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Abstract

We studied influence of post-processing (anneading stress-annealing) on domain
wall dynamics in Fe-, Ni- and Co- basethgnetic microwires with spontaneous and induced
magnetic bistability. As-prepared Co-based micrewir with low and negative
magnetostriction present linear hysteresis loopsgmétic bistability in Co-based microwires
has been induced by annealing. Minimizing magnesiiel anisotropy either by adjusting the
chemical composition with a low magnetostrictioreffiwient or by heat treatment is an
appropriate route for the domain wall dynamics mpation in magnetic microwireStress-
annealing allows further improvement of domain wadlocity and hence is a promising
method allowing optimization of the DW dynamicsnragnetic microwires. The beneficial
influence of stress-annealing on the DW dynami@xdained considering an increase in the
volume of outer domain shell with transverse magagbn orientation in expense of
decrease in the radius of the inner axially magedticore. Such transverse magnetic
anisotropy can affect the DW dynamics in similaryves the applied transverse magnetic
field and hence is beneficial for the DW dynamigq&imization. Thus, stress-annealing
allows designing the magnetic anisotropy distritmutmore favorable for the DW dynamics
improvement. Co-rich microwires with magnetic bisli#y induced by annealing present a
considerable enhancement in the DW velocity upoplieg tensile stress: exactly the
opposite to the case of magnetic microwires withnsgneous magnetic bistability. Observed
dependence has been explained considering decreatb® magnetostriction coefficient
under effect of the applied stress.

Keywords. Magnetic microwires, domain wall propagation, magn anisotropy,
magnetostriction, annealing, internal stresses.



1. Introduction

Development of magnetic sensors is essentiallyémited by technological progress in
the field of magnetic materials [1-3]. Indeed, thatures of magnetic sensors are determined
by selection of appropriate magnetic material. gngicant portion of magnetic sensors use
soft magnetic materials [3].

One of the most promising families of soft magnetaterials with a number of
advantages, such as excellent magnetic softnedsgrid inexpensive manufacturing process,
dimensionality suitable for various sensor appi@m#, and good mechanical properties, is a
family of amorphous and nanocrystalline materidisamed using rapid quenching from the
melt. [4-6].

Such advanced functional magnetic properties hasen breported in amorphous
materials with either planar (ribbons) or cylinddig¢wires) geometry [4-6]. However, each
family of amorphous materials presents specifiduies making them suitable for rather
different applications. Thus, planar (ribbon-shgpedterials with low magnetic losses and
high saturation magnetization values are good egipdins in transformers [4]. On the other
hand, amorphous wires can present quite peculiagnate properties, like spontaneous
magnetic bistability associated with single andgéarBarkhausen jump [7-9] or giant
magnetoimpedance, GMI, effect [10-13]. Althouglsitvorth mentioning that in fact, large
Barkhausen and GMI effect can be observed eitheryistalline wires [14,15] as well as in
properly heat treated amorphous ribbons [16,17].

However, high GMI effect and extremely fast sindtamain wall, DW, propagation can
be realized in amorphous magnetic wires in a mogple way (i.e. even without additional
post-processing) [18-20].

These features can be attributed to the fact bieatylindrical geometry together with the
internal stresses distribution typical for the caguenching from the melt provide the unique
features, like core-shell domain structure presgntither high circumferential magnetic
permeability (in negative magnetostrictive Co-ricbmpositions) or existence of axially
magnetized single inner domain responsible for wfagi®on of the single and large
Barkhausen jump and related single DW propagati@20]. The cylindrical geometry in
fact is suitable for realization of the aforemen&d unique magnetic properties not only in

magnetic wires prepared by any method involvingidamelt quenching, but even in



conventional magnetic wires [14,15] or in nanowipespared using other techniques (e. g,
electrodeposition) [21,22].

It is worth mentioning that recent progress in dapiquenched technology allows
considerable dimensionality reduction of rapidlyegohed materials [20,23,24]. Therefore,
knowledge obtained in rapidly quenched amorphoustenmiadé&s can be useful for
nanotechnology.

As mentioned above, studies of either GMI effecsiofjle DW dynamics in amorphous
magnetic wires are essentially important for tecAhapplications. Both, GMI ratio and DW
velocity can be further improved by magnetic wipest-processing [25-29].

Recently, we showed that annealing and stress-ange&an considerably improvement
the DW dynamics of the Fe-Si-B-C microwires withglniand positive magnetostriction
coefficient [25,26]. However, magnetic bistabilican be observed not only in Fe-based
microwires: as-prepared Fe-Ni- based and anneatedic@ microwires can also present
magnetic bistability [27, 30, 31]. Substitution BE by Ni and Co allows considerable
modification of the magnetostriction coefficientl[32]. In addition, stress-annealing can
also affect magnetic properties of Co-rich micre@sif29,30]. Therefore, one can expect that
DW dynamics in Fe- Ni- and Co-based microwires loarfurther improved.

Accordingly, in present paper we provide our experital results on search of the routes

allowing optimization of DW dynamics in Fe- Ni- a@ub-based glass-coated microwires.

2. Experimental Details

We studied effect of stress-annealing on hyster&sips and domain walls (DW)
dynamics of various glass-coated microwiggepared using Taylor-Ulitovsky technique
described elsewhere [13, 18]. The microwires casitpms and dimensions are provided in
Table 1.

Table 1. Compositions and geometry of analysed GMI materials

Composition Metallic Total Ratio Magnetostriction
nucleus diameter, p Coefficient,
diameterd, D, (um) for As x10°

(um) for  microwires
microwires or

or width  thickness

(mm) for (um)  for

ribbons ribbons

CO@g,zF&_lBll,gSilagCl,] 25.6 30.2 0.84 -0.4
FersBgSiioCa 15.2 17.2 0.88 38
Fe]_eCOBcSilgBll 12 29 0.41 20




F%zNi15.5Si7.5B]_5 14.35 33.25 0.43 27

Feyo dNiz7 oSizsB1s 14.2 33.85 0.42 20
CosgFesNiSihiBis 22 26.2 0.84 0.1
Fes.1C050.Ni17.8813.35110.3 11.6 14 0.82 -0.9
Coss. 4 €36Ni1B138ShiaM01:C1 7 21.4 23 093 -0.1
Coso.Fe36Ni1B125511iM015C12  22.8 23.2 098 -0.3

Sample annealing has been performed in a convemtiomnace at temperatur@gn,
ranging between 20 and 400C with annealing timean,, up to 60 min.

The stress has been applied during the annealinglaas during the sample cooling with
the furnace. This stress value during the annealitign the metallic nucleus and glass shell

has been evaluated as described earlier [14, 25,26]

_ K.P _ P
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where K =E,/E;, E; are the Young’s moduli of the metdt,] and the glassE() at room
temperaturepP is the applied mechanical load, aBg and §; respectively are the cross
sections of the metallic nucleus and glass coatfling value of applied stresses evaluated
using eq. (1) was between 118 MPa and 472 MPa.

Structure of as-prepared and annealed samplesldesre checked by X-ray Diffraction
(XRD) employing a BRUKER (D8 Advance) X-ray difftameter with Cu & (A =1.54 A)
radiation and by DSC measurements using DSC 204NEtzsch calorimeter in Ar
atmosphere at a heating rate of 10 K/min. All asppred and annealed samples present
amorphous structure.

Hysteresis loops have been measured using fluwaenetethod previously described
elsewhere [30,34]. For better comparison of theptasnsubjected to different post-processing
and of the sample with different chemical compositiwe represent the hysteresis loops as
dependence of normalized magnetization M(Mhere M is the magnetic moment at a given
magnetic field and Mis the magnetic moment of the sample at the maxiimagnetic field
amplitude) versus magnetic field, H.

The magnetostriction coefficient of studied micrmsi has been evaluated using the small
angle magnetization rotation (SAMR) method descritedsewhere [31]. We used the
experimental set-up with the improved resolutiotadied described in ref. (32).

We measured the magnetic field, dependence of domain wall (DW) velocity, of
single DW travelling along the sample by modifiekt@s-Tonks previously described
elsewhere [19,33,35]. The principle differencesuséd method from the classical Sixtus-

Tonks [15] set-up are the following:



i) one sample end is placed outside the magnetizatibin order to ensure a single
DW propagation.
i) we employed three pick-up coils in order to avdid tultiple DW propagation
[33].
When the DW passes through each pick-up coil, niegates the electromotive force (EMF)
peaksg, in it. Consequently, the analysis of the timelependence of the EMF peaks from 3
pick-up coils allows us to trace the DW travell@gng the microwire.

Then, the DW velocityy, can be estimated as:

v= —
At

2)
wherel is the distance between pick-up coils aftdis the time difference between the
electromotive force (EMF) peaks,originated by moving DW in the pick-up coils [38].

Use of three pick-up coils allows to study singé/[propagation and to discard contribution
of nucleation of the new DWs in the other partshef microwire. As previously shown, DWs
can be injected in any part of microwire [33, 38awever, the local nucleation fieldd,, at
which new DW can be injected inside the wire isesal/times higher than the field at which
DW depins from the wire ends [33]. Such injectidnadditional DWs can be detected by
modified Sixtus—Tonks method developed by us as degiation from linearv(H)
dependence [33,36]. The magnetic field, at whiehdlviation from lineav(H) is observed,
correlates with the minimum nucleation field,n, within the sample. Accordingly, if
applied field B H.mn, @ new domain can be spontaneously nucleatedoint fof the
propagating DW [33,36]This fact has been previously proved by correlatainv(H)
dependencies measured between different pairckfyp coils and thél, profiles measured
by short movable pick-up coil [33,36].

Below we present comparative studiesHyf profile, v(H) dependencies measured
between pick-up coils 1-2 and 2-3 and DW propagagvidenced by the EMF peaks
sequence in as-prepared;4B3Si;o.C, sample (see Fig 1 (a)-(c)). To measure keprofile
we used the set-up consisting of a short (2.5mm)lamagnetizing coil and two pick-up coils
wounded around the wire [36]. The sample is prestipmagnetized by long solenoid. Then
local magnetic field of opposite direction is cexhtoy short magnetizing coil allows DW

injection which detected by the pick-up coils plhobose to the short magnetizing coil.



To obtain theH, profile, we moved the sampls

along the pick-up and exiting coils by means o
stepper motor with a step of 1 mm.
Dependence ofl, on distance along the sampl
L, (see Fig. 1(a)) represents tHg profile. The
origin of H,, fluctuations along the sample lengt
has been associated with the sam,
inhomogeneities [36].
As observed from Fig.1(aHmn —Vvalue (about
77 A/m) correlates with the field at which th
deviations from linearv(H) dependencies ar¢
observed (see Fig. 1(b)). On the other hand, r
the wire ends theHpn—Vvalues drastically
decrease, indicating the presence of the clog
end domains which can be depinned by

Fig. 1. Influence of the annealing on D

external field, H< Hpmin (see Fig. 1(a)) As BNz S O eCRC)

. N\ local nucleation fieldsH, distribution (a),
discussed elsewhere [33,35], such depinning [ e o W (T

1-2 and 2-3 (b) and signals from pick-
coils (d).
external field becomes higher than the coercivity,

hence single DW propagation occurs when |

Hc.. Single DW propagation is evidenced by the seqeief the EMF peaks in the set of
three pick-up coils (see Fig. 1(c)). The domainlwalocities between pick up coils 1, 2 and
2, 3, i and .3 evaluated using eq.(2) give almost the same valdessequently, the
extension of lineaw(H) dependencies in the rangk <H< Hnmin corresponds to the single
DW propagation.

OnceH >Hpmin, DWs can be injected at sample inhomogeneitesoddén Fig.1(a).

Therefore, below we analyze exclusively linegétl) dependencies, which correspond to the

single DW propagation regimes.

3. Resultsand discussion

We studied two different families of glass-coateidrowires, namely microwires (Fe and Fe-
Ni based) with positive magnetostriction coeffidiefy, presenting spontaneous magnetic
bistability and magnetic microwires with vanishiigexhibiting magnetic bistability induced
by annealing (Co-based).



3.1. Tunning of DW dynamicsin microwireswith spontenaoues magnetic bistability.

As mentioned above, amorphous as-prepared Fe-richowires generally present
spontaneous magnetic bistability characterized dayeptly rectangular hysteresis loop [23,
34].

In the first part of this section, we present erkpental results on influence of post-
processing on DW dynamics of amorphousgsBéSi;.C, microwire @ = 15.2um; D = 17.2
um) with quite typical composition exhibiting higimé positive magnetostriction coefficient
(1s~ 38 x 10°) [23, 32].

As shown in Fig.2(a), (b) as-prepared and anngaétout stress) FgBqSi;.C, samples
present rectangular hysteresis loops, similarlythat reported elsewhere for as-prepared
microwires with positivels values [33,34]. Slight magnetic softenird. (decrease) can be
appreciated upon annealing (see Fig. 2(b) Tat, = 300 °C). However, the hysteresis loops
of the same but stress-annealed microwire presgmifisant changes: at a sufficiently high
stress applied during annealing, transverse magaeisotropy can be induced (see Fig.2(c),
(d)). Recently a noticeable improvement in magnstiftness and GMI effect has been
reported in Fe-rich microwires [25, 29, 37]. Furthere, if the stress applied during the
annealing is not very high, the hysteresis loop can
still present rectangular shape (see Fig.2(c)).
However, for the sample annealed for a sufficiently
high stress, the hysteresis loop becomes almost
linear (see Fig. 2(d)).

As reported [37], observed stress-annealing
induced magnetic anisotropy depends not only on
applied stress, but also on a few more parameters:
annealing temperatui,,, and timefann.

Unlike hysteresis loops, annealing significantly
affects the DW dynamics: as can be seen in Fig. 3,
a remarkable improvement in DW velocity is
achieved upon annealing. The observed magnetic
field, H, dependencies of the velocity DW, can

STV SV M O LRIl be almost perfectly described by linear
annealed at,,,= 300 °C fores,= 0 MPa (b),

e e R I ReR ot dependences.

MPa (c) and afl,,, = 300 °C forg,= 380

MPa FesB¢Si;,C4 sample (d).




Usually, thev(H) dependencies are described by t
following relation [19,23,33,38,39]:

v=8H-Ho) 3

where S is the DW mobility, Hy is the critical
propagation field.

The influence of the annealing on DVl ,

Fig. 3. Influence of the annealing on D

dynamics involves the magnetoeslastic anisotr(e\iaulayefZ=3 =3P oA (V=]

contribution to the domain wall mobility§ given

by [23,40, 41]:
S =21M-/8 4)

where Sis the viscous damping coefficienty is magnetic permeability of vacuumy -
saturation magnetization.

As discussed elsewhere [23,40,41], most of expetiaheresults on influence of
annealing on DW dynamics have been explained cerisgl correlation of the magnetic

relaxation damping, and the anisotropy constaKt,described as [38, 40,41]:
B~ 2arr (KIA)Y? (5)

whereA is the exchange interaction constantGilbert damping parameter.
As discussed elsewhere [18, 23,24, 40, 42], thennoaigin of magnetic anisotropy in

amorphous materials ike magnetoelastic anisotrop§se, given by:
Kme =3/20 (6)

where/s is the magnetostriction coefficient, andstresses, consisting of the internal stresses,
oi, and applied stresses,

Consequently, the stresses, value (both applied and internal) as well as the
magnetostriction coefficientds, must affect domain wall dynamics and, particylarl
mobility, S.

The easiest way to tune the magnetostriction coefft, s, value in amorphous alloys is
the modification of the chemical composition of timetallic alloy [31,32]. Indeed, Fe-rich
compositions present positive -values (typicallyis ~ 20 - 40 x 10°, while for the Co-rich
alloys, As —values are negative, typically~ -5 to - 3 x 10°[31,32, 43, 44]. Alternatively, the



Js -values can be modified by doping of Fe-rich allbpy Ni: a decrease ofs -values with
increasing of Ni-content is reported elsewhereafoprphous alloys [31,43,44].

Nearly-zerols —values can be achieved in theB8.« (0<x <1) or CgMnix (0<x <1)
systems at x about 0,9 — 0,96 [18, 31, 43].

In NixFe .« system decrease &f -value with increasing of Ni-content is observidt it
correlates to the simultaneous decreasing of th&rageon magnetization. Thus, zekg —
values at high Ni-contents correspond to paramagetiering of NjFe . alloys at room
temperature [43].

Below experimental results on DW dynamics of Febked microwires with similat, D
and p-values, i.e.,, FgNij;ssSizsBis (d=14.35 pm; D=33.25; p=0,43) and
Feyo dNiz7 oSiz sB1s(d=14.2 um; D=33.85;0=0.42) are

compared (see Fig.4). From previous knowledge

origin of internal stresses in glass-coated micresvi
it is expected that these samples must preserg (
similar internal stresses values and distributi
[18,42, 45].

Similarly to Fe-rich microwires, Fe-Ni- rict
(Fes2Ni1s 5Siz sB1s and Feo dNi27.0Sk 5B15)
microwires present rectangular hysteresis loops (
Figs. 4(a),(b)). According to previously publishe
results on  compositional dependence
magnetostriction coefficient [31], E@ii5sSi7sB1s
and FagdNix7.SizsB1s)  microwires  present
magnetostriction coefficient values of about 27 %1
and 20 x10, respectively. Similarly to FgB¢Si1oCs
microwires, both Fe-Ni —rich microwires prese
linear (H) dependencies.
Higher coercivity,H;, and lower DW mobility of

FesoNi1s sSiz sB1s microwire can be related to highe

Fig.4. Hysteresis loops of as-prepars
Fes2Ni1s55i7.5B15 (@) and Fgy Niz7.6Siz sB1s

other hand, considerable decrease of DW mobijCEIICR (IR Tl U EE N ORS
both as-prepared microwires and effect

and DW velocity under applied tensile stress [Elgol=l RS SIIIN () R[S ol<Tglo[STTel SRR (o))
Fled\“27‘gSi7.5B:|_5 minOWireS (d)

As —values of FeNii55SizsB1s microwires. On the

observed i.e. RgdNiz7SizsBis in microwire (see



Fig.4(d)). Similar influence of applied stressesd# dynamics is previously reported by us
in various microwires with positive magnetostricticoefficient [23, 33, 40].

For comparison, influence of applied stresses(b) dependence of k& 050SiisB1; (d=12
pm , D=29 pm) with As ~20 x10° is depicted in Fig.5. Similarly to Fe- and Fe-Niskd
microwires, FesCo0s50SiisB11 microwire exhibits rectangular hysteresis loopg(Fs(a)). A
decrease irv and Svalues is observed in E€050SiisB11 microwire upon applied tensile
stress (Fig. 5(b)).

From provided experimental results, it is cl

that magnetoelastic anisotropy plays a deciq
role in DW dynamics optimization in magnet
microwires with positive magnetostriction (.
exhibiting spontaneous magnetic bistabilit
Therefore, one of the highest S-values
reported for low-magnetostrictive Co-rig
microwire [23]. Indeed, high v-and S- valug
are observed in GgFesNi1Sii1Bis microwires
with low and positive magnetostriction consts s sifust
(d=22 um; D=26.2um, 1=107) (Fig. 6(a)).
The C@eFesNiShiBis microwire presents cifflz:iﬂpa
more than one order of magnitude higher o omEre e
values than the other samples (Fig. 6(k
However, in both C&FeNiSiiBis and Eggczos';zéfr(i‘;i; ilgr(Z)F\);ir((az) (ngin?,er:nziirr:,
Feyg Nizz oStz sB1s microwires S —value rapidly (SRS YRRyEEEIVICTeRRVITolcIgur:Tslsl[[e=tile]g Mol J-Te] e
drops upon applied stresses (see Fig. 6(b)). SHessesa
Accordingly, as can be seen from Figs. 2-5, miningizmagnetoelastic anisotropy either by
heat treatment or by selection a chemical compositith a low magnetostriction coefficient
is a route for DW dynamics optimization in magneticrowires.

However, an alternative possibility is relatedhie tlesign of the magnetic anisotropy
distribution, which is more favorable for the DWndynics improvement [25, 26].

In fact, both cylindrical geometry and the specifiomain structure of magnetic
microwires with positive magnetostriction coefficte consisting of a single axially
magnetized inner domain surrounded by the outeradlorehell with transverse magnetic

anisotropy are the unique condition for realizatarultra-fast magnetization switching. In

10



magnetic microwires with such domain
structure the magnetization reversal is
attributed to the depinning and fast DW
propagation within an inner single domain

* 0,=0MPa upon application of external magnetic
© ¢=119 MPa

° 6220 MPa field.
However, it has been theoretically

and experimentally shown that the DW
velocity of magnetic wires can be further
improved by applying a transverse bias
magnetic field [46-50]. The reported
beneficial influence of the transversal

magnetic field on the DW dynamics is

attributed to the influence of the transverse

field on the spin precession as well as on

Fig.6. v(H) dependences for £BesNiicShiBicRistWBIWVES TN RVE]R

microwires measured under application of apq

stresses,0, (a) So.) dependencies evaluated As can be observed from Figs.
CoseFesNi10SiyBie and Fgg dNisr oSizsBis microwires .

2(c),(d), stress-annealing allows one to

induce transverse magnetic anisotropy in magneticrowires with a positive
magnetostriction coefficient. The stress-annealimiuced transverse magnetic anisotropy
and its radial distribution depend on the stresweahng conditions, that is the annealing
temperature Tann, the stress applied during the annealiflg, and the annealing timén,
[25,35,50]. As can be appreciated from Fig. 2ét)certain stress-annealing conditions (low
enough TFnn OF o -values) the hysteresis loops remain rectangulashiape, although they
present a lower coercivity., and remanent magnetization,/M,.

The influence of stress-annealing conditions on kysteresis loops and DW
dynamics of FgBgSi;oC, microwire is shown in Fig.7. Similarly as it waseatly reported
[26,30], after stress-annealing, a rectangulardmgsts loop is observed in the/§8Si;.C,
sample, but with loweH. andM,/M, — values (Fig. 7(a)). Thus, it is possible to obseaa
single DW propagation in stress-annealegBsSi; ,C4, samples.

As-compared to as-prepared sample, stress-annedliavgs remarkable improvement
of DW velocity (Fig.7(b)). Comparison of the S-veduobtained by stress-annealing gives
values of the order of 27 s (see Fig. 7(c)). At the same time, the coetgidecrease

upon stress-annealing is more significant (see Hm)).

11



As can be observed from Fig. 2(c),(d

further decrease dofl- and M,/M, — values is
observed risingm, Tanm andtann. Reducedd. and
M/M, — values after stress-annealing have be
explained in terms of core-shell model
magnetic wires as an increase of the ou
domain  shell volume with transvers
magnetization orientation in expense of
decreasing in the inner axially magnetized cc
volume [25, 35, 50]. Such modification of th
spatial distribution of magnetic anisotropy is al:
evidenced by remarkable improvement of Gie
magnetoimpedance, GMI, ratio4Z/Z, and
modification of magnetic field dependence
A7/7 [35, 51].

Observed remarkable improvement of tl
DW dynamics (S and v-values) is attributed
the transverse magnetic anisotropy of the ot
domain shell that affects the travelling DW in
similar way as the application of transversal bi
magnetic field that allows the DW velocit

Fig. 7 Hysteresis loops (a)H) dependencie

enhancement [26, 35]. Recently, S-valuEEESEE EICERR SRS e
. . = 300 OC, 0m:190 MPa,tann:].h FQ5BQSi12C4
improvement up to 45 fiAs by stress-annealiniiils e iR e e Re e ats [T AV

. upon stress-annealing and conventio
is reported [26]. annealing (c).

Accordingly, the DW dynamics magneti
microwires with positive magnetostriction coefficie exhibiting spontaneous magnetic
bistability can be considerably improved either fynimization of the magnetoelastic

anisotropy or by stress-annealing induced transva@gnetic anisotropy.

3.2. Domain wall dynamicsin microwireswith induced magnetic bistability

As reported in a few recent publications, considieramagnetic hardening and
transformation of linear hysteresis loop to rectdagis observed in a number of Co-rich

microwires with low and negative magnetostrictiamefficient [27-29]. These modifications
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of the hysteresis loops strongly depend on anmgalonditions, i.e. oM, andt;n, (see
Fig.8).

Fig. 8. Hysteresis loops of as-prepared (a,d) andeaed for 5 min at differen
temperatures G €, 1B11 6Sh3 ¢C1.1(b,c) and Fg1Coso Ni17.B133Sho3 (€,f) microwires.

The origin of these changes is explained consideeither the influence of internal
stresses relaxation on the magnetostriction coefficof Co-rich microwires, or competition
between the magnetoelastic and shape magnetictapgoln any case, annealed Co-rich
present magnetic bistability [27-29]. The conse@eeof such evolution of hysteresis loops
upon annealing is that annealed Co-rich microwwmath annealing induced magnetic
bistability can also present DW propagation [27.,28]

One of the examples obtained fore&$-6; sNi1B13 8Si1aM01 3C; 7 microwire (d=21.4m,
D=23um) annealed for 1 h at 33 in provided below (see Fig. 9). This microwiréeaf
annealing has perfectly rectangular hysteresis (eep Fig.9(a)). Generally, DW dynamics in
annealed Co-rich microwires presents similar fesmtualmost lineaw(H) dependence and
rather high DW velocity values (typically aboverh/) (see Fig 9(b)).

The linear hysteresis loop transforms into a regiéar one upon annealing and
stress-annealing in Gg&te; gNi1B125511:M01 5C12» microwires (see Fig.10(a)). As-compared
to the annealed sample, stress-annealing allowsdéeeivity, H, reduction (see Fig.10(a)).
Generally, higher DW velocity values (up to 3 km/d)ave observed in
Cogo Fe36Ni1B1255111M015C12 (d = 22.8 um, D = 23.2 um) microwires (Fig. 10(b)).
Similarly to Fe-rich microwires, stress annealitiguas DW velocity improvement (see Fig.
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10(b)). However, the extension of the linegH)
dependence is also considerably affected by the
stress-annealing (see Fig. 10).

As discussed elsewhere [25, 33, 52], the
extension of the linearv(H) dependence is
determined in weak fields by the switching fielddan
in the high fields, by the threshold between single
and multiple domain wall propagation regimes.

Therefore, the modification in the low field
region ofv(H) dependence must be related to lower
coercivity values of stress-annealed samples (see
Fig. 10(a)). However, shorter extension of linear
SR SN RO N V(H) dependence in the high field region must be

dependence (9)) of . .
COus 4763 dNiB s SirgMo, o 7 attributed to the effect of stress annealing on

microwire  (d=21.4m, D=23m

annealed for 1 h at 300. minimum nucleation field within the sample at

which a new domain can be spontaneously
nucleated in front of the propagating head-to-head
closure domain. In any case an increase of the S-
value from 27 MAs up to 29 M/As can be
appreciated from Fig. 10(b).

As discussed above, transformation of
linear hysteresis loops to rectangular is a common
feature of Co-rich microwires with vanishing
magnetostriction coefficient. One more example is
shown in Fig. 11(a), where the hysteresis loop of
Cogo F€,1B11.8Sh3dC11  glass-coated microwires
(d=25.6 pum, D=30.2 um) annealed at 3D is
provided.

Fig 10. Hysteresis loops (a) andgH) Perhaps the main difference between the

dependencies (b) o] ) . . . .
S N TRV o 78l D\ dynamics of magnetic microwires with

m, D = 23.2um) annealed and stress . . -
gnnealed g “:3)5000 ror 1h spontaneous magnetic bistabilitys (values) and
ann .

Co-rich  microwires with annealing induced

magnetic bistability lies in the stress dependaithe DW dynamics.
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As can be appreciated from Fig. 11(b),
the v(H) dependences of
C0s9.4€4.1B11.8Si13.4C1.1 glass-coated
microwires (d=25.6 um, D=30.2 pum)
present a considerable enhancement in the
DW velocity at given H-values upon
applied tensile stress. This behavior is
exactly the opposite to that observed for
magnetic microwires with spontaneous
magnetic bistability (see Figs. 4-6).

Observed increase in DW velocity has
been explained considering the stress
dependence of the magnetostriction

coefficient, i.e., the decrease ig under

Fig. 11. Hysteresis loop (a) and dependence of DW
velocity on  magnetic field measured i
Cogg F €1 1B11Sii3C11 microwires annealed afl,,,
=300 °C for 45 min measured under different appli¢
stresses.

effect of the applied stress [25, 35,51].

The rectangular character of hystere
loops in Co-rich microwires maintains
certain conditions even after stress-annea
(moderate stresses values and anneg
temperatures). As-compared to annea
samples, stress-annealed Co-rich sam
present lower El—values (Fig. 12(a)) and t
same features when the DW dynamics
measured upon applied stress: increase of

velocity can be observed upon influence Bif. 12 Hysteresis loops of GaFe; 1B11.6Shs¢Cy.1 glass-

. . coated microwires annealed and stress annealé@Da€3
applied stress (see Fig. 12(b)). Howevekgo mpa for 45 min (a) and v(H) dependencies ef th

. . . . . ame microwire measured under different tensile
similarly to Fe-rich microwires (see Fig 2(d)z,tresses

the hysteresis loop of the same sample stress-
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annealed at a sufficiently high,, and/oro, does not present a rectangular hysteresis loop, as

shown in

Fig. 13 for stress-annealed (at,,=400 °C for ¢, =118 MPa)

C%glzl:e‘g_GNi1B]_2_5Si11|\/|01.5C1.2 microwires.

Fig. 13
Cosg.F636Ni1B125511:M01 5Cy 2 14) as compared to annealed (fgr = 0 MPa)
microwires stress-annealed Bt,, = 300

JoNCVE VIR o ()0l D URJel samples. This must be attributed to lower coergivit
for o, = 118 MPa.

samples.

However,

conditions a remarkable increase of D'

Therefore, considering the evolution of
hysteresis loops annealed under stress at different
Tann We can deduce that stress-annealing of Co-rich
microwires allows induction of transverse magnetic
anisotropy.

From comparison of DW dynamics of annealed
without stress and stress-annealed microwires we
can appreciate that the DW dynamics is affected by
the stress-annealing (Fig. 14): the most remarkable
influence of stress-annealing is that the magnetic
field range at which the single DW propagation can

Hysteresis  loops  © be observed is shifted to low —field region (seg Fi

(and hence lower switching field) of stress-anrgbale

for certain stress-annealir

mobility can be obtained. In the present ce

(Fig. 14) the annealec
Cosg Fe36Ni1B1255111M01 5C1 2 microwire
presents DW mobility $34 nf/As, while

stress-annealed (at, = 354 MPa) - S§35.5
2 Fig.14. v(H) dependencies measured for t

m“/As - -
: Fe36C0p9.Ni1B12 55i11M0; Cy » samples

M annealed al,,, = 300 °C fors,, = 0 MPa,o,
Even more remarkable DW  mobilit sy ypgneg

improvement has been recently observed ¥

us: wherS= 40 nf/A-s have been achieved at appropriate stress-anpealiitions [29].

The origin of induced magnetic bistability in thase of Co-rich microwires has been

attributed to the internal stresses relaxation upmmventional furnace annealing that allows

modification of the domain structure and appearaatenner axially magnetized core

responsible for the magnetization switching by Dkjgagation [25, 29, 37].
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Beneficial influence of the stress-annealing on Dly§hamics has been explained
considering that it allows increasing of the voluwfeouter domain shell with transverse
magnetization orientation in expense of decreasinipe radius of inner axially magnetized
core. Such transverse magnetic anisotropy cantaffedW dynamics in similar way as the
applied transverse magnetic field and hence isflogasdefor the DW dynamics optimization.

In any case the origin of high DW velocity observedmagnetic microwires must be
attributed to low magnetic anisotropy of amorphausrowires, essentially non-abrupt DW
shape with the characteristic widih, of a head-to-head DW a few time larger than the
metallic nucleus diameter, d, of microwire (i.e.<Wd < 50) [54]. It is also worth mentioning
that in the case of essentially non-abrupt DW,DN¢ mobility normal to the wall surface is
reduced by the domain aspect ratio and the elodd2ifé can move quite fast [55].

As can be deduced from experimental results on Dyvachics presented above in
magnetic microwires with either positive (i.e. @eBng spontaneous magnetic bistability) or
negative (with induced magnetic anisotropy) carsklection of microwire compaosition or
conditions of post-processing allows achievement eatremely fast DW dynamics.
Furthermore, furnace annealing and especially stiasealing are promising methods

allowing optimization of DW dynamics in magneticamawires.

Conclusions

We showed that minimizing magnetoelastic anisotrejtlger by selection a chemical
composition with a low magnetostriction coefficiemt by heat treatment is an appropriate
route for domain wall dynamics optimization in maga microwires As-prepared Co-based
microwires with low and negative magnetostrictioregent linear hysteresis loops. Stress-
annealing allows further improvement of domain wadllocity and hence is promising
methods allowing optimization of DW dynamics in FeNi and Co-based magnetic
microwires.

In magnetic microwires with induced magnetic bigigban increase of DW velocity can
be observed upon applied tensile stress. This mhiavexactly the opposite to that observed
for magnetic microwires with spontaneous magnesitability

Beneficial influence of the stress-annealing on Dl¥hamics has been explained
considering that it provides the magnetic anisotrdgstribution more favorable for faster

domain wall dynamics.
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It is assumed that stress-annealing allows inorgas the volume of outer domain shell
with transverse magnetization orientation in expens decreasing of the radius of inner
axially magnetized core. Such transverse magneisofopy can affect the DW dynamics in
similar way as the applied transverse magnetid fasdd hence is beneficial for the DW

dynamics optimization.
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