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bstract

The influence of conventional annealing on the magnetic properties and the magneto-impedance (MI) effect of Co72Zr8B20 alloys has been
ntensively studied in this paper. The as-quenched Co72Zr8B20 ribbon is identified to be amorphous alloy. After Co72Zr8B20 being annealed
t 495 ◦C for 10 min, there is almost no change in the XRD pattern. When the annealing temperature (Ta) reaches 540 ◦C, a diffraction peak
epresenting some crystalline phase appears. After the sample being annealed at 630 ◦C, Co, Zr and B12Zr crystalline phase are formed in the
lloy. Magnetic measurements reveal that the as-quenched Co72Zr8B20 possesses smaller coercivity, higher permeability and larger saturation

agnetization. With the increasing annealing temperature, the soft magnetic properties of the sample greatly deteriorate. The study on the MI ratio

�Z/Z(%)) versus external magnetic field curves indicates that the MI behavior changes from single-peak to double-peak shape when Ta increases
rom 495 to 540 ◦C. The most drastic MI ratio about 90% is obtained in the as-quenched Co72Zr8B20 at 1110 kHz. The mechanism of thermal
reatment affecting the magnetic properties and the MI effect in Co72Zr8B20 alloys will be discussed in this paper.

2007 Elsevier B.V. All rights reserved.
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. Introduction

The magneto-impedance (MI) effect, which has been
bserved in a lot of magnetic materials, is the large variation
f impedance in soft magnetic materials induced by a dc mag-
etic field in the presence of a certain frequency ac current. Since
ts discovery in 1994 [1,2], it has attracted special attention due
o the potential applications in technological field [3,4] and has
een investigated in a variety of Fe- and Co-based amorphous
ibbons [5–7], thin films [8–10], multi-layer films with sand-
iched structures [11–14] and wires [15–17]. The origin of MI
ffect lies in the change in the permeability of the ferromagnetic
onductor by the application of the external static magnetic field.
his phenomenon has been understood on the basis of classical
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lectrodynamics through the relation between skin depth and
ermeability [18,19].

Many research results have confirmed that the MI effect
s very sensitive to the composition, sample shape, stress and
nnealing conditions. In amorphous materials, the MI effect
an be optimized by subjecting the materials to thermal and
tress treatments and inducing transverse anisotropy. Thermal
reatments can modify the structure and properties of the amor-
hous magnetic materials through stress release and structural
elaxation of the amorphous phase or through the growth of the
rystallized layer at the sample surface [20]. According to some
revious studies [21–23], material which displays a large and
ensitive MI effect has to comply as much as possible with the
ollowing three conditions: (i) it has to display good soft mag-

etic properties, i.e. high permeability and low coercive force,
nd (ii) it has to have an appropriate domain structure, usually
ransverse domain structure for ribbon (in-plane, perpendicular
o the ribbon axis and to the applied magnetic field as well)
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nd circumferential domain structure for wire. (iii) Most mate-
ials possess a very small negative magnetostriction. MI effect
f more than 100% has been obtained in many wire and multi-
ayer system. However, since the microstructure of material is
omplex and the annealing temperature and time are not easy to
aster and control, it is difficult to obtain materials with all the
entioned conditions to be satisfied.
Inoue et al. [24] have found that Co-based amorphous alloys

ith glass transition and supercooled liquid region are formed
n Co–Fe–M–B (M = Zr, Nb) systems and exhibit good soft

agnetic properties with high permeability. In their work [24],
o72−xFexZr8B20 (x = 0–21 at.%) alloys, with permeability of
500–18,300 in the frequency range of 1–103 kHz and low mag-
etostriction between −1.5 × 10−6 and +10 × 10−6 including
ero, have been intensively studied. Based on their reports, we
repared Co72−xFexZr8B20 (x = 0, 2, 5, 7 at.%) (CFZB) amor-
hous alloys and found that the as-quenched Fe-free CFZB
xhibits the best MI effect [25], which is attributed to its largest
ermeability determined by the domain structure of the mate-
ial, small resistivity and a slightly negative magnetostriction.
n conformity to our research results, we carried out thermal
reatments on the Co72Zr8B20 alloys. The aim of this paper is to
nvestigate the influence of thermal treatment on the magnetic
roperties and the MI effect of Co72Zr8B20 ribbons.

. Experimental procedures

The Co72Zr8B20 ribbons, made by melt-spinning technique in an argon atmo-
phere with the roll speed of about 25 m/s, had reasonably uniform thickness
35–40 �m) and width (1.5 mm). Some of the ribbons were annealed at the
emperature of 495, 540 and 630 ◦C for 10 min, respectively, in a high vacuum
ondition to the order of 10−3 Pa, then cooled naturally at the room temperature.
he state of the ribbons was examined by X-ray diffraction technique. Magne-

ization measurements at room temperature were carried out using a vibrating
ample magnetometer (VSM). Solartron 1260 Impedance Analyzer was used
or impedance measurements.

A four-probe ac technique was used to measure the magnitude Z of the
agnetoimpedance as function of the field H applied along the ribbon length

about 50 mm), i.e. parallel to the ac measuring current. The current amplitude
as kept constant (I = 3 mA) and frequency f was between 310 and 1110 kHz.
he external field was generated by a solenoid with axis perpendicular to the
arth’s magnetic field to allow field variation from 0 to 70 Oe.

. Results and discussion

The X-ray diffraction patterns for the as-quenched and
nnealed Co72Zr8B20 ribbons are plotted in Fig. 1. The XRD of
he as-quenched Co72Zr8B20 ribbon is shown in Fig. 1(a), which
xhibits one broad diffused diffraction peak. This indicates that
he as-quenched sample is amorphous alloy. After Co72Zr8B20
eing annealed at 495 ◦C, there is still no crystalline phase exist-
ng in the XRD pattern (see Fig. 1(b)). When the annealing
emperature (Ta) reaches 540 ◦C, an obvious diffraction peak
epresenting some crystalline phase appears, as observed in
ig. 1(c). After the sample being annealed at 630 ◦C, as shown
n Fig. 1(d), Co, Zr and B12Zr crystalline phase are formed.
For better understanding of the magnetic properties of

o72Zr8B20, longitudinal hysteresis loops of the as-quenched
nd annealed samples have been studied and plotted in Fig. 2.

a
a
i
i

ig. 1. X-ray diffraction patterns of Co72Zr8B20 alloys in the as-quenched state
a), and annealed at 495 (b), 540 (c) and 630 ◦C (d) for 10 min.

he field of high magnitude was generated at these measure-
ents. As seen from Fig. 2 that the as-quenched Co72Zr8B20

xhibits excellent soft magnetic properties and only needs a
omparatively small field to saturate the sample. The almost
inear longitudinal hysteresis loop with zero remanence indi-
ates a transverse magnetic structure. After the sample being
nnealed at 495 ◦C, although there is no evident change in the
RD pattern, the inner structure of the ribbon is modified to

ome extent, leading to the middle part of the hysteresis loop of
he sample slightly deflecting from the original direction (shown
n Fig. 2), which means an increase in the anisotropy value. When
a increases from 495 to 540 ◦C, the hysteresis loop changes lit-

le. Anhysteretic portion of the magnetization is due to rotation
f magnetic moment, which is the basic process for the above
hree almost linear hysteresis loops. However, due to the com-
lexity of the domain structures and the domain wall motion
n an applied field, as well as the lack of a good technique for
haracterization, the microstructures of Co72Zr8B20 still need to
e further studied. After Co72Zr8B20 being annealed at 630 ◦C
or 10 min, the central part of the hysteresis loop changes from
early linear shape to “s” shape. Wide hysteresis with large rema-
ence to saturation ratio after highest temperature annealing is
characteristic of a nearly longitudinal domain structure. The

oercive force of the sample goes up greatly, which is attributed
o the crystallization of the sample.

Coercivity (Hc) of the as-quenched and annealed Co72Zr8B20
ibbons evaluated from the hysteresis loops is shown in Table 1.
t is found that coercivity for the as-quenched Co72Zr8B20 is
he smallest among all the studied alloys. With the increas-
ng annealing temperature Hc goes up notably, indicating the
eterioration of soft magnetic properties. When the annealing
emperature reaches 630 ◦C, Hc reaches 925 Oe, suggesting that
he sample becomes magnetic hard. Moreover, relative perme-

′
bility (μ ) and saturation magnetization (Ms) of the Co72Zr8B20
lloys have been estimated from the hysteresis loops. Anneal-
ng temperature dependance of the two parameters is shown
n Fig. 3(a) and (b), respectively. It can be seen clearly from
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After Co72Zr8B20 being annealed at 540 ◦C, when coercivity
increases with annealing temperature, the wall movements do
not occur and the MI effect is due to the magnetization rotation
with two symmetrical peaks for a transverse anisotropy [18,19].
Fig. 2. Longitudinal hysteresis loops of the

ig. 3 that both μ′ and Ms show the decreasing tendency with the
ncreasing Ta. All these facts further confirmed the decline of soft
agnetic properties with the increase of annealing temperature.
The impedance Z of Co72Zr8B20 as a function of the

xternal longitudinal dc field was measured at f = 310, 510,
10, 910 and 1110 kHz. The MI ratio �Z/Z(%) denotes
Z(H) − Z(Hmax)]/Z(Hmax), in which Z(Hmax) is the impedance
alue under the maximum magnetic field of 66 Oe. Fig. 4 shows
he field dependance of MI ratio of the as-quenched and annealed
o72Zr8B20 at 910 kHz. It is found that the MI curves show dif-

erent changing tendency with the applied magnetic field. In
eneral, there are two types of MI curves, one is single-peak
urve, the other is the double-peak curve. A single-peak curve
ypically is a characteristic of the longitudinal anisotropy, how-
ver, for lower frequencies at appropriate ac current magnitude
t can be seen in systems with a transverse anisotropy due to
omain wall movements [18,19]. In the present work, the MI
urve for the as-quenched Co72Zr8B20 alloy belongs to this
ase. The largest MI value observed in the sample is about 80%.
or annealing at 495 ◦C, the MI curve also shows single-peak

ehavior but the maximum MI value decreases to 43%. The
ecline of the MI response in the annealed ribbon is attributed
o the deterioration of the soft magnetic properties caused by the

able 1
oercive field Hc of as-quenched and annealed Co72Zr8B20 alloys

pecimen Hc (Oe)

ample A (as-quenched) 2.27
ample B (annealed at 495 ◦C for 10 min) 5.13
ample C (annealed at 540 ◦C for 10 min) 11.45
ample D (annealed at 630 ◦C for 10 min) 925.27 F

u

enched and annealed Co72Zr8B20 ribbons.

hange of microstructure of the sample with thermal treatments.
ig. 3. Annealing temperature (Ta) dependance of permeability μ′ (a) and sat-
ration magnetization Ms (b).
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ig. 4. The curves of MI ratio (�Z/Z(%)) versus longitudinal magnetic field
H) at the frequency of 910 kHz for the as-quenched and annealed Co72Zr8B20

ibbons.

ccording to previous studies [26–28], the manipulation of the
agnetic anisotropy of the ribbon increases the magnitude of the

ffect. In our case, as the deterioration of soft magnetic prop-
rties play the dominant role, the MI effect decreases greatly.

hen Ta reaches 630 ◦C, no obvious MI effect is observed due
o the magnetic hardening of the material. To be mentioned, the
eld scale for impedance does not correspond to the transverse
nisotropy (more than 700 Oe from Fig. 2), which still remains
o be further studied.

The changes of the maximum MI ratio (�Z/Z(%)max) with
requencies for the as-quenched and annealed Co72Zr8B20 are
lotted in Fig. 5. It can be noted that �Z/Z(%)max goes up with
requency for the sample in the as-quenched state and annealed
t 495 ◦C. For Co72Zr8B20 annealed at 540 ◦C, �Z/Z(%)max
ncreases with frequency at beginning, reaching the maximum

alue of 11% at 910 kHz, and then slightly goes down. Besides,
t can be seen from Fig. 5 that no MI response is obtained in
he sample annealed at 630 ◦C at any of the measuring fre-
uencies. Many previous research results have confirmed that

ig. 5. The dependence of the maximum MI ratio (�Z/Z(%)max) on the fre-
uency for the as-quenched and annealed Co72Zr8B20 ribbons.
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aximum MI ratio increases with increasing driving frequency,
nd then decreases when frequency excesses some a critical
alue [29,30]. The decrease of MI effect at high frequencies
s due to the strong suppression of the domain wall movement
y eddy current effect, which causes an extreme decrease of per-
eability [29,31–33]. As the highest frequency can only reach

110 kHz under our experimental conditions, we are unable to
ive full �Z/Z(%)max–frequency curves for Co72Zr8B20 in the
s-quenched state and annealed at 495 ◦C. In many cases, with
ncreasing frequency the MI effect increases due to involvement
f the rotational processes. The failure to observe this is often
elated with an experimental setup where the length of the sam-
le influences greatly the results providing a constant inductive
ontribution. Besides, as shown in Fig. 5, �Z/Z(%)max decreases
ith the increasing annealing temperature at any frequency. The

s-quenched sample exhibits the most evident MI effect, espe-
ially as large as 90% at 1110 kHz, which is much higher than
hat obtained in other Co-based as-quenched alloys [34–36].
oth the drastic MI effect and the most prominent frequency

esponse are due to the excellent soft magnetic properties of the
ample, i.e. small coercivity, large saturation magnetization and
igh permeability determined by the domain structure of the
aterial. Moreover, the as-quenched Co72Zr8B20 possesses the

ighest field sensitivity at any frequency, as large as 18%/Oe
t 1110 kHz, making the alloy more promising for technical
pplications in different kinds of high sensitivity micromagnetic
ensors.

. Conclusions

Thermal treatments in a high vacuum condition were per-
ormed on the amorphous Co72Zr8B20 ribbons at 495, 540
nd 630 ◦C for 10 min, respectively. After Co72Zr8B20 being
nnealed at 495 ◦C, there is still no crystalline phase existing
n the XRD pattern. When the annealing temperature reaches
40 ◦C, fcc-Co phase appears. After the sample being annealed
t 630 ◦C, Co, Zr and B12Zr crystalline phase are formed. The
pecimen in the as-quenched state possesses the best soft mag-
etic properties, i.e. smaller coercivity, higher permeability and
arger saturation magnetization, and shows the maximum MI
atio of 90% at 1110 kHz and the field sensitivity of 18%/Oe.

ith the increasing annealing temperature the anisotropy value
ncreases, and also the soft magnetic properties of Co72Zr8B20
radually deteriorate due to the change of microstructure, which
eads to the reduction in the MI effect. Moreover, after the
ample being annealed at 540 ◦C, MI curve changes from
ingle-peak to double-peak behavior due to magnetization rota-
ion. After Co72Zr8B20 being annealed at 630 ◦C, no obvious

I effect is observed due to the magnetic hardening of the
aterial.
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