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We report on the influence of graded magnetic anisotropy designed by stress-annealing of magnetic mi-
crowire at variable annealing temperature on domain wall propagation. We found that the domain wall
propagation in a medium with graded magnetic anisotropy is substantially nonuniform. Domain wall can
be trapped in the microwire region with strong enough stress-annealing induced magnetic anisotropy. On
the other hand, faster domain wall propagation and a decrease in the domain wall length are observed
in the region with moderate stress-annealing induced magnetic anisotropy. Beneficial effect of stress-
annealing on the domain wall dynamics is associated with the induced transverse magnetic anisotropy
in the outer domain which affects the travelling domain wall in a similar way as application of transver-
sal bias magnetic field. Observed decreasing of the half-width of the electromagnetic force (EMF) peak in
stress-annealed microwires can be associated to the decreasing of the characteristic domain wall length.

© 2021 The Author(s). Published by Elsevier Ltd.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

Studies of magnetic domain walls (DWSs), which separate re-
gions magnetized in opposite directions and the DWs propagation
are in the focus of basic and applied interest because of variety
of fundamental problems (e.g., depinning of a DW from the pin-
ning center through the magnetic quantum tunneling, magnetoe-
lastic interaction of moving DW with the acoustic subsystem of
the crystal, Cherenkov emission of sound by a moving DW, super-
sonic DW velocity, DW or skyrmion motion in nano/micro-wires
with chiral exchange interactions,...) and exciting technological ap-
plications (i.e., data storage or magnetic logics) [1-8].

In particular, it was shown that in soft magnetic materials with
high shape anisotropy, like thin magnetic wires, the magnetic mo-
ments can be oriented along the long wire axis. Typically, under
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the effect of a reversed magnetic field in thin magnetic wires, one
can observe the formation of reversed domains and the DW prop-
agation [1,7,9,10]. Therefore, magnetic wires are one of the most
convenient materials allowing DW dynamics studies. The basic as-
pects of the DW dynamics, such as the existence of a DW nucle-
ation and propagation fields or the rate of change of DW veloc-
ity, v, with increasing the external field, H in terms of the DW
mobility, S, have been established [7,9]. Great efforts have been
made to control the single DW propagation using artificially cre-
ated pinned centers by local notches, stray or local fields, or mag-
netostatic interaction or to understand the influence of magnetoe-
lastic anisotropy [11-15]. In a number of promising applications,
such as racetrack memories, magnetic logic or magnetic tags, the
use of fast and controllable DW propagation has been proposed
[4-6,9]. There are several materials that are quite attractive for
such applications due to low magnetic anisotropy and yet high
Curie temperature, such as submicrometric planar or cylindrical
nanowires from permalloy or amorphous cylindrical submicromet-
ric or micrometric wires [1-6,9,10,16-18].

Amorphous perfectly cylindrical magnetic microwires with
metallic nucleus diameters, from 185 nm up to 100 um can be ob-
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tained by the so-called modified Taylor-Ulitovsky technique allow-
ing fast (several meters per minute) preparation of almost continu-
ous (up to 10 km long) microwires coated with a thin flexible and
biocompatible glass coating with improved anti-corrosive and me-
chanical properties [9,10,16-20]. The fabrication method, includ-
ing the rapid melt quenching of a metallic nucleus surrounded
by glass with a rather different thermal expansion coefficients,
causes strong predominantly tensile internal stresses [15-17,19,20].
Such microwires with positive magnetostriction coefficient usu-
ally present perfectly squared hysteresis loops associated with the
magnetization switching through a single and large Barkhausen
jump between two remanent states with opposite magnetization
[9,10,21,22]. As observed elsewhere, the magnetization switching
in magnetic wires runs through the DW propagation, which starts
from the microwire ends, where closure domains appear due to
the demagnetizing field effect [9,10,22-25]. The other soft mag-
netic wires, such as Permalloy nanowires, are usually produced
using a variety of preparation techniques such as electron beam
lithography, sputtering or deposition [1-5,11-13]. The high shape
anisotropy of such nanowires ensures that magnetization align-
ment along the nanowires axis.

To compete with other technologies high speed of operation
and, therefore, fast DWs propagation is required. The DW velocity,
v, in nanowires of about 100 m/s is usually observed [4,5], while
almost one order of magnitude higher v-values are reported in
synthetic antiferromagnetic nanowires [26] and in amorphous mi-
crowires [9,10]. Such v-values can be further improved by various
methods, involving either application of transverse magnetic field
[9,27], ailoring of magnetoelastic anisotropy [9,28], or design of the
magnetic anisotropy using appropriate post-processing [9,29].

For the proposed applications, it will be necessary to inject,
controllably move and trap single or several DWs [1-5,9]. There-
fore, several techniques, like local magnetic field, artificially created
defects (notches or pads) or controlled DW collision, which served
as DW pinning, annihilation injection sources are proposed [30-
33]. Creation of structural irregularities (notches or protrusions) is
demonstrated as an effective method for DW dynamics control ei-
ther by pinning or DW injection in nanowires [11,12,30]. The po-
sition of a DW in a nanowire structure can be controlled by an
intentionally fabricated notch or injected in a pad [11,12,30]. How-
ever, very few experimental results have been published on the ef-
fect of artificially created defects in amorphous microwires, which
usually demonstrate much faster DW dynamics [34]. An artificial
source of DW injection has been created by local stress-annealing
[34].

Instead, braking or trapping of propagating DWs in a given
position by a local antiparallel magnetic field in magnetic mi-
crowire is reported [35]. On the other hand, DWs can be injected
into magnetic microwires either by a local magnetic field [36], or
even by an opposite magnetic field, when an artificial source of
DW injection is created by local stress-annealing [34]. Addition-
ally, stress-annealing is an effective method for tuning of mag-
netic anisotropy of magnetic microwires [29,37]. Stress anneal-
ing of Fe-rich magnetic microwires allows the induction of trans-
verse (with respect to the long wire axis) magnetic anisotropy
[37], which affects the DW dynamics similarly to the application
of a transverse bias magnetic field, allowing an increase in the
DW mobility and a decrease in its length [29]. The peculiarity of
stress-annealing induced anisotropy is that it essentially depends
on the stress-annealing conditions: annealing temperature, time
and stress applied during the annealing and can be partially an-
nealed out by subsequent furnace annealing [29,38]. Accordingly,
recently we showed that stress-annealing at fixed stress and vari-
able annealing temperature allows creating magnetic microwire
with graded magnetic anisotropy. The microwire annealed at vari-
able temperature presents graded magnetic properties: different
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hysteresis loops and, hence, coercivity, H. and squareness ratio,
M;/M,, along the microwire [34].

As described elsewhere[1,39,40], in viscous regime the mag-
netic field, H, dependence of DW velocity, v, below the Walker
breakdown field, Hy, in an infinite medium with constant mag-
netization at any point is well described in terms of DW mobility,
S as:

v =S(H - Ho) (1)

where Hy is the critical propagation field.

Therefore, the DW dynamics in a medium with graded mag-
netic anisotropy is expected to be affected by magnetization distri-
bution.

Accordingly, in this work we present a detailed study of the DW
dynamics in a Fe-rich amorphous microwire with a graded mag-
netic anisotropy induced in the microwire by a specially designed
thermal treatment consisting of stress-annealing at variable tem-
perature.

2. Experimental details

We studied the most typical Fe-rich glass-coated microwire:
Fe;5BgSi1;C4 microwires (metallic nucleus diameter d = 15.2 um,
total diameter D = 17.2 um) with positive magnetostriction coeffi-
cient, As, (38 x 1076) [41], prepared by the Taylor-Ulitovsky tech-
nique [16-18]. This technique allows preparation of up to few km
long rather homogeneous and continuous microwires at the same
quenching conditions. A piece of such a microwire with a length
of about 24 cm was used for research. Part of such a sample was
placed in a conventional furnace and annealed under tensile stress.
Tensile stress, 0~760 MPa, during annealing was created by a me-
chanical load attached to one end of the sample. Thus, part of the
sample outside the furnace was simply loaded and unloaded, but
part of the sample inside the furnace was subjected to stress an-
nealing. The o -value within the metallic nucleus was evaluated
considering different Young moduli of the metal (E;) and the glass
(Eq), and the cross sections of the metallic nucleus and glass coat-
ing, as described elsewhere [37,38,43].

The temperature, Tgn,, inside the furnace was set to 350 °C.
Such Tgnn was selected considering that the onset of crystalliza-
tion in Fe;5BgSi;;C4 microwire is observed at about 520 °C [43].
Therefore, Ty, was selected to avoid the crystallization.

Accordingly, part of the sample was subjected to annealing at
variable temperature, while part of the sample outside the furnace
was not annealed. There is a zone inside the furnace where the
temperature was constant. However, from the end of the furnace
to the constant temperature zone, there is a zone temperature gra-
dient zone.

The temperature, T, distribution from the furnace end to the
zone with constant temperature was evaluated using the commer-
cial (NiCr-Ni) thermocouple as follows: first, the desired furnace
temperature was set (T = 350 °C). After stabilizing the temper-
ature in the central zone of the furnace, the temperature distri-
bution was measured by moving the thermocouple inside the fur-
nace at the same location as the microwire sample during anneal-
ing. The temperature was measured every 5 mm. The accuracy of
the temperature measurement in each point is + 0.25 % (up to
1100 °C), the thermocouple diameter is 3 mm. During annealing,
a microwire sample was placed in the furnace in a zone with a
calibrated temperature distribution.As can be observed from Fig. 1,
T variation from 80 °C up to 350 °C is observed from the furnace
end up to the zone with constant T.

Accordingly, the microwire inserted into the furnace with the T
set at 350 °C under tensile stress was subjected to stress annealing.
However, a part of the microwire between the furnace end and the
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Fig. 1. Temperature distribution inside the furnace (with scheme of the microwire
placed inside the furnace).

zone with T = const is subjected to stress annealing at a variable
temperature.

Annealing was carried out in air: one of the advantages of
glass-coated microwires is that an insulating and continuous glass
coating can serve as protection against oxidation.

The hysteresis loops were evaluated using the fluxmetric
method, previously used for characterization of magnetically soft
microwires and described in details [42]. A thin (about 8 mm of
diameter) 12 cm long solenoid creates a rather uniform axial mag-
netic field in the region where a sample of about 8 cm long is
inserted [32]. The hysteresis loop of as-prepared sample was mea-
sured using 20 mm long pick-up coil. The fluxmetric method al-
lows the measurement of hysteresis loops approximately up to H
~ 3 kA/m. For higher H measurements (required for the samples
with strong transverse magnetic anisotropy) we used Quantum De-
sign magnetometer (PPMS).

We present the normalized magnetization M/M, versus mag-
netic field H, where M is the magnetic moment at a given mag-
netic field and M, is the magnetic moment of the sample at the
maximum magnetic field amplitude Hpqx. As-prepared microwire
presents perfectly rectangular hysteresis loop, typically reported
for Fe-rich amorphous microwires with H.~ 55 A/m and M;/M,
~ 0.96 (see Fig. 2a).

A short (2 mm long) pick-up coil was used to characterize the
stress-annealed at variable T microwires which can show rather
different hysteresis loops for different sections of the microwire.
Such setup allowed us to measure the hysteresis loops of differ-
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Fig. 3. Hysteresis loops of Fe;5B9Si;;C4 microwires stress-annealed at variable Tgpp
measured by short pick-up coil.
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ent sections of the microwire by moving it along the short pick-up
coil.

The DW velocity has been evaluated using the Sixtus-Tonks-
like experiment previously successfully employed for DW dynam-
ics studies in magnetic microwires [9,14,15,24]. The microwire has
been placed inside the long solenoid creating magnetic field, H.
One sample end is placed outside the magnetizing solenoid to en-
sure the DW propagation from the opposite wire end [9,14,15].
Three pick-up coils coaxially placed inside the solenoid, surround-
ing the sample and separated by the same distance, have been
used for the DW velocity evaluation. Such experimental scheme al-
lows avoiding exaggerated DW velocity values related to injection
of additional DWs at high enough H-values [9,15].

The DW velocity, v, can be estimated from the time difference,
At, in the electromotive force, EMF, peaks induced by the trav-
elling DW in the pick-up coils, separated by the distance, I, as
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o
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-10 5 5 10
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Fig. 2. Effect of stress-annealing on hysteresis loops of studied microwire measured at low field (a) and high field (b) range.
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l
v= (2)

The surface magnetization reversal process in the microwire
has been studied by the longitudinal magneto-optical Kerr effect
(MOKE) [45]. A polarized light of He-Ne laser was reflected from
the surface of the wire to the detector. The laser beam diameter
in the MOKE technique was of 0.8 mm. An axial magnetic field,
H, has been produced by a pair of Helmholtz coils. The rotation of
the angle of the light polarization reflected form the surface was
proportional to the magnetization, which was parallel to the plane
of the light and the microwire axis. The light reflected from the
cylindrical surface of the wire forms a conical surface. As described
elsewhere [45], to avoid a distortion of the magneto-optical signal
related to the reflection from the non-planar surface, the part of
light which corresponds to a small area of the wire surface was
cut by the diaphragm and the lenses. In consequence, the curva-
ture of this area is estimated to be about 3°. The metallic nucleus
diameter was d = 15.2 um. Taking into account that the spot size
of the laser beam is about 1 mm, the area probed by the MOKE
set-up can be estimated as about 10-3 mm?Z. To study the distri-
bution of the magnetic properties along the microwire length, the
light beam was shifted along the microwire.

3. Experimental results and discussion

As mentioned above, as-prepared microwires presented rectan-
gular hysteresis loops (see Fig. 2a). Rather different hysteresis loop
is observed in the stress-annealed at Tqpp,= 350 °C sample annealed

in the zone with T=const: a low field hysteresis loop presents com-
pletely different character with inclined hysteresis loop and rather
low M;/M, ~ 0.08. A macroscopic transverse anisotropy with mag-
netic anisotropy field, H, ~ 5 kA/m can be easily appreciated from
comparison of the hysteresis loop measured at high H (see Fig. 2b).

From previous publications related to the effect of stress-
annealing on magnetic anisotropy of Fe-rich microwires, is known
that the stress-annealing induced anisotropy depends on Tgn, (at
fixed tgnn and o) [29,34,38]. Therefore, a modification of the hys-
teresis loops of the sample placed in the zone with variable Tgpy
(at fixed tgnp and o) from the furnace end up to the zone with
Tann =const (see Fig. 1) is expected. Accordingly, as in Ref. [34], a
gradual change in the local hysteresis loop (measured by the short
pick-up coil) of the sample stress-annealed in the zone with vari-
able Tyn, is observed (see Fig. 3). Such microwire, stress-annealed
at variable Tgn, presents not only rather different hysteresis loops,
but also variable squareness ratio, M,/M,, and coercivity, H¢, along
the microwire length, L (see Fig. 4).

The most common model of domain structure of Fe-rich amor-
phous microwire comprises an inner axially magnetized core sur-
rounded by an outer shell with radial magnetization orientation
[23,46,47]. Therefore, observed M;/My(L) dependence can be used
for evaluation of the inner axially magnetized core radius, R.. In-
deed, in the framework of core-shell domain structure model R
can be evaluated from M;/M, using the relation [23]:

Re = R(M;/My)"? 3)

where R is the microwire radius.
Evaluated R.(L) dependence and its correlation with T(L) pro-
file are provided in Fig. 4b. Obtained R(L), M;/My(L) and H.(L)
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Fig. 6. Schematic picture of the graded magnetic anisotropy appearing as a continuous magnetic anisotropy gradient over the microwire length obtained by stress-annealing

at variable Tgpn.

dependencies and gradual change in hysteresis loop shape reflect
graded magnetic anisotropy obtained by stress-annealing at vari-
able Tgup. Taking into account a certain correlation of the R.(L),
M;/My(L) and H.(L) dependencies with the T(L) profile shown in
Fig. 4b, the M;/My, Hc and R; (Tqnn) dependencies have been eval-
uated (see Fig. 5a,b).

The observed M;/My(Tann), He (Tann) and R¢ (Tann) dependen-
cies demonstrate that the continuous magnetic anisotropy gradi-
ent along the microwire length evidenced from Figs. 3-5 must
be attributed to the variable Tyn, during the stress-annealing. Fi-
nally, the linear local hysteresis loop obtained at Ty;, = 350 °C
(in the microwire section stress-annealed at T= const on the T(L)
profile) is rather similar to the bulk hysteresis loop obtained for
the same Ty, (see Fig. 2). Consequently, at fixed tqn;, and o, the
stress-annealing induced transverse magnetic anisotropy becomes
stronger with increasing Tyny.

In the present case, the graded magnetic anisotropy appears as
a continuous spatial distribution of magnetic anisotropy gradient
over the microwire length subjected to stress-annealing at vari-

able Tgpp. Taking into account the R.(Tann) and R(L) dependencies,
obtained graded anisotropy can be attributed to a gradual mod-
ification of the domain structure: an increase in the outer shell
with transverse magnetic anisotropy in expense to a decrease in
the inner core volume (see schematic picture in Fig. 6). Taking into
account the modification in the character of local hysteresis loops
along the sample with graded magnetic anisotropy, three different
zones of the microwire can be identified.

The zone I corresponds to either as-prepared or stress-annealed
microwire at low Tgnn, (approximately up to Tgnn ~ 74 °C) with al-
most perfectly rectangular hysteresis loops. The linear hysteresis
loop, typical for microwires with transverse magnetic anisotropy is
observed for the microwire section from zone III (stress-annealed
at Tgpn > 334 °C). In the part of the microwire from zone
II, we can assume a superposition of two types of magnetic
anisotropy: transverse magnetic anisotropy, characterized by a
rather low squareness ratio, and axial magnetic anisotropy, charac-
terized by a sharp magnetization jump (74 °C< Tgnn < 334 °C) (see
Fig. 6).
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Such graded anisotropy, obtained by stress-annealing with vari-
able Tynn, can be further tuned modifying the stress annealing con-
ditions, e.g., for a given T gradient, the magnetic anisotropy can be
modified by ts;n and o.

Transverse character of magnetic anisotropy in the surface of
the microwires is indirectly confirmed by a remarkable giant mag-
netoimpedance effect improvement observed after stress-annealing
of Fe-rich microwires [29,43].

Studies of surface magnetization reversal using MOKE technique
can provide further details on the domain structure modification
upon stress-annealing.
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The complete and minor hysteresis loops from zones I and III of
the microwire obtained by MOKE are shown in Figs. 7, 8.

The hysteresis loop shown in Fig. 7 corresponds to the portion
of microwire with almost perfectly rectangular hysteresis (zone I).
The rectangular shape of the MOKE hysteresis loop and the ab-
sence of the minor loop indicate the presence of magnetic bistabil-
ity in this zone. In this case the MOKE hysteresis loops are rather
similar to local hysteresis loops obtained by the fluxmetric method.

The complete MOKE hysteresis loop (Fig. 8, solid line) of the
microwire from zone IIl can be interpreted as consisting of an ax-
ial magnetization jump and the magnetization rotation. The MOKE
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Fig. 9. v(H) dependencies of as-prepared (a) and stress-annealed at variable T,,; microwire (b-d) - when the sample with stronger transverse magnetic anisotropy is

gradually inserted into the Sixtus-Tonks set-up.
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Fig. 10. The EMF peaks induced by the magnetization change in the pick-up coils in stress-annealed at variable T, microwire from zones I (a); II (b-f) and III (g, h) when
the sample is inserted into the measuring system from the microwire end with rectangular hysteresis loop. Schematic picture of the DW propagation is provided in (i).

loop is affected by the H - value: the magnetization rotation con-
tribution is clearly observed for all H-values. However, the mag-
netization jump, observed in the minor MOKE loop at sufficiently
high H-values (see Fig. 8, dashed line) disappears once H decreases
below some critical value (Fig. 8, the line with points). Generally,
MOKE hysteresis loops present similar features with local and bulk
hysteresis loops recorded for the same stress-annealing conditions
by fluxmetric method (see Figs. 2a, 3 and 5b).

Indeed, both hysteresis loops can be described in terms of su-
perposition of magnetization rotation and magnetization jump. The
essential difference between these hysteresis loops is that MOKE
hysteresis loops present higher coercivity, He,, as-compared to lo-
cal hysteresis loops. In terms of aforementioned interpretation of
the origin of graded magnetic anisotropy and related domain struc-
ture modification, such difference can be explained considering
that the inner axially magnetized core radius, R, of such microwire
portion (stress-annealed at rather high Tgnn) is much smaller than
the metallic nucleus radius, R (see Fig. 5b). Therefore, to observe
the magnetization reversal of the inner axially magnetized core
in the surface layer (using the MOKE method), a much higher H-
value may be required as- compared to the case of the as-prepared
microwire, in which R.~R (see Fig. 5b).

Accordingly, the character of the MOKE hysteresis loops of
stress-annealed samples from zone IIl can be explained consider-
ing the contribution of the helical structure in the surface and the
superposition of magnetization rotation and magnetization jumps.

Previously, for the preparation of magnetic materials (i.e., thin
films) with a graded magnetic anisotropy, rather sophisticated
techniques were used, including a change in the chemical com-
position during the deposition of thin films with subsequent an-
nealing [48,49]. The obtained gradient magnetic anisotropy in thin
films appears as a continuous magnetic anisotropy gradient over
the film thickness. The generation of required spatial distribution

of the magnetic anisotropy was also proposed for the engineering
of DW dynamics by controllable nucleation and propagation of the
reversed domains using model calculations [50]. However, contin-
uous anisotropy profiles are proposed to realize in solid solutions
with spatially varying composition [50].

As regarding the DW propagation, the DW velocity in the
Walker model, v, is given by [27,39,40]:

:<2nyA)H
o

where y is the gyromagnetic ratio, v is the magnetic damping pa-
rameter A - DW width. The only variable parameters in the ex-
pression (4) are A and H. Consequently, in a viscous regime, char-
acterized by a linear v(H) dependence, the DW propagation with a
uniform velocity is usually assumed if H= const.

However, the energy landscape of the DW and hence the DW
width, A, can be modified by several methods, i.e., by the applica-
tion of transverse field [51], as well as by induced transverse mag-
netic anisotropy [9,29]. Consequently, we can expect that the DW
propagation in a microwire with graded magnetic anisotropy can
be rather different.

Accordingly, DW dynamics has been evaluated for obtained mi-
crowire with graded magnetic anisotropy.

The comparison of v(H) dependencies of as-prepared and
stress-annealed at variable Ty;, microwire is shown in Fig. 9 b-d.
The v(H) dependence of as-prepared sample is provided in Fig 9a,
while the v(H) dependence shown in Fig. 9b corresponds to zone
I. The difference between the Fig. 9b-d is that the sample with
stronger transverse magnetic anisotropy is gradually inserted into
the Sixtus-Tonks set-up. Accordingly, v(H) dependence shown in
Figs. 9b,c is measured for the microwire zones II and IIl, respec-
tively. As observed in Fig. 9a and b, DW velocity values obtained
between the pair of pick-up coils 1-2 and 2-3, v;_; and v;_3, respec-

(4)
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Fig. 11. Evolution of the EMF peak from the 3rd pick-up coil with X (a), half-width
of the 3rd EMF peak as a function of X (b) and M,;/M, dependence with X (c).

tively, are almost identical. This means that in as-prepared sample
as well as in the sample with weak stress-annealing induced mag-
netic anisotropy DW travels with a constant velocity at a given H
-value.

Finally, v, and v,_3 values become quite different. Such dif-
ference must be attributed to non-uniform DW propagation (v
#const). As observed from Fig. 7¢,d, as a rule v,_3 values are con-
siderably higher.

The sample section in which faster DW propagation is observed
corresponds to the stronger transverse magnetic anisotropy. This
result is consistent with recently reported influence of the stress-
annealing induced magnetic anisotropy on DW dynamics. An im-
provement in DW velocity is attributed to the influence of the
outer domain shell with transverse magnetic anisotropy (evidenced
by R. decrease observed in Fig. 5b upon Ty, increasing) associated
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to stress-annealing induced transverse magnetic anisotropy [29].
Such induced magnetic anisotropy of transverse origin is assumed
to affect the DW dynamics in a similar way as the transverse mag-
netic field [9,29].

Additional information can be obtained from the EMF signals,
g, induced in the pick-up coils by the travelling DW [29]. In ad-
dition to the v-value (evaluated from Eq. (2)), the time & depen-
dence, &(t), can provide information on the uniformity of the DW
velocity, the DW shape, and even on the cross section of the region
where DW propagates [9,29,52,53].

Experimental results on ¢(t) dependencies recorded for differ-
ent sections of studied sample are shown in Figs. 10 and 11.

Fig. 10 (a-h) are obtained for the case when the sample is grad-
ually inserted from the zone I side into the measuring system con-
sisting of 3 pick-up coils from the side of the 3-rd pick-up coil.
Each Figure (a-h) is obtained when the opposite sample end at a
different distance, X, is outside the solenoid end (see Fig. 10i). In
this configuration, the singe DW depins and travels from the sam-
ple region (from the end placed inside the magnetizing solenoid),
which presents the features of magnetic bistability and the stress-
annealing induced anisotropy is either absent or rather small (see
Fig. 10i). However, DW propagation takes place in the sample re-
gion affected by stress-annealing at variable Tgp, (when the sample
is inserted sufficiently inside the solenoid).

Consequently, the DW propagation is first measured for the
zone I. Then, the sample from zones Il and III step by step moves
inside the measuring system (from the side of the 3rd pick-up
coil). The &(t) dependencies observed for the microwire portion
from the zone I are quite typical for the regular DW propagation
with a uniform velocity: travelling DW passes successively through
the first, second and third pick-up coils (see Fig. 10a). All the EMF
peaks present quite similar amplitude, shape and separated by
roughly the same At, indicating the single-DW propagation regime
with DW travelling at constant velocity.

Different picture is observed when the microwire from the zone
I reaches the 3rd pick-up coil (Fig. 10b): in such sample position
the signal from the 3rd pick-up coil (in which the microwire from
zone I is inserted) becomes much sharper. The EMF peak ampli-
tude of the 3rd pick-up coil first becomes higher and then de-
creases when the sample further moves inside the measuring sys-
tem (see Fig. 10c-f).

Such changes are evidenced by the evaluation of the peak ap-
pearing in 3rd pick-up coil and half-width (full width at half max-
imum), W, of the EMF signal with distance, X, shown in Fig. 11a,b.
As clearly seen from Fig. 11a, 3rd peak becomes sharper when the
sample zone with stronger stress-annealing induced anisotropy is
inserted inside the 3rd pick-up coil.

This behavior is evidenced from W(X) dependence shown in
Fig. 11b.

Additionally, the At between the 2nd and 3rd pick-up coils be-
comes smaller. This indicates that the DW of the sample from the
zone II travels faster (as also evidenced from Fig. 9d).

Accordingly, such evolution of the 3rd EMF peak must be asso-
ciated to a decrease in the characteristic DW length, §, or/and to a
modification in the DW velocity.

In the simplified case, when the characteristic DW §, is small
as-compared with the distance, z, from the coil turn to the DW
position, the EMF, ¢, generated in the pick-up coil turn is given by
[29,54]:

e(t) =

27 Qv R?
T )" X

where c is the speed of light, R is the radius of the coil turn, v = -
dz/dt- domain wall velocity and Q- magnetic charge.
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characteristic DW length, 55, decreases
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Fig. 12. Schematic picture illustrating the modification of the DW length in the zone with graded magnetic anisotropy.

We can compare the EMF signals detected by the 3rd pick-up
coil if we consider the same coil parameters. In this case, such
difference must be attributed to the change in Qv product. Ac-
cordingly, the EMF modification observed in Figs. 10 and 11 must
be associated either to the different DW velocity, v, values, or the
change in the magnetic charge, Q, given as [29]:

Q =2M,S (6)

where S is the sample cross section and M, - remanent magneti-
zation.

Previously, these effects have been separated from comparison
of evolution of Qv and W [29]. In the present case, studied DW
propagation takes place in the sample zone with graded magnetic
anisotropy, where M;/M, gradually changes along the sample (see
Fig. 11c). Therefore, strictly speaking, DW velocity observed in zone
Il (Fig. 9d) must be variable along the sample (i.e., different in
each point of the sample from zone IIl). For H = 45 A/m the ratio
between the v -values between v;_, and v,_3 is v{_5/v,.3 ~0.85 (see
Fig. 9d). On the other hand, the average remanence ratio taken
from the Fig. 11¢ My/Mg1.2) / Mi/Mg(p-3) ~ 2. Accordingly, such sim-
plified estimation gives Q;.» vi» / Qo3 V5.3 ~ 1.7. Let us consider
as Wj_, and W,.3 W-values for the zones I and IIl. Accordingly,
the ratio W;_,/W,_3 evaluated from Fig. 11b gives an average value
W;_2/W,_3 about 4.5. Therefore, observed difference in 3rd peak
half-width cannot be explained only by different DW velocities in
zones [ and III.

Consequently, we can assume that the characteristic DW length,
8, decreases when the DW propagates in the zone with graded
magnetic anisotropy as schematically shown in Fig. 12.

Such decrease in § is related to both, a decrease in the cross
section of the inner axially magnetized core in which the DW
is located as well as by an increase in the magnetic anisotropy
constant, K, due to stronger induced magnetic anisotropy. The &
-values are affected by the anisotropy constant, K: the reduced
head-to-head domain wall length §/d (d is the metallic nucleus di-
ameter) changes from 8/d ~ 13.5 for K = 103 J/m3 to §/d = 40-
50 for K = 102 J/m3 [54]. On the other hand, even at fixed mag-
netic anisotropy the DW length is affected by the wire diameter

[9,54]. Accordingly, the decrease in reduced head-to-head domain
wall length in the sample portion subjected to stress-annealing at
high enough Tgn, (see Fig. 12) must be attributed to both decrease
in the inner core radius and higher magnetic anisotropy in stress-
annealed sample section.

As can be deduced from the above discussion, DWs in amor-
phous microwires are quite long: in contrast to nanowires, where
6 is of the order of the wire diameter, i.e., §/d ~ 1 - 2 [4], in amor-
phous Fe-rich microwires § /d ~ 13.5-50 [9,54]. This difference is
primarily related to the low magnetic anisotropy of amorphous mi-
crowires as well as low contribution of the exchange energy for
microwires with thicker dimensions.

Substantially non-abrupt DWs were detected from the analy-
sis of EMF, ¢, induced in the pick-up coil during DW propagation
in Fe-rich microwires [54-56]. The micromagnetic origin of such
long DWs is still unclear. Nevertheless, several attempts have been
made to evaluate the DWs shape from the EMF signals induced in
the pick-up coils, assuming cylindrical symmetry [56-58].

The DW shape with a narrow tail at one end and close to cylin-
drical at the other end was obtained from the EMF signal [56]. This
DW shape allows the decrease in the magnetostatic energy by min-
imizing the surface area. On the other hand, conical [57], and pla-
nar [58], DWs in Fe-rich microwires have been proposed. The un-
usually high DW velocity observed in microwires can be explained
considering that the normal DW velocity, v,, can be up to two or-
ders of magnitude lower that the axial DW velocity, v, (considering
that v, is related to the axial DW velocity by a factor R./§).

Rather different behavior is observed if the sample is inserted
into the measuring system from the opposite side. In this case the
sample end subjected stress-annealing at variable Ty, (zones III
and II) is placed inside the measuring system. The opposite sample
end (zone I) which presents rectangular hysteresis loop is partially
placed outside the magnetizing solenoid (see scheme in Fig. 13e).
Therefore, the DW depinning must start from the samples region
with strong stress-annealing induced anisotropy (zones IIl and II).
At the initial stage (Fig. 13a) the only part of the sample presenting
magnetization jump (zone II) is inserted between the 2nd and 3rd
pick-up coils (see Fig. 13). In this case, the DW propagation is ob-
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Fig. 13. The EMF peaks induced by the magnetization change in the pick-up coils in stress-annealed at variable T,,, microwire from zones Il (a), II (b,c) and I (d) when the
sample is inserted into the measuring system from the side stress-annealed at variable Tyn,. Schematic picture of the DW propagation is provided in (e).

served only between the pick-up coils 2 and 3. Once the sample is
inserted sufficiently inside the magnetized solenoid (i.e., when the
sample portion from zone III reaches the position of the 1st pick-
up coil), the EMF peak in the first coil becomes visible. However,
in this case the peak is rather wide and irregular (see Fig. 13b,c).
Finally, when the sample region with rectangular hysteresis loop is
inserted sufficiently deep inside the magnetizing solenoid, the EMF
peaks sequence becomes similar to regular.

Accordingly, from the comparison of Figs. 11 and 13 we can de-
duce that the DW dynamics in microwires with graded magnetic
anisotropy is substantially affected by the direction of the applied
axial magnetic field. Such unidirectional character of DW dynamics
can be suitable for magnetic logic applications [6].

Considering provided above experimental results, the magnetic
field driven DW propagation in magnetic microwire with graded
magnetic anisotropy obtained by stress-annealing at variable Tgnp
can be described as following:

As shown experimentally in various families of Fe-rich magnetic
microwires [23,46,47,59,60], in as-prepared Fe-rich microwires
with perfectly rectangular hysteresis loops at H=0 the domain
structure consists of inner axially magnetized domain and closure
domains at the ends surrounded by the outer domain shell (see

10

Fig. 14 a). In as-prepared Fe-rich microwires radial magnetization
orientation of the outer shell is experimentally observed [46,59].

Once the external magnetic field reaches the switching field, Hs,
the magnetization switching through a single and large Barkhausen
jump starts from the microwire ends, where closure domains ap-
pear due to the demagnetizing field effect (see Fig. 14a) [23,60].
Accordingly, once H> Hs a single DW travels along the microwire
(see Fig. 14b).

As evidenced from local hysteresis loops and evolution of M;/M,
with Ty (Figs. 4-6), the volume of inner axially magnetized core
decreases upon stress-annealing. As regarding the outer domain
shell, circumferential magnetization orientation in outer domain
shell is predicted from the character of magnetic field dependence
of the Giant magnetoimpedance ratio [42,43], as shown in Fig. 14c.

As shown in Fig. 14c, the inner axially magnetized core ra-
dius in the microwire portion subjected to stress-annealing at high
enough Ty, becomes smaller. Accordingly, in the sample portion
subjected to stress-annealing at high enough Ty, the DW length
decreasing is observed (see Fig. 14c).

The proposed method for modification of the axially magne-
tized core radius by stress-annealing with a temperature gradient
can serve as an alternative to engineer the DW dynamics through
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Fig. 14. Schematic picture of domain structure of as-prepared samples at H = 0 (a), H>H, (b) and stress-annealed sample portion at H>H,(c).

different anisotropy characteristics in the same way as in multi-
segmented nanowires synthesized by controlled electrodeposition
[61]. However, the proposed method allows obtaining such prop-
erties in a much simpler way without the use of controlled elec-
trodeposition.

The origin of observed stress-annealing anisotropy, presents
partially reversible character [34,38], and was recently discussed
considering either “back” stresses [38], or compositional and
topological short-range ordering [38,62-64]. The topological short
range ordering (also known as structural anisotropy) is asso-
ciated with the angular distribution of the atomic bonds and
small anisotropic structural rearrangements at elevated tempera-
ture [63,64].

Another factor that can affect the DW dynamics of stress-
annealed at variable temperature microwires is that annealing can
affect intrinsic properties such as damping. In most publications,
no effect of stress annealing on the damping parameter was ob-
served [65,66]. However, one of the damping mechanisms associ-
ated with small displacements of mobile defects can affect the lo-
cal magnetic anisotropy and DW dynamics [67]. Therefore, the ob-
served effect of graded magnetic anisotropy on DW dynamics can
also be related to the effect of stress annealing on the damping
parameter.

In the present case, upon annealing at fixed applied stress but
at variable Tg;, we are able to design a media with artificially
modified inner core radius which serves as a gate for DW prop-
agation in amorphous microwires. Such modification in the vol-
ume of the inner axially magnetized core allowed us to modify the
DW dynamics or even to pin the propagating DW at desired region
of microwire (see Fig. 10). Additionally, we propose rather simple
way to design graded magnetic anisotropy in magnetic microwire
by stress-annealing at variable Tynp.

4. Conclusion

We have proposed rather simple method to design graded mag-
netic anisotropy in magnetic microwire by stress-annealing at fixed
applied stress and variable annealing temperature. A gradual mod-
ification of hysteresis loops consisting of variable squareness ra-
tio and coercivity along the microwire length is achieved in mi-
crowires subjected to stress annealing with a temperature gradient.
The obtained medium with an artificially modified inner axially
magnetized core radius, which serves as a gate for DW propaga-
tion, allows engineering of DW dynamics in Fe-rich microwires by
graded magnetic anisotropy. We found that the velocity of a single
DW propagation in such media with graded magnetic anisotropy is
essentially non-uniform, varying along the microwire. Additionally,

1

in the microwire section with a sufficiently strong stress-annealing
induced magnetic anisotropy, the DW can be trapped. On the other
hand, a faster DW propagation and a decrease in the DW length
are observed in the section with moderate graded stress-annealing
induced magnetic anisotropy. The observed decrease in the half-
width of the electromagnetic force (EMF) peak in stress-annealed
microwires has been associated with a decrease in the characteris-
tic domain wall length.

The beneficial effect of stress-annealing on the domain wall
dynamics is associated with the induced transverse magnetic
anisotropy in the outer domain shell, which affects the travelling
domain wall in a way similar to the application of a transverse
bias magnetic field.

The proposed method for engineering the DW dynamics
through different anisotropy characteristics allows to combine the
fast DW propagation characteristic for amorphous microwires with
possibilities to control the DW dynamics.

The dependence of the DW dynamics on the applied magnetic
field direction, found in a region with graded magnetic anisotropy,
can be useful for magnetic DW logic applications.
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