21–24].

Recently, we reported that Co-rich microwires with
induced magnetic bistability can present elevated GMI
effects and fast domain wall propagation in the same
sample. These are features that were previously reported
for completely different families of magnetic microwires
[19, 20].

The elevated GMI effect observed in annealed Co-rich
microwires with a rectangular hysteresis loop has been
attributed to the circular magnetization orientation of
the outer domain shell [19, 20]. On the other hand, the
fast domain wall propagation of a single-domain wall has
been attributed to the magnetization switching within
the inner axially magnetized core with an axial magne-
tization orientation [19, 20].

Recently, we studied the magneto-impedance (MI) ef-
fect of amorphous Co-rich microwires at MHz and GHz
frequencies, and observed the GMI hysteresis originating
from the magnetostatic interaction of the inner axially
magnetized core with the outer domain shell [25].

The rather different magnetic properties of microwires
with positive and negative magnetostriction coefficients
are related to their different domain structures. The
outer domain shell of Fe-rich microwires presents a radial
magnetization direction, while for Co-rich microwires,
a circumferential magnetization orientation is reported
elsewhere [19, 20, 26].

This difference can give rise to considerably different
magnetization mechanisms. As mentioned above, using
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MOKE, we observed that the electrical current flowing
through the Co-rich microwire with a circular magne-
tization orientation in the outer domain shell can give
rise to the remagnetization of the domains on the sur-
face of the microwires [10]. On the other hand, it has
not yet been studied if the remagnetization of the outer
circular domains induced by electrical current affects the
magnetization of the inner axially magnetized domain in
Co-rich microwires with induced magnetic bistability. It
is not clear if the remagnetization of the outer circular
domains induced by electrical current runs through the
single-domain wall propagation or multiple domain wall
nucleation and growth.

Considering our recent results on the magnetostatic
interaction of the inner axially magnetized core with the
outer domain shell observed in as-prepared Co-rich mi-
crowires with linear hysteresis loops, we can assume that
the existence of the magnetostatic interactions between
the inner core and outer shell of Co-rich microwires with
induced magnetic bistability present both a GMI effect
and induced magnetic bistability. Therefore, similar to
the influence of the inner axially magnetized core on the
GMI effect, we expect that the changes induced in the
outer domain shell can affect the magnetization in the
inner core.

In this paper, we present the results of a successful
attempt to manipulate the magnetization switching in
the inner core by the electrical current flowing through
Co-rich microwires that exhibit induced magnetic bista-
bility.

2 Experiment

In order to demonstrate these phenomena, we used amor-
phous Co69Fe4B12Si14C1 microwires prepared by using
the Taylor–Ulitovky method as described elsewhere [7–
11, 14–20]. The studied Co-rich glass-coated microwire
presents a diameter of metallic nucleus d = 25 µm and
a total diameter of D = 30 µm. We studied the effect of
electrical current on the magnetization switching of as-
prepared Co-rich microwires with linear bulk hysteresis
loops, and annealed Co-rich microwires with rectangular
hysteresis loops. For comparison, we also studied the ef-
fect of electrical current on magnetization switching for
Fe-rich (Fe75B9Si12C4) microwires with d ≈ 15.2 µm and
D ≈ 17.2 µm, and d ≈ 22.1 µm and D ≈ 24.3 µm, which
exhibit spontaneous magnetic bistability prepared using
the same technique.

Prepared Co69Fe4B12Si14C1 microwire was annealed
(at 300◦C for 5 min) in order to change the character of
the hysteresis loop from a linear one typical of Co-rich
as-prepared microwires to a rectangular one typical of
annealed Co-rich microwires with low magnetostriction

coefficients [19, 20].
For studies of the magnetization switching, we used a

Sixtus–Tonks modified setup to evaluate the DW velocity
within the microwire. In our experiment, the sample
inside the sample holder is placed coaxially inside of the
pickup coils. We used three pickup coils (P1, P2, and
P3, as shown in Fig. 1) mounted along the length of
the wire. If the DW propagates along the sample, it
induces an electromotive force (emf ) in the pickup coils,
as described in Refs. [9] and [11].

Each pickup coil is connected to the corresponding in-
put of a digital oscilloscope. Each sharp peak of the emf
is picked up by an oscilloscope upon passing the propa-
gating wall.

Then, DW velocity is estimated as

v =
l

∆t
, (1)

where l is the distance between the pickup coils, and ∆t
is the time difference between the maxima in the induced
emf.

The difference from previously used setups for stud-
ies of magnetic-field-driven DW propagation [16, 17, 27]
in magnetic microwires is that instead of a magnetizing
solenoid, we used the AC current flowing through the mi-
crowire. We used a current amplitude of 10.5 mA, which
produced an AC circumferential magnetic field with an
amplitude that can be estimated on the surface of the
metallic nucleus by using the following formula:

Hcirc = I/(2πr), (2)

where I is the current value, and r is the radial distance.
From this relation, we estimated that for the

Co69Fe4B12Si14C1 microwire, Hcirc ≈ 134 A/m. For

Fig. 1 Schematic of experimental setup.
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the Fe75B9Si12C4 samples (d ≈ 15.2 and 22.1 µm),
Hcirc ≈ 220 A/m and 152 A/m, respectively.

For the Co69Fe4B12Si14C1 sample (d ≈ 25 µm), the
current density j is approximately 21 A/mm2, while
for the Fe75B9Si12C4 (d ≈ 15.2 and 22.1 µm) samples,
j ≈ 60 A/mm2 and 28 A/mm2, respectively. In all sam-
ples, the employed current densities were clearly below
the values that can produce magnetic hardening and/or
crystallization of the samples [7, 8].

It is worth mentioning that we previously observed
the magnetization process induced by electrical current
within a thin surface layer using the MOKE method.
Using this technique, we were unable to study the in-
ner domain structure and measure domain wall dynamics
within the inner part of the sample.

In the present case, we used electrical current and a
system of pickup coils previously used for studies of the
magnetic-field-driven DW propagation in Fe- and even
Co-rich microwires. The experimental setup was com-
pletely different from that used in Ref. [26], where the
domain wall propagation was induced by an external
magnetic field produced by a long solenoid.

We measured the magnetic field dependences of the
impedance Z and GMI ratio ∆Z/Z, defined as

∆Z/Z = [Z(H)− Z(Hmax)]/Z(Hmax), (3)

where Hmax is the maximum applied DC magnetic field.
We used a specially designed microstrip sample holder.

The sample holder was placed inside a sufficiently long
solenoid that creates a homogeneous magnetic field H.
The sample impedance Z was measured using a vector
network analyzer from reflection coefficient S11. A more
detailed description of the experimental setup can be
found in our previous publications [8, 19, 20].

Hysteresis loops have been measured using a fluxmet-
ric technique described elsewhere [16, 19, 20]. We repre-
sent the normalized magnetization M/Ms vs. the mag-
netic field H, where M is the magnetic moment at a
given magnetic field, and Ms is the magnetic moment
of the sample at the maximum magnetic field amplitude
Hm. The sample length was 10 cm.

Some measurements were performed under tensile
stresses. The value of the applied tensile stress within
the metallic nucleus and glass shell were calculated as
described earlier [28]:

σm =
KP

KSm + Sgl
, σgl =

P

KSm + Sgl
, (4)

where K = E2/E1, Ei are the Young’s moduli of the
metal (E2) and the glass (E1) at room temperature, P
is the applied mechanical load, and Sm and Sgl, respec-
tively, are the cross sections of the metallic nucleus and
glass coating.

3 Results and discussion

As-prepared Co-rich microwire presents a linear hys-
teresis loop with very low remanent magnetization
(Mr/Ms ≈ 0.01) and coercivity Hc ≈ 5 A/m [Fig. 2(a)].
It is worth mentioning that most experimental results
for the amorphous wires were satisfactory explained con-
sidering a so-called core-shell model [11–13, 29]. In the
case of a Co-rich wire with a negative magnetostriction
constant, it is assumed that there is an inner core magne-
tized along the wire axis and an outer shell where mag-
netization points in the circumferential direction. Con-
sequently, the linear (almost non-hysteretic) hysteresis
loop observed for as-prepared Co-rich microwire must
be related to the quasi-reversible magnetization rotation
from the circumferential to the axial direction in the
outer domain shall with a circumferential easy magne-
tization direction [13, 29]. Low remanent magnetization
must be attributed to the quite small radius of the inner
axially magnetized core Rc that can be estimated from
remanent magnetization Mr/Ms as [29]

Rc = R(Mr/Ms)l/2, (5)

where R is the wire radius. Considering the low Mr/Ms
values (Mr/Ms ≈ 0.01) obtained from Fig. 2(a), we es-
timate that Rc is approximately 0.1R, meaning that the
inner core volume in the as-prepared sample is quite low.

An annealed Co-rich sample and as-prepared Fe-rich
samples present a perfectly rectangular hysteresis loop
shape that reflects the fast magnetization switching of
the studied sample [Figs. 2(b), (c)]. Considering relation
(5), we can estimate that Rc ≈ 0.9R and Rc ≈ 0.97R
for the annealed Co-rich sample and Fe-rich sample, re-
spectively. Consequently, after the annealing of Co-rich
microwires, we observed that the inner axially magne-
tized core volume and coercivity increased.

As discussed elsewhere [9–12, 23, 30], the rectangu-
lar character of a hysteresis loop characterized by a sin-
gle and large Barkhausen jump is related to the do-
main structure of the magnetic wires [23, 24]. It is com-
monly assumed and confirmed by direct and indirect
measurements that the domain structure of amorphous
microwires exhibiting rectangular hysteresis loops con-
sists of a single large axially magnetized domain and an
external domain structure with transversal magnetiza-
tion at the surface [11–13]. A radially magnetized outer
domain is considered in the case of Fe-rich microwires,
while a circumferential magnetization orientation is pro-
posed for Co-rich microwires [11–13].

The annealed Co-rich sample and Fe-rich samples
present quite similar hysteresis loops with coercivities of
approximately 45 A/m. The most appreciated difference
is that the Co-rich microwire presents a higher magnetic
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Fig. 2 Hysteresis loops of (a) as-prepared Co69Fe4B12Si14C1 microwire, (b) annealed at 300◦C for 5 min Co69Fe4B12Si14C1

microwire, and (c) as-prepared Fe75B9Si12C4 microwire.

permeability in the remanent state, which is reflected by
a higher slope of the flat regions of the hysteresis loops
(see Fig. 2). Therefore, the outer domain structure of
the annealed Co-rich sample can be different from that
of the Fe-rich sample.

We measured ∆Z/Z(H) dependences for as-prepared
Fe75B9Si12C4 (presenting spontaneous magnetic bista-
bility) and as-prepared (with a linear hysteresis loop) and
annealed Co69Fe4B12Si14C1 (presenting induced mag-
netic bistability) samples with the frequency as a pa-
rameter [see Figs. 3(a)–(c)]. As can be observed, there
is a considerable difference in the ∆Z/Z(H) depen-
dences and in the value of the maximum GMI ratio
∆Z/Zmax. First, the Fe75B9Si12C4 microwire has a
∆Z/Zmax value that is almost one order lower than that
of the as-prepared and annealed Co69Fe4B12Si14C1 sam-
ples (18%, 270%, and 170%, respectively). Second, the
∆Z/Z(H) dependence measured for the Fe75B9Si12C4

sample exhibits decay from ∆Z/Z(H = 0), while the
as-prepared and annealed Co69Fe4B12Si14C1 microwires
exhibit double maximum ∆Z/Z(H) dependences. Such
∆Z/Z(H) dependence double maximum is usually as-
sociated with circumferential magnetic anisotropy, while
the ∆Z/Z(H) exhibiting a decay (as we observed in the
Fe-rich sample) is usually associated with longitudinal
magnetic anisotropy [22, 23, 31].

Consequently, from measurements of the hysteresis
loops and the GMI effect, we can i) assume the exis-
tence of the inner axially magnetized domain responsi-
ble for the magnetically bistable behavior in the annealed
Co-rich sample and Fe-rich sample, but also ii) different
magnetic anisotropy in the outer domain shell for Co-rich
and Fe-rich microwires with spontaneous and induced
magnetic bistability. It is worth mentioning that the
circumferential magnetization anisotropy in the Co-rich
sample with induced magnetic bistability was recently
confirmed by MOKE [26].

As mentioned in the introduction, recently we ob-
served the magnetostatic interaction of the inner axially
magnetized core and the outer domain shell that caused

a GMI hysteresis [25].
In our experiment, we applied an AC electrical cur-

rent producing a circumferential AC magnetic field that
must affect the magnetization of the outer shell with a
circumferentially magnetization easy axis.

In Figs. 4(a)–(c), the electromotive force (EMF) sig-
nals ε, generated in the pickup coils by the magnetization
changes caused by the current in all studied samples, are

Fig. 3 ∆Z/Z(H) dependences measured in (a) as-
prepared and (b) annealed at Tann = 300◦C for tann = 5
min Co69Fe4B12Si14C1 microwire, and (c) in as-prepared
Fe75B9Si12C4 microwire measured at different frequencies.
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shown. As can be observed, appreciable EMF peaks with
quite similar amplitudes were induced in the pickup coils
for the annealed Co69Fe4B12Si14C1 sample, while for the
as-prepared Fe75B9Si12C4, the EMF voltages induced in
all pickup coils was quite small [Fig. 4(b)]. For com-
parison, we measured time t and the dependence of the
EMF signals ε for Fe75B9Si12C4 with a thicker metallic
nucleus diameter (d ≈ 22.1 µm), and a similar glass-
coating thickness (approximately 1.1 µm), which is pro-
vided in the inset of Fig. 4(b). A thicker Fe75B9Si12C4

microwire also presents rather low EMF voltages induced
in all pickup coils.

Additionally, small systematic temporal shifts on the
t-axis between the EMF peaks can be observed for the
annealed Co69Fe4B12Si14C1 sample [Fig. 4(a)].

In the as-prepared Co69Fe4B12Si14C1 sample (with
a linear hysteresis loop), similar to the annealed
Co69Fe4B12Si14C1 sample, we observed appreciable
EMF peaks. However, in contrast to the annealed
sample, we did not observe a temporal shift that
could be appreciated on the t-axis for the annealed
Co69Fe4B12Si14C1 sample [Fig. 4(c)].

To interpret the observed dependences, we must con-
sider different the domain structures of the studied sam-
ples. As discussed above, a linear hysteresis loop with
vanishing remanent magnetization observed in an as-
prepared Co-rich microwire must be related to the mag-
netization rotation process.

The other two samples (annealed Co-rich sample and
as-prepared Fe-rich sample) present perfectly rectangu-
lar hysteresis loops usually related to the inner axially
magnetized single-domain core [12, 13].

Consequently, the smallest EMF signals observed in
Fe-rich microwires can be explained considering that the
circular magnetic field produced by electrical current
does not sufficiently affect the radially magnetized outer
domain typically observed in Fe-rich microwires [12].

The amplitudes of the EMF peaks induced in the
pickup coil of the annealed sample are quite similar to
those observed in the as-prepared sample [Figs. 4(a), (c)].

As previously discussed, a bamboo-like domain struc-
ture is typically observed in the outer shell of Co-rich
magnetic wires with low and negative magnetostriction
[11–13]. Consequently, we can assume that appreciable
EMF peaks induced in the pickup coils can be attributed
to the magnetization changes in the outer domain shell
induced by the circular magnetic field produced by elec-
trical current (Oersted field). EMF peaks observed in
as-prepared Co69Fe4B12Si14C1 microwires, in our opin-
ion, mean that the electrical current affects the outer
bamboo-like domain shell with a circular magnetization
orientation.

On the other hand, considering the low Mr/Ms-
values (as mentioned above) observed in Fig. 2(a), we

determined that the inner core volume of as-prepared
Co69Fe4B12Si14C1 sample is quite low, and the main part
of the sample presents a circumferential magnetization
orientation, i.e., the outer domain shell of as-prepared
Co-rich microwire is much thicker. Aforementioned con-
siderations of the domain structure [made considering

Fig. 4 Voltage peaks induced by magnetization changes
in pickup coils in (a) annealed Co69Fe4B12Si14C1,
(b) as-prepared Fe75B9Si12C4, and (c) Co69Fe4B12Si14C1

microwires.
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different ∆Z/Z(H) dependences and different characters
of hysteresis loops with rather different Mr/Ms values)]
of all studied samples are schematically summarized in
Fig. 5.

Consequently, we consider that the magnetization pro-
cess of the inner axially magnetized core in annealed
Co69Fe4B12Si14C1 microwire contributes to the induced
EMF peaks in the pickup coils.

The difference in the EMF signals of the as-prepared
and annealed Co69Fe4B12Si14C1 samples is that we ob-
served a systematic temporal shift ∆t between the
EMF peaks for the annealed Co69Fe4B12Si14C1 sample
[Fig. 6(a)]. This shift is not observed for the as-prepared
Co69Fe4B12Si14C1 sample [Fig. 6(c)]. This shift becomes
even more visible under tensile stress applied during the
measurements of the annealed Co69Fe4B12Si14C1 sample
[Fig. 6(b)].

Additionally, we observed a significant increase in
the amplitude of the EMF peaks in the annealed
Co69Fe4B12Si14C1 sample measured under tensile stress
[appreciable from a comparison of Figs. 6(a) and 6(b)].
However, the amplitude of the EMF peaks for the
as-prepared Co69Fe4B12Si14C1 sample measured under
stress remained unchanged [Fig. 6(c)].

We can explain our observed differences by considering
the different magnetization processes of the as-prepared

and annealed Co69Fe4B12Si14C1 samples.
We consider that the temporal shift between the peaks

in the annealed Co69Fe4B12Si14C1 sample is related to
the magnetization switching in the inner core by domain
wall propagation along the microwire. Moreover, from
the shift between the peaks, we can estimate the velocity
of the propagating domain wall from (1). Using this
method, we obtained a DW velocity of approximately
4.5 km/s, i.e., values quite similar to those reported in
Co-rich microwires with induced magnetic bistability [19,
20].

From the observed dependence of the temporal shift
∆t on the applied stress σ, we can estimate the depen-
dence of DW velocity on tensile stress (see Fig. 7).

The observed DW propagation along the sample in-
duced by the current flowing through the microwire was
explained by considering the magnetostatic interaction
between the outer circumferentially magnetized shall and
the inner axially magnetized core. Indeed, the Oersted
magnetic field produced by the current is largest on the
surface, and therefore must affect mostly the outer do-
main shell with a circumferential magnetization orienta-
tion. However, we recently observed the magnetostatic
interaction of the inner axially magnetized core with the
outer domain shell [23]. Therefore, we expect that mag-
netization switching induced in the outer domain shell

Fig. 5 Schematic domain structure of (a) as-prepared, (b) annealed at 300◦C for 5 min, and (c) Co69Fe4B12Si14C1

amorphous microwire and Fe75B9Si12C4 microwire.

Fig. 6 EMF peaks induced by magnetization changes in pickup coils measured in annealed Co69Fe4B12Si14C1 sample: (a)
without stress, (b) under tensile stress of 195.6 MPa, and (c) in as-prepared Co69Fe4B12Si14C1 sample under tensile stress
of 195.6 MPa.

V. Zhukova, et al., Front. Phys. 13(2), 137501 (2018)
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Fig. 7 Dependence of DW velocity on applied tensile stress
estimated for annealed Co69Fe4B12Si14C1 microwire.

by electric current can affect the magnetization in the
inner core.

With regard to the effect of applied tensile stresses
on the amplitude of the EMF peaks observed in the an-
nealed Co69Fe4B12Si14C1 sample, we must consider the
influence of the stresses on domain wall propagation.

The EMF generated within the turn of the pickup coil
by a change in the magnetic flux is given by

ε(t) = −4π

c

∂Φ

∂t
, (6)

where c is the velocity of light, Φ = BS is the magnetic
flux, S is the area of the surface, B = M + H is the
magnetic induction, and M is the magnetization. Thus,
the amplitude of the EMF peaks must be determined by
∂M
∂t .

The EMF signals generated by a head-to-head DW
moving through the magnetic wire are studied in
Ref. [32]. In particular, it was found that the character-
istic width δ of a head-to-head DW is determined by the
magnetoelastic anisotropy. The reduced head-to-head
domain wall width δ/d (d is the metallic nucleus diame-

ter) depends on the value of the anisotropy constant K.
It is determined that δ/d ≈ 13.5 for K = 104 erg/cm3,
δ/d ≈ 20 for K = 5 × 103 erg/cm3, δ/d = 30 − 34 for
K = 2 × 103 erg/cm3, and δ/d = 40 − 50 for K = 103
erg/cm3. Moreover, decreasing δ/d with an increase in
the internal stresses (determined by the ratio of metallic
nucleus diameter d to the total microwire diameter D) is
reported.

Similar conclusions on the stress dependence of the
DW shape and DW width were made for different fami-
lies of magnetic wires [33–35] and thin films [36].

A decrease in the characteristic width δ must be as-
sociated with ∂M

∂t increasing, as schematically shown in
Fig. 8.

On the other hand, the observed dependence of the ve-
locity of DW propagation on the tensile stress (see Fig. 7)
must be explained considering that the domain wall mo-
bility S is proportional to the domain wall width δ [16]:

S ∼ δ ∼ (A/K)1/2, (7)

where A is the exchange stiffness constant, and K is the
magnetic anisotropy constant.

In amorphous materials, the main source of magnetic
anisotropy is the magnetoelastic anisotropy Kme, which
is given by

Kme ≈ 3/(2λsσ), (8)

where σ is the stress, and λs is the magnetostriction
coefficient.

For magnetic-field-driven DW dynamics (viscous
regime), the DW velocity is proportional to the DW mo-
bility according to the expression

v = S(H −H0), (9)

where H is the axial magnetic field, and H0 is the critical
propagation field, below which domain wall propagation
is not possible.

Fig. 8 Schematic pictures of DW and EMF signal in Co69Fe4B12Si14C1 (a) without stress and (b) with stress.
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Consequently, we can expect a reduction in the DW
velocity under applied stress.

With regard to the stress dependence of the EMF
signals, it is worth noting that when previously using
the MOKE method, we observed that the circular mag-
netic bistability (i.e., the rectangular hysteresis loop of
the transversal magnetization vs. the electrical current)
could be induced by the tensile stress. Such circular
magnetic bistability has been explained considering the
transformation of the circular multidomain bamboo-like
structure observed in the absence of tensile stress into a
single-domain structure [10]. These changes were pre-
viously observed using MOKE [10, 37], and were at-
tributed to the stress-induced changes in the energy of
the magnetic system associated with the enhancement
of the magneto-elastic anisotropy, and therefore the en-
hancement of the domain wall energy.

The observed enhancement of the signals in the pickup
coils under applied stress can be also attributed to the
aforementioned changes in the surface domain struc-
ture from the multidomain bamboo-like structure into
a single-domain one.

It is worth mentioning that the enhancement of the
amplitude of the EMF peaks under tensile stress is ob-
served only for the annealed Co69Fe4B12Si14C1 sample
[Fig. 6(b)]. The amplitude of the EMF peaks of the
as-prepared Co69Fe4B12Si14C1 sample (presenting a lin-
ear hysteresis loop) is not affected by the tensile stress
[Fig. 6(c)].

Considering the aforementioned discussion, we can as-
sume that the outer circular domain structure of the as-
prepared Co69Fe4B12Si14C1 sample is instead a single
domain [as shown in Fig. 5(a)], as it was experimentally
and theoretically reported elsewhere [38, 39].

In fact, it was theoretically predicted elsewhere [38, 39]
that a single stable cylindrical domain can be created in
an amorphous Co-rich microwire. On the other hand,
the circular magnetic bistability reportedly induced by
tensile stress in some glass-covered Co-rich microwires
[10] is related to the single-domain structure of the outer
domain shell of Co-rich microwires.

The assumed transformation of a single-domain struc-
ture into a bamboo-like-domain cylindrical structure of
the outer shell of Co-rich magnetic microwires after an-
nealing might be related to internal stress relaxation. In-
deed, the internal stresses arising during the preparation
of glass-coated microwires originate from three different
phenomena: i) stresses associated with the rapid solidifi-
cation from the melt, ii) different thermal expansion co-
efficients of quenching the metallic ingot and glass coat-
ing, and iii) tensile drawing stresses [40, 41]. From the
radial distribution of the total internal stresses reported
elsewhere [40, 41], one can see that the tensile internal
stresses are strongest within the main part of the metallic

nucleus [40, 41]. Consequently, annealing that allows for
internal stress relaxation must be considered as a release
of tensile stresses. Hence, one can expect diminishing of
the magneto-elastic anisotropy, and therefore diminish-
ing of the domain wall energy and transformation of a
single-domain structure into a bamboo-like structure.

With regard to the origin of the observed DW prop-
agation induced by the current flowing through the an-
nealed Co-rich microwire, we considered the magneto-
static interaction between the outer circumferentially
magnetized shell and the inner axially magnetized core.
We assume that flowing current produces a circumferen-
tial magnetic field that affects the magnetization of the
outer shell.

As discussed elsewhere [11, 39, 42], the magnetiza-
tion distribution inside the magnetic wires is determined
by the total energy of the wire, which consists of ex-
change, magnetoelastic, and Zeeman energy contribu-
tions. Therefore, we must assume that if the magne-
tization of the outer domain shell changes (i.e., under a
circular field produced by the current), this can affect
the overall magnetization distribution within the wire.
Indeed, for the Co69Fe4B12Si14C1 sample, AC current
produces Hcirc ≈ 134 A/m. For the Fe75B9Si12C4 sam-
ple, Hcirc ≈ 220 A/m. However, as we observed above,
this sample does not present DW propagation under AC
current. This difference can be explained by considering
the different magnetization easy directions in annealed
Co-rich and Fe-rich microwires. For the circumferen-
tially oriented outer domain shell typical of Co-rich wire,
the current can produce a remagnetization of the outer
circularly magnetized shell if the current amplitude is
high enough. Consequently, remagnetization of the outer
shell affects the magnetization in the inner core through
the magnetostatic interaction between them. For the ra-
dially magnetized outer domain shell typical of Fe-rich
wires, the current likely produces a magnetization rota-
tion that does not affect the magnetization in the inner
axially magnetized core.

It is worth mentioning that the magnetostatic interac-
tion of the inner axially magnetized core and the outer
domain shell has been demonstrated experimentally (by
the shift in the MI curve along the axial magnetic field),
by a shift of the circular hysteresis loop under appli-
cation of an axial magnetic field, and from the depen-
dence of the remanent circular magnetization component
measured and calculated for various inner-core diameters
[25, 37].

Consequently, the domain structure realized in an-
nealed Co-rich microwire with an induced magnetic
bistability consisting of an inner axially magnetized core
and outer shell with a circumferential easy magnetiza-
tion direction is essentially favorable for observing single-
domain wall propagation induced by electrical current.

V. Zhukova, et al., Front. Phys. 13(2), 137501 (2018)
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4 Conclusions

Under certain experimental conditions, we realized the
remagnetization of annealed Co-rich microwire by fast
domain wall propagation along the microwire under the
influence of the AC current flowing through the sample.

The estimated DW velocity is approximately 4.5 km/s.
This is similar to and even higher than that reported for
the magnetic-field-driven domain wall propagation in Fe-
and Co-rich microwires.

We discussed different magnetization reversals of all
studied microwires considering a comparison of hystere-
sis loops, the GMI effect, and the stress dependence of
the EMF generated in the pickup coils.

The observed DW propagation induced by the cur-
rent flowing through the microwire was discussed con-
sidering the influence of an Oersted magnetic field pro-
duced by electrical current on the outer domain shell.
This field had a circular magnetization orientation and
magnetostatic interaction between the outer circumfer-
entially magnetized shell and the inner axially magne-
tized core.
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