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We studied the influence of post-processing on magnetic properties of Fe-rich microwires and defined
the routes to obtain Fe-rich cost-effective microwires with unique combination of magnetic properties al-
lowing observation of fast and single domain wall, DW, propagation and Giant Magnetoimpedance, GMI,
effect in the same microwire. By modifying the annealing conditions, we have identified the appropriate
regimes allowing to achieve remarkable improvements in GMI ratio and single DW dynamics. The ob-
served experimental results are discussed considering the radial distribution of the magnetic anisotropy
and the correlation of the GMI effect and DW dynamics with hysteresis loops.
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Magnetic materials with amorphous structure usually present
excellent soft magnetic properties together with superior me-
chanical properties [1-3]. Such excellent combination of physical
properties of amorphous materials is commonly attributed to the
glassy-like structure, characterized by the absence of atomic long-
range order and hence, lack of defects typical for crystalline ma-
terials, i.e., grain boundaries, dislocations, twins, etc. [1-3]. Conse-
quently, the use of amorphous materials allows the development
of robust magnetic devices and even magnetoelastic sensors and
devices [4-7].

Amorphous materials can be prepared either with planar (rib-
bons) or cylindrical (wires) shapes [1-8]. The cylindrical geom-
etry of amorphous materials is the most suitable for realization
of either the Giant Magnetoimpedance (GMI) effect [5,7,9,10] or
magnetic bistability associated with a single and large Barkhausen
jump [8,11].

The principal interest in the GMI effect is related to a large sen-
sitivity of electrical impedance to applied magnetic field (up to 10
%|A/m) observed in Co-rich amorphous microwires with vanishing
magnetostriction coefficient, Ag, [12,13]. The origin of the GMI ef-
fect is satisfactorily explained in terms of the dependence of the
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penetration depth, &, of the AC current flowing through a soft mag-
netic conductor on the applied magnetic field [9,10]. Accordingly, a
high circumferential magnetic permeability is one of the most im-
portant prerequisites for achieving a high GMI ratio [8-10].

On the other hand, spontaneous magnetic bistability is usu-
ally reported in magnetostrictive amorphous wires (i.e., for wires
with either positive or negative As) [8,11,14]. The magnetic bistabil-
ity has been associated with the remagnetization process through
a single and large Barkhausen jump [8,11,14]. In magnetically
bistable wires a demagnetized state cannot be achieved, since the
magnetization switching between the two remanent states runs
by ultra-fast domain wall (DW) propagation. Perfectly squared
hysteresis loops of magnetically bistable wires are commonly at-
tributed to the presence of a single-domain inner core with an ax-
ial magnetization orientation.

For most magnetic sensor applications low dimensional mag-
netic wires are requested [5,15,16]. The thinnest amorphous wires
can be prepared using Taylor-Ulitovsky method suitable for prepa-
ration of amorphous wires with metallic nucleus diameters rang-
ing from 200 nm up to 100 wm and glass-coating thickness 0.5-
20 pm [12,13,17-19].

As-prepared Co-rich microwires typically present linear hys-
teresis loops and hence single DW propagation in such microwires
cannot be observed [13]. Less expensive as-prepared Fe-rich
amorphous glass-coated microwires typically have rectangular
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Fig. 1. XRD pattern of as-prepared and annealed Fe;5BgSij;C4 microwires with DSC curve in the inset (a), hysteresis loops of as-prepared and annealed at Tgn, =300 °C (b),
Tann =325 °C (c), Tann =350 °C (d) and stress-annealed at Tgpn =300 °C (01,=190 MPa) (e) Tann =300 °C (0 ,=380 MPa) (f), Tann =325 °C 0 ,=190 MPa (g) and at Tgz, =350
°C 0 n=190 MPa) (h) Fe;5BoSi;»C4 microwires. All heat treatments are performed for tgn,=60 min.

hysteresis loops with low circumferential magnetic permeability
and therefore low GMI effect [20,21]. On the other hand, in Fe-rich
microwires with high and positive A;, spontaneous magnetic bista-
bility and, therefore, single DW propagation are observed [20,22].

The applications of GMI effect are mostly related to high sensi-
tivity of GMI effect on magnetic field and include electronic com-
pass for smart phones and wrist watches, biomagnetic field sens-
ing, human magneto-cardiograms and magneto-encephalograms,
non-volatile magnetic memories, magnetoelastic sensors, magne-
tometers as well as metamaterials [5,7,23-25]. Alternatively, mag-
netic bistability and related DW propagation are proposed for
electronic surveillance, torque sensors, noncontact mechanocardio-
graphs, racetrack memories, magnetic logics, etc. [8,26-29].

Recently, magnetic bistability and fast single DW propaga-
tion are reported in annealed Co-rich microwires with vanishing
As [20,30,31]. In spite of perfectly rectangular hysteresis loops,
such annealed Co-rich microwires still present high GMI effect
[20,30,31]. However, Co belongs to critical raw materials [32].
Therefore, less expensive Fe-rich microwires are preferable for in-
dustrial applications. Recently, remarkable improvement of mag-
netic softness and GMI effect in Fe-rich microwires achieved by
induced transverse magnetic anisotropy are reported [33,34]. Such
GMI effect improvement is observed in stress-annealed Fe-rich mi-
crowires with almost linear hysteresis loops in which single DW
propagation cannot be observed.

The development of cost-effective glass-coated microwires,
which can present a unique combination of properties: high GMI
effect as well as fast single DW propagation is highly demanded by
already proposed applications and can help in the creation of new
applications and, therefore, it is a challenging and relevant topic of
application oriented research.

In this paper, we provide our last attempts to realize the GMI
effect and fast DW propagation in the same Fe-rich microwire, and

present new insights on magnetization reversal mechanism in mi-
crowires exhibiting both GMI effect and fast DW propagation.

We prepared and studied Fe;5B¢Si;;C4 amorphous glass-coated
microwires (metallic nucleus diameter, d=15.2 um, total diameter,
D=17.2 um) with positive As, (As ~38 x 10~%) prepared by the
Taylor-Ulitovsky technique described elsewhere [12,13,30,31]. The
samples were annealed in a conventional furnace. Annealing tem-
peratures, Tgnn, Were chosen in order to preserve the amorphous
structure of the samples, that is, much below the crystallization
temperature [33,34].

For stress annealing, we used the same technique that was re-
cently used for Fe-rich microwires: tensile stress was applied dur-
ing heating, annealing and cooling within the furnace [33,34]. The
annealing time, tgnn, was typically below 60 min.

The tensile stress value, o, was estimated considering differ-
ent Young's modulus of metal and glass, as described elsewhere
[33,34]. The o, -value was below 200 MPa.

Amorphous character of structure has been proved by X-ray
diffraction (XRD) using a BRUKER (D8 Advance) X-ray diffractome-
ter with Cu Ky (A=1.54 A) radiation and by differential scanning
calorimetry (DSC) performed on DSC 204 F1 Netzsch calorimeter
at a heating rate of 10 K/min. The X-ray diffraction patterns of all
as-prepared and annealed (at Ty, <370 °C for tgnp, <210 min) mi-
crowires show a broad halo, typical of completely amorphous ma-
terials (see Fig 1a). The crystallization temperature, T, (the first
crystallization peak), estimated by DSC for as-prepared and stress-
annealed Fe;5B4Si;;C4 microwire, is about 520°C (see Fig. 1a).

The hysteresis loops were measured using the fluxmetric
method, previously used by us to study the soft magnetic mi-
crowire [13,20,22]. To compare the hysteresis loops of samples an-
nealed under different conditions, we present the hysteresis loops
as the dependence of the normalized magnetization, M/M,, on the
magnetic field, H, where M is the magnetic moment at a given
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magnetic field, and M, is the magnetic moment of the sample at
the maximum magnetic field amplitude, Hy,.
The GMI ratio, AZ/Z, has been defined as:

AZJZ = [Z(H) *Z(Hmax)]/Z(Hmax)v (1)

where Hpgyx is the maximum applied DC magnetic field, Z is the
impedance measured using a vector network analyzer from the re-
flection coefficient Sy, as described elsewhere [35]:

Z=Zy(1+S1)/(1=Sn), (2)

being Zy;=50 Ohm - the characteristic impedance of the coaxial
line.

The off-diagonal GMI component, Z,,, has been evaluated
through transmission coefficient S,; [34,35].

The micro-strip sample holder used for the GMI characteriza-
tion is described elsewhere [35]. The sample length for the GMI
characterization is 6 mm.

The DW velocity was evaluated using a modified Sixtus-Tonks
method, described elsewhere [22]. In the experimental setup, three
pick-up coils are used, located coaxially along a 10 cm long mi-
crowire, which is magnetized by a long solenoid.

As mentioned above, a signature of a single DW propagation
is an ideally rectangular hysteresis loop of magnetically bistable
microwires associated with the remagnetization process through
a single and large Barkhausen jump [8,11,14]. In such magneti-
cally bistable microwires, the magnetization switching between the
two remanent states runs by ultra-fast DW propagation. As ex-
pected, a rectangular hysteresis loop is observed in as-prepared
Fe;5BgSi1;C4 microwire (see Fig. 1b). Accordingly, we are looking
for post-processing (annealing or stress-annealing) that allows us
to maintain perfectly rectangular hysteresis loops in the studied
microwires.

Annealed (without stress for tg;=60 min) Fe;5BgSi;;C4 mi-
crowires present rectangular hysteresis loops (see Fig. 1b-d).
Although the character of the hysteresis loops in annealed
Fe;5BgSi1»C4 microwires remains unchanged, a slight decrease in
coercivity, Hs, can be observed (see Fig. 1b and c). Amorphous
character of as-prepared and all annealed samples is confirmed by
a broad halo observed for the samples annealed up to Tgp,=370 °C
(tann =210 min) as well as by the hysteresis loops character.

The hysteresis loops of stress-annealed (at o ,;,=190 MPa or 380
MPa for tgnp,=60 min) Fe;5BgSij;C4 microwires change from rect-
angular shape to inclined with increasing Tann (see Fig. 1e-h). Only
the sample annealed at Ty, =300 °C, 01;,=190 MPa for tg;,=60
min presents rectangular hysteresis loop, although with lower Hc,
and squareness ratio, M;/M, (see Fig. 1e).

As reported previously [35], the stress-annealing induced
anisotropy is affected by several parameters: Tgnn, om and tgnn.
For the shorter tg;, a weaker transverse magnetic anisotropy is
expected considering previous experimental results. Accordingly,
stress- annealing of studied microwire at Ty, =325 °C, 0 =190
MPa for shorter t;;; has been performed. Rectangular hystere-
sis loops have been observed in stress-annealed Fe;5BgSij;C4 mi-
crowires at Tgnn =325 °C, 03,=190 MPa for tg;=15 min and
tann=30 min (see Fig. 2). Lower M;/M, values of stress-annealed
samples have been previously attributed to increasing in the outer
domain shell with transversal anisotropy at the expense of axially
magnetized inner single domain [34].

Consequently, DW dynamics has been studied in the microwires
presenting rectangular hysteresis loops.

Influence of annealing conditions on DW velocity, v(H), de-
pendencies of Fe;5BgSij3C4 microwires is shown in Fig. 3. Simi-
larly to previous results on the effect of annealing on DW dynam-
ics [20,36,37], a remarkable DW velocity improvement is observed
upon annealing: higher DW velocities are observed after all kinds
of annealing (see Fig. 3).
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Fig. 2. Hysteresis loops of as-prepared and stress- annealed at Ty, = 325 °C for
om=190 MPa and tzp,=15 min (a) and tz;,=30 min (b) Fe;5BySi;;C4 microwires.

Additionally, in most cases v(H) dependencies can be described
by a linear function.

The linear v(H) dependencies observed in most microwires are
described in terms of viscous DW propagation regime by the fol-
lowing relation [36-38]:

v =S(H — Hp) (3)

being S the DW mobility, Hy - the critical propagation field.

An increase in the DW velocity and mobility upon annealing
is previously discussed considering the magnetoelastic anisotropy
contribution and hence internal stresses relaxation [37,39]. Thus,
magnetoelastic anisotropy contribution is evidenced by a decrease
in v, with applied stress, o4, observed in Fe-rich microwires several
times [36,39] .

On the other hand, correlation of the DW mobility, S, with the
magnetoelastic anisotropy, Kme, and saturation magnetization, Ms,
is discussed elsewhere [36-39]. Indeed, S is given by:

S =2poMs/p (4)

where g is magnetic permeability of vacuum, M -saturation
magnetization and B- is the viscous damping coefficient.

In most of the publications, the main origin of damping in mag-
netic microwires is attributed to the magnetic relaxation damping,
Br, related to a delayed rotation of electrons expressed as [36,40]:

Br ~ 2Myr ! (Kine /A) /2 (5)

where A is the exchange stiffness constant.

Accordingly, observed increase in DW mobility upon annealing
(with increase of Ty and tgnn, see Fig. 3d) must be attributed
to the internal stresses relaxation associated with the annealing.
Even more remarkable increase in S after stress-annealing (see
Fig. 3d) must be attributed to the transverse magnetic anisotropy
induced by stress-annealing. Such transverse character of stress-
annealing induced magnetic anisotropy is evidenced considering
core-shell model domain structure of magnetic wires [41]. Within
this model, the inner axially magnetized core radius, R, is related
to the squareness ratio, M,/M; as [41]:

Re = R(M;/M;)'2, (6)

where R is the metallic nucleus radius.
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Accordingly, a decrease in the squareness ratio observed upon
stress-annealing (see Fig. 1e-h) must be attributed to an increase
in the outer domain shell volume.

A more significant increase in S upon stress-annealing (see
Fig. 3c and d) has recently been attributed to the transverse char-
acter of stress-annealing induced magnetic anisotropy [42,43]. It is
assumed that the influence of transverse magnetic anisotropy on
the DW dynamics of magnetic microwires is similar to the effect
of an applied transverse magnetic field [43].

A weak transverse magnetic anisotropy is one of the prereq-
uisites for achievement a high GMI effect [30,44]. Accordingly, an
improvement in the GMI ratio upon stress-annealing is expected.

The comparison of AZ/Z(H) dependencies for as-prepared and
annealed Fe;5BgSij;C4 microwires is shown in Fig. 4a and b. A
remarkable GMI ratio improvement upon stress-annealing is ex-
pected (see Fig. 4b). However, even conventional annealing (with-
out stress) allows GMI ratio improvement (see Fig. 4a). Almost
an order of magnitude increase in maximum GMI ratio, AZ/Zmax,
is achieved by annealing. The difference in AZ/Z(H) dependencies
measured at 200 MHz is that a decay from H=0 is observed for
annealed sample, while for the same frequency all stress-annealed
samples present double-peak AZ/Z(H) dependencies (see Fig. 4a
and b). Such double-peak AZ/Z(H) dependencies are the signature
of transversal magnetic anisotropy (also evidenced from Fig. 1e and
f).

Previously, was reported that further GMI ratio optimization
can be achieved upon selection of proper frequency, f. Frequency
dependencies of AZ/Zyqx for the annealed and stress-annealed mi-
crowires are shown in Fig. 4c. As observed, the highest AZ/Zpnax
~110 % is observed for the sample stress-annealed for Typ, =325
°C (tgnn =30 min). For most of the samples, the highest AZ/Zpax is

observed for f =300 MHz. However, several samples present high
GMI ratio in a wide frequency range (see Fig. 4c).

Syr-values are almost zero in as-prepared sample. Both anneal-
ing and stress-annealing allow increase in off-diagonal MI effect,
So1, as shown in Fig. 4d. Such Sy;-values increase must be at-
tributed to weak transverse magnetic anisotropy in annealed sam-
ples evidenced by Fig. 4a and b.

Although the highest GMI ratio is observed in stress-annealed
microwires with weak transverse magnetic anisotropy, relatively
high GMI ratio is observed also in annealed Fe-rich microwires
with rectangular hysteresis loops (see Fig. 4a and c). To explain
such unexpectedly high GMI in annealed microwires with rectan-
gular hysteresis loops, we must consider the importance of the
damping parameter, as pointed out elsewhere [44]. Accordingly,
the increase in GMI ratio observed in annealed Fe-rich microwires
(see Fig. 4) can be attributed to the impact of annealing on the
damping parameter, evidenced by a remarkable S increase after an-
nealing (see Fig. 3).

The origin of stress-annealing induced magnetic anisotropy in
Fe-rich microwires is previously discussed considering pair or-
dering, structural anisotropy and back-stresses mechanisms [45-
47]. Bearing in mind that the studied microwire contains only
one magnetic element (Fe), and recent studies of reversibility,
that suggest that structural anisotropy and back stresses are the
most obvious mechanisms of the observed stress-annealing in-
duced anisotropy.

The advantage of the proposed solution is that post- processed
Fe-rich microwires maintain amorphous structure presenting fast
single DW propagation, improved high-frequency GMI characteris-
tics and retaining the superior mechanical properties characteristic
for amorphous materials, i.e., plasticity and flexibility.
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of as-prepared microwire are provided in Figs. 4a and b for comparison.

Concluding, by studying the influence of post-processing on
magnetic properties of Fe-rich microwires we have identified the
routes allowing to obtain Fe-rich cost-effective microwires with
unique combination of magnetic properties, i.e., fast and single
DW propagation and GMI effect in the same microwire. Under ap-
propriate annealing conditions, we have achieved remarkable im-
provements in the GMI ratio and single DW dynamics. The ob-
served experimental results are discussed considering the radial
distribution of magnetic anisotropy and the correlation of GMI ef-
fect and DW dynamics with hysteresis loops.
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