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Abstract

We studied the effect of magnetoelastic anisotropy on domain wall (DW) dynamics and remagnetization process of
magnetically bistable Fe-Co-rich microwires with metallic nucleus diameters (from 1.4 to 22 um). We manipulated
the magnetoelastic anisotropy applying the tensile stresses and changing the magnetostriction constant and
strength of the internal stresses. Microwires of the same composition of metallic nucleus but with different
geometries exhibit different magnetic field dependence of DW velocity with different slopes. Application of stresses
resulted in decrease of the DW velocity, v, and DW mobility, S. Quite fast DW propagation (v until 2,500 m/s at H
about 30 A/m) has been observed in low magnetostrictive magnetically bistable CosgFegNi;oSiioBe microwires.
Consequently, we observed certain correlation between the magnetoelastic energy and DW dynamics in
microwires: decreasing the magnetoelastic energy, K., DW velocity increases.

Background

Recent growing interest on domain wall (DW) propagation
in thin magnetic wires with submicrometric and micro-
metric diameter is related with proposals for prospective
logic and memory devices [1,2]. In these devices, informa-
tion can be encoded in the magnetic states of domains in
lithographically patterned nanowires [2]. DW motion along
the wires allows manipulation of the stored information.
The speed at which a DW can travel in a wire has an
impact on the viability of many proposed technological
applications in sensing, storage, and logic operation [2].
When a DW is driven by a magnetic field, H, parallel to the
wire axis, the maximum wall speed is found to be a func-
tion of magnetic field and the wire dimensions [1,3-7]. This
propagation can be driven by magnetic fields [8] reaching
velocities up to 1,000 m/s or by spin-polarized electric cur-
rents in the nanowires [9]. In fact, it is essentially important
not only fast domain wall propagation itself but also
controlling of domain wall pinning in thin magnetic wires.
Several methods of controlling domain walls in nanowires
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have been reported. For example, domain walls can be
introduced to nanowires at low fields by injection from a
large, magnetically soft region connected to a wire end
using a lithographically fabricated current carrying wire to
provide local field or heating [1,2]. Domain walls have been
pinned at artificially created defects in thin wires elsewhere
[1,2].

Last few years studies of current- and magnetic field-
driven domain wall propagation in different families of
thin magnetic wires (planar and cylindrical) attracted
considerable attention [1-3]. Considerable attention has
been paid to achieve controllable and fast domain wall
propagation in thin magnetic wires (planar and cylin-
drical) taking into account the possibility to use it for
high-density data storage devices (magnetic random
memory devices, logic devices) [1].

It is worth mentioning that extremely fast DW propa-
gation of single domain wall at relatively low magnetic
field has been reported for cylindrical glass-coated
amorphous microwires with positive magnetostriction
constant with typical diameters of ferromagnetic nucleus
about 10 to 20 um [3,4].

Glass-coated ferromagnetic wires exhibit unusual and
interesting magnetic properties such as magnetic bistabil-
ity and giant magneto-impedanc effect [3,5,6]. Magnetic
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bistability, observed previously in few amorphous materi-
als, is related with single and large Barkhausen jump
[3,5,7]. Such behavior observed in different wire families
has been interpreted as the magnetization reversal in a
single large axially magnetized domain [3,8]. From the
point of view of studies of DW dynamics, amorphous
glass-coated microwires with positive magnetostriction
constant are unique materials allowing us to study the
magnetization dynamics of a single DW in a cylindrical
micrometric wire. It is commonly assumed that their do-
main structure is determined by the stress distribution
during rapid solidification fabrication process and consists
of single large axial domain with magnetization oriented
axially and the external domain structure with radial
magnetization at the surface [3,5,8]. The magnetization
process in axial direction runs through the propagation of
the single head-to-head DW. It is worth mentioning that
the micromagnetic origin of rapidly moving head-to-head
DW in microwires is still unclear, although there are evi-
dences that this DW is relatively thick and has complex
structure [9].

At the same time, it is commonly assumed that the
preparation of glass-coated microwires involving simul-
taneous solidification of composite microwire consisting
of ferromagnetic metallic nucleus inside the glass coating
introduces considerable residual stresses inside the ferro-
magnetic metallic nucleus [5,10]. The strength of internal
stresses is determined by the thickness of glass coating
and metallic nucleus diameter. This additional magnetoe-
lastic anisotropy affects soft magnetic properties of glass-
coated microwires. Consequently, one can expect that
DW dynamics should be considerably affected by this
magnetoelastic anisotropy. However, until now, little at-
tention has been paid to studies of the influence of mag-
netoelastic anisotropy on DW dynamics in microwires
[5,11].

Therefore, the purpose of this paper is to reveal the ef-
fect of magnetoelastic anisotropy on DW propagation in
amorphous magnetically bistable microwires.
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Methods

We prepared a number of amorphous Fe-Co-based glass-
coated microwires with different ~magnetostriction
constants using Taylor-Ulitovky method, as described in
[3-5,8,11]. Studied microwires of CosgFegNi;SiioBie,
Co41.7Fe3645110.1B11.8, Fes5C023B11.85i10.2, Fe16 CogpSiiiBis,
Fe;575C0225B155i10, and Fe;oB15Si;0Cs compositions of
ferromagnetic nucleus have positive magnetostriction con-
stant and diameters of metallic nucleus from 1.2 to
22 pm. It is worth mentioning that the magnetostriction
constant, A, in system (Co,Fe;_,)755i15B1o changes with x
from -5x107° at x=1 to A,~35x107® at x~02
Therefore, producing microwires with various Fe-Co-rich
compositions, we changed the magnetostriction constant
from Ay~35x107® for Fe-rich compositions (Fe;y7s
C05.25B15Si10 and Fe;oB;5Si10Cs) to A~ 107 for CoseFeg.
Ni;Si;oB1e¢ microwire (see sample details and properties
in Table 1).

Within each composition of metallic nucleus, we also
produced microwires with different ratios of metallic nu-
cleus diameter and total diameter, D, i.e., with different
ratios p=d/D. This allowed us to control residual stres-
ses since the strength of internal stresses is determined
by p ratio [5,8]. We used simple measurement method
based on the classical Sixtus-Tonks-like experiments
[13] and measured DW dynamics under tensile applied
stresses.

It is worth mentioning that the magnetoelastic energy,
K is given by:

Kine=3/2 Ao (1)

where 0= 0; + 0, is the total stress; o;, the internal stres-
ses; 0, the applied stresses; and A, the magnetostriction
constant [5,8,14,15].

In this way, we studied the effect of magnetoelastic
contribution on DW dynamics controlling the magne-
tostriction constant, applied, and/or residual stresses.

Table 1 Sample compositions, geometrical features, and properties

Sample composition Sample Sample geometry:p ratio, metallic nucleus diameter, d, Magnetostriction
number and total diameter, D constant®
CosgFesNiiSiioBis 1 0”045, d~ 132 pm, D~ 29.6 um 107
COu1 7Fe364Si101B11 8 2A2B 0=039, das 136 um, D34 um;p =~ 055, d = 13.6 um, D= 24.6 pm 25%x107°
FessC023B11851102 3A3B 0=044,d~132 um, D=29.6 um;p~0.55, d~12.6 ym, D=22.8 um 30x10°°
Fe16C0605i11B13 4 07039, d~ 136 um, D~ 345 pm 15%x107°
Fes575C0555B15Si10 5A5B 0~0.14, d~ 14 pm, D~ 10 um;p ~ 031, d~ 2.8 pm, D~ 9 um 35%107°
Fe;0B155i10Cs 6A6B6C 0=067,d~146 um, D218 um;0~0.63, d~ 15 um, D~ 23.8 35%107°
6D6E um;0~ 048, d~10.8 um, D= 22.5 ym;p ~0.26, d~6 um, D~ 23
um;0~0.16, d~23 um, D~ 18 um
CogrFesgsNit45B11551145Moy 7 7A 0~0.16,d~214 um, D~26.2 um <107

Estimated from the data on amorphous wires in [12].
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Figure 1 Hysteresis loops of Fe-rich amorphous microwires. All
the samples have the same length and different metallic nucleus
diameter d and total diameters D: Fe;B;55i;0Cs microwires with
0=063,d=15um (@); u=048, d=108 um (b); u=026, d=6 pm (c);
U=0.16, d=3 um (d); and of Fe;»75C055B55i;o microwire with
u=0.14,d~14um, D10 um (e).

. /

In contrary to the classical Sixtus-Tonks experiments
[16], we do not need the nucleation coils to nucleate the
DW since the closure domain wall already exists. The
small closure domains are created at the ends of the wire
in order to decrease the stray fields [8]. Regarding experi-
mental set-up, in order to activate DW propagation always
from the other wire end in our experiment, we placed one
end of the sample outside the magnetization solenoid.
The microwire is placed coaxially inside of the primary
and pick-up coils so that one end is inside of the primary
coil. Magnetic field, H, is generated by solenoid applying
rectangular-shaped voltage. The stresses have been applied

2000 =039
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£
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Figure 2 v(H) Dependences for Fe,C040Si13B;1 and
Coy41.7F€36.45i10.1B11.6 Microwires with p=0.39.

during DW dynamic measurements. We used three pick-

up coils mounted along the length of the wire, and propa-

gating DW induces electromotive force (emf) in the coils

as described in [13]. These emf sharp peaks are picked up

at an oscilloscope upon passing the propagating wall.
Then, DW velocity is estimated as:

V= (2)

where [ is the distance between pick-up coils and At is
the time difference between the maximum in the
induced emf.

In our studies, we paid attention only to linear region of
v(H) corresponding to viscous DW propagation, leaving
apart non-linearity at high-field region, attributed by dif-
ferent authors to Walker-like behavior [4,17] or multiple
DW nucleation at defects [13]. Hysteresis loops have been
measured using vibrating sample magnetometer.
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Figure 3 v(H) Dependences for Fes;Co,3B1.8Siq0.1 microwires
with different p ratios.
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Figure 4 v(H) Dependences for Co,4; 7Fe36.4Si10.1B11.8 microwires
(d~13.6 pm, D~ 24.6 pm, p =~ 0.55). These dependences are
measured under applied stresses, 0,.

Results and discussion

Hysteresis loops of a few studied microwires (Fe;oBis.
Si1oCs and Fe;y75C0455B15Si;9) with different metallic
nucleus diameters and similar Fe-rich composition are
shown in Figure 1. As can be appreciated, considerable
increase of the switching field (from about 80 to 700 A/
m) is observed when ferromagnetic metallic nucleus
diameter decreases from 15 to 1.4 pum (ie., one order).
At the same time, rectangular hysteresis loop shape is
maintained even for the smallest microwire diameters.
Previously, similar increasing of coercivity with decreas-
ing the metallic nucleus diameters has been attributed to
enhanced magnetoelastic energy arising from enhanced
internal stresses when p ratio is small [5,8,14]. Conse-
quently, one of the relevant parameters affecting
strength of internal stresses and the magnetoelastic en-
ergy is p ratio.
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Figure 5 v(H) Dependences for CosgFegNi;SijoB16 microwires
measured under applied stresses, o,.
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Figure 6 v(o,) Dependences of Fe55C0,3B11.8Si102 microwires.
Results for the sample 3A, d=13.2 um, D=29.6 um (a) and 0,(1/7)

dependence (b).

- J

Usually, it is assumed that domain wall propagates
along the wire with a velocity:

v = S(H-Hy) (3)

where S is the DW mobility, H is the axial magnetic
field, H, for Fe;qCog0Sii3B1; and CogjsFesssSio1Biis
amorphous microwires with the same p ratio are shown
in Figure 2. In this case, the effect of only magnetostric-
tion constant is that higher magnetostriction constant
(according to [12] for Cog4;7Fes64Sii01B11 microwire Ag
~25x107° should be considered, while for Fe;cCogo.
Si;3B1; composition Ag~ 15 x 107°, see Table 1) results in
smaller DW velocity at the same magnetic field and
smaller DW mobility, S.

In order to evaluate the effect of p ratio, i.e., effect of re-
sidual stresses on DW dynamics, we performed measure-
ments of v(H) dependences in the microwires with the
same composition but with different p ratios. Depen-
dences of DW velocity on the applied field for
Fes5C093B118Si101 microwires with different ratios are
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Figure 7 v(H) Dependence for Fe;, ;5C0; »5B15Si;0 amorphous
microwire. Results for the sample 5B with metallic nucleus
diameter, d, of 2.8 um and total diameter D=9 um (a) and
comparison of v(H) dependence for Fe;;75C0,55B155i;9 amorphous
microwires with different p ratios (b).

shown in Figure 3. Like in Figure 2, at the same values of
applied field, H, the domain wall velocity is higher for
microwires with higher p ratio, i.e., when the internal
stresses are lower [5,18].

The most efficient way to change in situ the magne-
toelastic energy is to apply stresses during measure-
ments. Therefore, to evaluate the magnetoelastic
contribution, we measured v(H) dependences applying
stress. In this case, stress applied to metallic nucleus has
been evaluated considering stresses distribution between
the metallic nucleus and in glass coating, as previously
described in [19]. We measured v(H) dependences for
various microwires with different magnetosriction con-
stant, i.e., Coyy 7Fe36.45i10.1B11.¢ microwire (p ~0.55) and
Fe;4B135i;,C, microwire (p~0.67) under applied stres-
ses (see Figure 4 where v(H) for microwire Coy; ;Fesq4.
Sij0.1B11.g is shown). Considerable decreasing of domain
wall velocity, v, at the same magnetic field value, H, has
been observed under applied stress. Additionally, in-
creasing of applied stress, o,, results in decreasing of
DW velocity.
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Finally, we measured v(H) dependences in low magne-
tostrictive CosgFegNijpSijpB1s microwire. DW velocity
values achieved in this microwire (see Figure 5) at the
same values of applied field are considerably higher (al-
most twice) than those observed for microwires with
higher magnetostriction constant (see Figures 2, 3, and
4).

Regarding experimentally obtained v(H) dependences
shown in Figures 2, 3, 4, and 5, there are few typical fea-
tures already discussed in previous publications. Thus,
linear extrapolation to zero domain wall velocity (see
Figures 2 and 5) gives negative values of the critical
propagation field, Hy. Such a negative value, previously
reported for instance in [17,20], has been explained in
terms of the negative nucleation field of the reversed do-
main. In the case of amorphous microwires, the reversed
domain already exists and does not need to be nucleated
by the reversed applied magnetic field. Another typical
feature is non-linearity of v(H) dependences at low-field
region. Such deviations from linear dependence have
been previously attributed to the domain wall interaction
with the distributed defects [17,20].

The domain wall dynamics in viscous regime is deter-
mined by a mobility relation (Equation 3), where S is the
domain wall mobility given by:

S = 2uoMs/p (4)

where f3 is the viscous damping coefficient and yq is the
magnetic permeability of vacuum. Damping is the most
relevant parameter determining the domain wall dynamics.
Various contributions to viscous damping 8 have been con-
sidered, and two of them are generally accepted [4,20-22]:
micro-eddy currents circulating nearby moving domain
wall are the more obvious cause of damping in metals.
However, the eddy current parameter S, is considered to
be negligible in high-resistive materials, like thin amorph-
ous microwires.

The second generally accepted contribution of energy
dissipation is magnetic relaxation damping, S, related to
a delayed rotation of electron spins. This damping is
related to the Gilbert damping parameter and is in-
versely proportional to the domain wall width §,, [20-
22],

BrmaMs/yA=M; (Kme/A)l/2 (5)

where y is the gyromagnetic ratio, A is the exchange
stiffness constant, and Ky, is the magnetoelastic anisot-
ropy energy given by Equation 1.

Consequently, we can assume that the magnetoelastic
energy can affect domain wall mobility, S, as we experimen-
tally observed in few Co-Fe-rich microwires. Additionally,
as previously shown in [23], the magnetic relaxation damp-
ing, B, gives the main contribution to the total damping, f5,
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when the wires are in stressed state, as the case of glass-
coated microwires where glass coating induces strong
internal stresses inside the metallic nucleus.

It is worth mentioning that systematic analysis of
mechanisms of DW dynamics in thicker (with diameters
between 30 and 120 pum) magnetostrictive amorphous
wires without glass has been performed in [22] on the
basis of bubble domain dynamics. The systematic analysis
method in this paper is also a strong basis for considering
domain propagation dynamics in glass-covered thinner
magnetostrictive amorphous wires. Main assumptions on
domain wall configuration in thicker wires have been per-
formed considering that the DW length, /, is much more
than its radius, r (/] < < 107%). Consequently recently, we
tried to extend the analysis performed in [22] to thinner
glass-coated microwires (typically with diameters 10 pm)
with strong internal stresses induced by the glass coating
[24]. Particularly analyzing the voltage peak forms and ex-
perimental data on DW dynamics, we demonstrated that
a very high DW mobility observed in magnetically bistable
amorphous microwires with a diameter of about 10 pm
can be associated with elongated domain shape. The ex-
perimental results can be explained in terms of the normal
mobility with respect to the domain surface, which is
reduced by a factor representing the domain aspect ratio
estimated to be 300 for considered wire samples. On the
other hand, experimental data on DW dynamics in thin
microwires and analysis of the voltages on pick-up coils
show that, generally, the structure of propagating DW is
far from abrupt and quite complex [9,25]. Thus, the

characteristic width of the head-to-head DW, 6, depends
on many factors such as applied magnetic field, H: at
H=60 A/m, §~65 d, while at H=300 A/m, §~40 d.
Additionally, § depends on magnetic anisotropy constant,
K, being 8/d~13.5 for K=10* erg/cm?® &8/d~20 for
K=5x10> erg/cm?, 8/d =30 to 34 for K=2x 10® erg/cm”,
and 8/d =40 to 50 for K = 10° erg/cm?, respectively [25].

The numerical simulation of the head-to-head domain
wall structure in nanowires with diameter dapproxi-
mately 10 to 40 nm [26] shows that the characteristic
DW width is comparable with the wire diameter, §/d ap-
proximately 1 to 2. This is because the exchange energy
contribution to the total nanowire energy dominates at
very small diameters. However, with increasing of the
wire diameter, the relative value of the exchange energy
contribution decreases. However, for thinner wires with
strong magnetoelastic anisotropy, the conditions r// < <
1072 considered in [22] are not realized.

On the other hand, from the aforementioned, we can
consider that stress dependence of DW velocity, v,
should exhibit an inverse square root dependence. In
Figures 6, we present our attempt to evaluate quantita-
tively observed v(o,) dependence for Fes5C023B118Siig2
microwires (d=132 um, D=29.6 pm). Experimental v
(0,) dependence exhibits decreasing of DW velocity, v,
with applied stresses, o0,, (Figure 6a), but this depend-
ence does not fit well with inverse square root depend-
ence on the applied stress (Figure 6b). Here, we plotted
the obtained experimentally dependences as o, (v2).
From Figure 6b, we can conclude that the obtained v(o,)
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dependences cannot be described by single v(o; 172y de-
pendence. One of the possible reasons of such deviation
from the predicted dependence is that when applied
stresses are of the same order, as the internal stresses
with complex tensor character, the effect of applied
stresses on DW dynamics cannot be considered in so
simple assumption. It is worth mentioning that strong
internal stresses may affect magnetic properties (particu-
larly magnetic anisotropy) of such composite materials
by quite unusual way [23]. The other reason can be
related with stress dependence of magnetostriction pre-
viously observed in various amorphous alloys [27]. Add-
itionally, applied stress affects electrical resistance and,
consequently, can also affect the eddy current parameter
Be 1281,

Regarding the aforementioned, it is interesting to com-
pare the velocity of DW propagation in the thinnest
microwire with the values observed in submicrometric
planar nanowires reported elsewhere [29]. The DW vel-
ocity in thin microwire is ranging between 700 and
850 m/s (Figure 7a), which is still higher than for the
same range of magnetic field as compared with submi-
crometric nanowires (maximum v~ 110 m/s at 700 A/
m) reported elsewhere [29].

Indeed, at least in Fe;,75C0525B155i;9 amorphous
microwire with a metallic nucleus diameter of 2.8 pm,
we were able to observe domain wall propagation by the
above described (Sixtus-Tonks-like) method. For such
elevated magnetic fields (13 to 20 Oe), the domain wall
velocity, v, is significantly lower than for thicker wires.
For comparison, v(H) dependence for Fe;4Si;1B13C,
microwire with similar composition with metallic nu-
cleus d and total D diameters 12.0/15.8 is presented in
Figure 7b. As can be deduced from comparison of DW
dynamics, thicker Fe;4Si;;B13C, microwire at maximum
achieved magnetic field (about 280 A/m) presented
double  higher  velocity as  compared  with
Fe;575C045.5B1551;¢9 amorphous microwire with metallic
nucleus diameter, d, of 2.8 pm and total diameter D~ 9
um (Figure 7b).

Regarding the observed differences on v(H) depen-
dences, one should consider enhanced magnetoelastic
energy for Fe;,75C0,,5B15519 amorphous microwire
since ratio p=d/D determining strength of internal
stresses [14,15] for thin Fe;;75C04.25B15Si10 is p ~0.31,
while for thicker Fe;,;Si;;1B13C, microwire, p ~ 0.56.

This also reflected by the change of the shape of the
voltage induced in the pick-up coil surrounding micro-
wires under tensile stress application (see Figure 8 for
the Fe;4B13Si;;C, microwire with 1~ 35 x 10°°). As-pre-
pared microwires exhibit quite sharp voltage peaks
induced in the pick-up coil associated with fast
magnetization switching with the half width of the peak
about 3 ps. Applying tensile stress, the half width
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gradually increases and at 260 MPa achieves about 8 ps.
Such increasing of the half width reflects decreasing of
DW velocity under tensile stress application.

Additionally, the decreasing of the DW velocity related
to DW transformation has been observed when the
magneto-optical Kerr effect (MOKE) modified Sixtus-
Tonks method [30] has been used (see inset in Figure 8
for CogrFesgsNij 45B11551;45Mo0; 7> microwire, metallic
nucleus radius 10.7 um, glass coating thickness 2.4 pm
with 1,~1077). Application of DC axial magnetic field
(H,x) additionally to the driving pulsed circular magnetic
field causes the considerable transformation of the
MOKE peak that in turn finds the reflection in DW de-
celeration. In the latter case, sharper voltage peaks, as
compared with Fe-rich microwire, reflect higher DW
velocity which should be attributed to lower magnetos-
triction constant of the Co-rich microwire.

Conclusions

In summary, we experimentally observed that when ma-
nipulating the magnetoelastic energy through application
of tensile stress and changing the magnetostriction con-
stant and internal stresses of studied microwires, we sig-
nificantly affected the domain wall dynamics in
magnetically bistable microwires. Considering the afore-
mentioned, we assume that in order to achieve higher
DW propagation velocity at the same magnetic field and
enhanced DW mobility, special attention should be paid
to decreasing of magnetoelastic energy.
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