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We have studied the effect of annealing conditions on magnetic properties of amorphous CoFeNi-based glass-
coated microwires. We show that annealing can be very effective for manipulation the magnetic properties of
amorphous ferromagnetic glass-coated microwires. Low coercivity and high giant magnetoimpedance (GMI) effect

have been observed in as-prepared Co-rich microwires.

After annealing of Co-rich microwires we can observe

transformation of inclined hysteresis loops into rectangular and coexistence of fast magnetization switching and
GMI effect in the same sample. We demonstrate that the switching field value of microwires can be tailored by

annealing in the range from 4 to 200 A/m.

DOI: 10.12693,/APhysPolA.129.694
PACS /topics: 75.50.Bb, 75.50.Cc, 75.50.Kj, 75.60.E;

1. Introduction

Thin magnetically soft amorphous wires presenting
magneto-impedance, GMI effect and fast magnetization
switching have been already proposed for a number of
promising applications, especially in the field of sensors,
electronic devices and smart materials [1, 2]. From the
view point of emerging applications the most promising
are glass-coated microwires prepared by Taylor-Ulitovsky
method, mostly because of the thinnest diameters among
the cast wires [2]. Diameter reduction is a crucial factor
for miniaturization of the microsensors.

On the other hand soft magnetic properties of amor-
phous ferromagnetic glass-coated microwires are affected
by the magnetoelastic energy related to the presence
of glass coating. Therefore minimization of the inter-
nal stresses i.e. employing the annealing can consider-
ably improve magnetic softness and GMI effect of these
materials [2-3].

Aforementioned GMI effect is one of most promising
features for the magnetic sensor applications [2-5]. Re-
cently published papers reported on development of mag-
netic sensors using GMI effect allowing achieving of pT
magnetic field resolution [4, 5]. The origin of the GMI
effect is related to the skin effect in soft magnetic con-
ductor [2, 4-6]. High circumferential permeability usu-
ally exhibited by amorphous wires with vanishing mag-
netostriction constant is essential for observation of high
GMI effect [4-6].

The magnetic field dependence of the GMI effect is
intrinsically related to the magnetic anisotropy and pe-
culiar surface domain structure of amorphous wires [2, 7].

Shape magnetic anisotropy for thin micrometric wires
(with metallic nucleus diameters around 10 pm) becomes
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irrelevant for the sample length above 2-3 mm. In the
absence of typical magnetocrystalline anisotropy and de-
fects, typical for crystalline materials, it is commonly as-
sumed, that the magnetic field dependence of GMI ef-
fect and overall magnetic properties are determined by
the magnetoelastic anisotropy, K. For the glass-coated
magnetic microwires the presence of non-magnetic glass-
coating considerably affects the internal stresses distribu-
tion and strength and hence magnetoelastic anisotropy.

This magnetoelastic anisotropy, Kpe, is affected
by internal stresses, o¢;, and magnetostriction
coefficient, o, [2, 4]:

Kpme = 3/2)40;. (1)
The magnetostriction coefficient, A;, depends on the
chemical composition of the amorphous metallic alloy
taking nearly-zero values in amorphous Fe-Co based
alloys with Co/Fex70/5 [8, 9].

The internal stresses originate from the fabrication
process involving rapid quenching from the melt of the
composite glass-coated microwires consisting of metallic
nucleus surrounded by the glass coating. Consequently
both thermal stresses induced by the solidification of
the metallic nucleus from the surface layer as well as
the internal stresses associated to the difference in the
thermal expansion coefficients between the glass coat-
ing and the ferromagnetic nucleus affect the magnetoe-
lastic anisotropy [10-12]. The strength of the internal
stresses induced by the difference of thermal expansion
coefficients depends on the p-ratio between the metal-
lic nucleus diameter, d, and total microwire diameter, D
(p = d/D) [10-12| increasing with decreasing the p-ratio,
i.e. with increasing of the relative volume of the glass
coating.

Additionally, previously has been reported that
in amorphous alloys the magnetostriction coefficient
exhibits stress dependences that can be expressed
as [13, 14]:
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)\s,a = As,O - BO) (2)
where A, is the magnetostriction coefficient under
stress, A;o is the magnetostriction coefficient un-
der zero-stress and B is a positive coefficient of or-
der 1071 MPa~!. This stress dependence of the magne-
tostriction coefficient is expected to be relevant for nearly
zero magnetostriction microwire compositions, i.e. for
Co-rich microwires. Consequently in the case of Co-rich
compositions one can expect considerable influence of the
thermal treatment on magnetic properties of glass-coated
microwires.

For successful implementation of the microwires in
modern devices it is quite important to find the con-
ditions to control and optimize the magnetic proper-
ties of amorphous microwires. It can be realized by
changing the microwire parameters (composition, diam-
eter of metallic nucleus and thickness of glass shell)
and by changing treatment conditions (temperature,
annealing, etc.) [2, 4].

Accordingly, the purpose of this paper is to study the
effect of annealing of low magnetostrictive Co-rich mi-
crowires on magnetic properties and GMI effect.

2. Materials and methods

2.1. Materials

We have studied glass-coated microwires of
Feg.13C050.69Ni17.55B13.295110.34 (d = 12.8 pm, p = 0.81,
D = 15.8 um) prepared by Taylor-Ulitovsky technique
(also called in some publications as the drawing and
quenching technique), described elsewhere [4].

2.2. Magnetic properties and magnetoimpedance

Hysteresis loop of as-prepared and annealed microwires
were measured by the induction method [9]. We repre-
sent the normalized magnetization, M/My versus mag-
netic field, H, where M is the magnetic moment at given
magnetic field and My is the magnetic moment of the
sample at the maximum magnetic field amplitude, Hg.

We have measured magnetic field dependences of
impedance, Z, and GMI ratio, AZ/Z. We have used
a specially designed micro-strip sample holder placed in-
side a sufficiently long solenoid that creates a homoge-
neous magnetic field, H. There, one end of the wire
was connected to the inner conductor of a coaxial line
through a matched microstrip line, while the other was
connected to the ground plane. This sample holder al-
lows measurement of the samples of 6 mm in length.
This sample length is sufficiently long allowing to neglect
the effect of the demagnetizing factor [3, 15]. We have
determined the impedance Z using the vector network
analyzer from reflection coefficient S1;. The employed
method has allowed extending the frequency range up to
GHz-range [2, 15].

The magneto impedance ratio, AZ/Z, has been de-
fined as:

AZ/Z = [Z(H) - Z(Hmax)} 1OO/Z(I—Imax)- (3)
The axial DC-field with maximum value, Hpax, up
to 20 kA /m was supplied by magnetization coils.

The microwires have been annealed in conventional
furnace at temperatures, T,,, of 200-300°C for a du-
ration, tann, from 5 to 60 minutes. After annealing the
magnetic properties of microwires were studied again.

All samples (as-prepared and annealed microwires)
present amorphous structure of metallic core similar to
recently studied other Co-rich samples subjected to an-
nealing at similar temperatures [4].

3. Results and discussion

Before annealing the studied samples present an in-
clined hysteresis loop with low coercivity, typical for Co-
rich microwires, with low and negative magnetostriction
coefficient (Fig. 1la). As we observed, annealing even for
quite short time and at low temperature leads to a sig-
nificant change of the magnetic properties (Fig. 1b—d).
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Fig. 1. Hysteresis loops of as-prepared (a) and an-
nealed for 5 min at 200 °C (b), 250 °C (c), and 300 °C (d)
Fes.13C050.69Ni17.55B13.295110.34 microwires.

In spite of considerable magnetic hardening (increas-
ing of coercivity from 4 to 200 A/m), both as-prepared
and annealed microwires present considerable GMI effect
(Fig. 2a-b). The main difference of observed AZ/Z(H)
dependences for as-prepared and annealed samples is the
value of the magnetic field, H,,, at which AZ/Z maxi-
mum takes place: for annealed samples values of H,,, are
much lower than those of the as-prepared samples for all
measured frequencies (see Fig. 2a-b).
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Fig. 2. AZ/Z(H) dependences of as-prepared (a) and

annealed at 200 °C for 5 min (b) microwires.

With the increase of the annealing time and temper-
ature the hysteresis loop becomes more rectangular: re-
manent magnetization rises with the increasing Ty, al-
though coercivity, H., remains almost the same for all
annealing conditions (Fig. 3a-b).
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Fig. 3. Hysteresis loops of microwires of

Feg.13C050.60Ni17.55B13.205i10.34  annealed at 250°C
for 60 min (a) and at 300°C for 60 min (b).
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Fig. 4. AZ/Z(H)  dependences of the an-
nealed for 60 min at 250°C (a) and 300°C (b)
Fe&13CO50‘69Ni17,55B13A29Si10,34 microwires, measured
at different frequencies.

On the other hand, all annealed samples of
Feg_13CO50_69Ni17455B13,298110_34 present a considerable
GMI effect (Fig. 4a-b).

For an interpretation of the unusual magnetic harden-
ing observed after annealing (Fig. 1la—d) we must consider
not only the stress relaxation (that usually results in de-
creasing coercivity) but also the change of the character
of the remagnetization process, induced by the heat treat-
ment. The observed tendency allows us to assume that
annealing induces an axial magnetic anisotropy, which is
confirmed by the perfectly rectangular hysteresis loops
exhibited by the annealed microwire which are typical

for microwires with a positive magnetostriction constant
presenting an axial easy magnetization axis. To ex-
plain this unusual dependence of the magnetic proper-
ties upon the annealing temperature, we must consider
that the stress relaxation affects the magnetostriction co-
efficient, as also recently described for other Co-rich mi-
crowires [3|. Similarly to recently observed changes in-
duced by annealing we can assume that the stress re-
laxation induced by annealing can change the sign of
the magnetostriction constant. Indeed the reported in-
ternal stresses values inside the metallic nucleus are be-
tween 200 MPa and 5 GPa [10-12]|. Experimentally mea-
sured values of the B-coefficient from Eq. (2) reported
for similar (Cog.g4Feg.06)755115B10 amorphous alloy are
about 1.8 x 10719 MPa~! [13]. Moreover recently we
have confirmed this assumption by direct measurements
of the magnetostriction coefficient in as-prepared and an-
nealed Co-rich microwires [16, 17].

We can also assume that the outer domain shell of the
annealed Co-rich microwire, which exhibits both rectan-
gular hysteresis loop and a GMI effect has high circum-
ferential magnetic permeability. This assumption is de-
duced by observing the much higher GMI ratio of Co-
rich microwires that exhibit a rectangular hysteresis loop
after annealing, than those of the Fe-rich amorphous mi-
crowires also exhibiting similar bulk hysteresis loop char-
acteristics but a much lower GMI effect (usually about
1-5%) [18, 19].

As mentioned above, amorphous Co-rich glass-coated
microwires with excellent magnetic softness are quite in-
teresting for microsensor applications. On the other hand
there are various typical features related to the compos-
ite character of these materials. Most discussed are the
internal stresses described above. There are other typi-
cal features related to the composite character of glass-
coated microwires such as the defects [20]. More detailed
studies reveal existence of the bubbles in the glass-coating
and of the interfacial layer between the glass coating and
metallic nucleus [20, 21]. In spite of the considerable dif-
ference in thermal expansion coefficients of the glass and
the metallic nucleus the separation between two differ-
ent materials is usually not observed. Formation of the
interfacial layer between the glass and metallic nucleus
promotes the adhesion between the glass and the metal-
lic nucleus.

4. Conclusions

We have investigated the possibility to control the
magnetic properties of amorphous ferromagnetic mi-
crowires by the annealing. We have demonstrated that
annealing conditions drastically affect the magnetic prop-
erties. We have observed that annealing of amorphous
Feg_13CO50_69Ni17.55B13_298110_34 microwire considerably
affects its hysteresis loop, GMI effect and allows simul-
taneous observation of a GMI effect and fast magneti-
zation switching in the microwire. The observed depen-
dences of these characteristics are attributed to stress re-
laxation and changes in the magnetostriction after sam-
ple annealing.
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