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The magnetic permeability and giant magnetoimpedance effect of Fe73.5Cu1Mo3Si13.5B9 alloy
ribbons in different annealed states have been measured as functions of the external magnetic field
and the ac driving current frequency. It is found that the giant magnetoimpedance effect in the
magnetic-field annealed state is larger than that in the nonfield annealed state. In the field annealed
state, the easy magnetization direction is along the driving current as well as the external magnetic
field. This leads to significant change of the permeability at high frequencies, and consequently the
magnetoimpedance is enhanced in this state. ©1997 American Institute of Physics.
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I. INTRODUCTION

Recently, many authors have reported on sensitive m
netoinductive and giant magnetoimpedance effects
CoFeSiB amorphous wires~ribbons!1–4 and FeCuNbSiB al-
loy wires ~films!.5,6 These effects can be explained with t
classical electromagnetic theory. Both CoFeSiB amorph
wires ~ribbons! and FeCuNbSiB wires~films! show excellent
soft magnetic properties.4,7 When a dc external magneti
field (Hex) is applied along the samples, the transverse m
netic flux originated from the ac driving current (I ac) is sup-
pressed, thus the transverse magnetic permeability (mm) de-
creases and the magnetic penetration depth~d! increases. As
a result, the ribbon subjected toHex exhibits a lower value of
impedance (Z5R1 iX) than that subjected to zero-extern
magnetic field.8

After annealed at the optimum temperature, FeCuMoS
alloy ribbons show superior soft magnetic properties due
the formation of a homogeneous ultrafine bcc-FeSi gr
structure with grain size of several tens nanometer embed
in the residual amorphous matrix.7,9 We had obtained the
relations between giant magnetoimpedance~GMI! and the
soft magnetic properties of Fe73.5Cu1Mo3Si13.5B9 alloy rib-
bons: after the specimen annealed at 793 K for 1 h, it sho
both the maximum GMI and excellent soft magne
properties.10

With regard to the magnetic response of the impedan
Panina and Mohri8 pointed out two principal cases: the ea
magnetization direction, which is also the orientation
magnetic domain, is perpendicular or parallel toI ac. Though
the first case has been discussed extensively,1–4,6,8,11,12there
are only a few articles based on the second case.8,13–15

In this article, we present some results of GMI effects
Fe73.5Cu1Mo3Si13.5B9 alloy ribbons in the second case, th
is, the easy magnetization direction of the sample is al
I ac, and this was achieved by thermal annealing the sam
at 793 K with a dc magnetic field (Ha).

a!Also with Department of Materials Science and Engineering, Tsing
University, Beijing 100084, People’s Republic of China.
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II. EXPERIMENTAL PROCEDURE

The FeCuMoSiB alloy ribbons were prepared by sing
roller rapidly quenching method. The width and thickness
these ribbons are 20 mm and 25mm, respectively. In order to
measure GMI effects in the second case, the experime
arrangements were designed as shown in Fig. 1:x and y
were the transverse and longitudinal directions of the ribb
z was along the ribbon thickness.

To measure the complex impedance, some rectang
samples were cut from the ribbons into pieces with 20 m
alongx and 3 mm alongy before the ribbons were anneale
The ribbons were then wound into cores with 20.2 mm i
and 20.6 mm o.d. for measuring the dcB–H curves and
permeability. Then, both the rectangular samples and c
were annealed at 793 K for 1 h, with the application of
magnetic field of 24 KA/m (Ha) along x, and Ha would
introduce an easy magnetization direction. When measu
impedance, a 10 mA of ac driving current (I ac) was adopted
with the application of an external magnetic field (Hex! along
x. Hexwas applied by a solenoid. In such way, the easy m
netization,Hex and I ac were all in the same direction, there
fore GMI in the second case was achieved.

Using the four-terminal measurement method and an
pedance analyzer~HP4192A!, the magnetic permeability
~under a magnetic field of 0.156 A/m! and impedance were
measured. The dcB–H curves were measured with an aut
matic hysteresis loop tracer. Here, we define GMI(R,X,Z)as

GMI~R,X,Z!5
R,X,Z~Hex!

2R,X,Z~Hex50)

R,X,Z~Hex50)
3100% ~1!

Z5R1 iX.

III. RESULTS AND DISCUSSION

Figure 2 shows the dcB–H curves of the field and non
field annealed samples. As shown in this figure, differ
types ofB–H curves could be obtained by different therm
annealing. In the field annealed state, the easy magnetiza
was along the transverse direction of the ribbons and this
to a flatB–H curve.

a
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Figures 3~a! and 3~b! show the frequency dependence
the permeability. It is obvious that the permeabilities d
creased to very low values whenHex was applied. It also can
be seen that the relaxation frequency (vt) moved from 100
to 200 kHz in the field annealed state while from 30 to
kHz in the nonfield annealed state. In order to clarify t
magnetic properties,Dm/m (Hex50)(Dm5m (Hex)

2m (Hex50) ,
m5m81 im9) of the two states are shown in Fig. 4. Here,m8
andm9 are the real and imaginary parts of the permeabil
respectively. Figure 4 clearly shows that with the increase
frequency,Dm/m (Hex50) decreased in both states, but in t
field annealed state it was larger and decreased more sl
than that in the nonfield annealed state. This phenomen
associated with the different transverse magnetization
cess in the two states. It is well known that the magnetiza
is proceeded by both domain wall movement and magn
moment rotation, the former characterized by a relaxat
frequency vds and the latter byv rot , and generallyvds

,v rot. Since the susceptibility is very high, the magne
permeability can be written as

m5
m0

12 i
v

vt

. ~2!

Here,m0 is the static permeability,v is the ac driving current
frequency, andvt represents eithervds or v rot .

FIG. 1. Schematic arrangements for thermal annealing with magnetic
(Ha) and for measuring magnetic properties under the external mag
field (Hex). The orientation of magnetic domain representing the easy m
netization direction and the ac driving current (I ac) are also shown.

FIG. 2. dcB–H curves of Fe73.5Cu1Mo3Si13.5B9 alloy ribbons in magnetic-
and nonfield annealed states.
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In the field annealed state, the moment rotation do
nated the magnetization process. This resulted in a la
relaxation frequency, a lower magnetic permeability, an
slow decrease of the permeability with the increase of f
quency. WhenHex was applied, the domains were along t
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FIG. 3. Frequency dependence of permeability~m! in ~a! magnetic-field and
~b! nonfield annealed states.m5m81 im9, m8 andm9 represents the real and
imaginary parts of the permeability, respectively.

FIG. 4. Frequency dependence ofDm/m (Hex50) ~Dm5m (Hex)
2m (Hex50)) in

transverse- and zero-field annealed states, respectively.
5051Ku, Ge, and Zhu

IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



th
la
a

ld
a

ce

aled
at

of
I
ant
the

6

re
is

er.

led
ag-

llel

ong
e

ion
n

of
da-
in-d
direction ofHex, then the moment rotation dominated in bo
the field and nonfield annealed states, this led to the re
ation frequencies moving to higher values. Because the e
magnetization direction was alongHex, with the application
of the sameHex, the change of the permeability in the fie
annealed state would be larger than that in the nonfield
nealed state.

FIG. 5. Frequency dependence of GMI~ R,X,Z) with the external magnetic
field fixed at 5.57 KA/m in~a! field- and~b! nonfield annealed state.

FIG. 6. Field dependence ofDm/m (Hex50) in the field and nonfield anneale
states.
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With Hex fixed at 7.57 KA/m, the frequency dependen
of GMI~R,X,Z) is shown in Figs. 5~a! and 5~b!. It is obvious
that, in the whole frequency range, GMI~R,X,Z)in the field
annealed state was larger than that in the nonfield anne
state, and the former showed its maximum value of 41%
about 1.2 MHz while the latter showed its maximum value
20% at about 1.6 MHz. According to the origin of GM
effects, in the field annealed state, it was the signific
change of permeability that led to the enhancement of
maximum GMI~Z!.

With the ac current frequency fixed at 0.5 MHz, Fig.
shows the field dependence ofDm/m (Hex50) while Fig. 7
shows the dependence of GMI~Z!. It can be seen from Fig. 6
that Dm/m (Hex50) in the field annealed state increased mo
rapidly with Hex than that in the nonfield annealed state. It
also obvious that both the magnitudes ofDm/m (Hex50) and
GMI~Z! in the former state were larger than that in the latt
These results indicated thatHex could change the distribution
of magnetic domains more effectively in the field annea
state. The reason is that, under this condition, the easy m
netization direction induced by field annealing was para
to Hex.

IV. CONCLUSION

Magnetic field annealing of Fe73.5Cu1Mo3Si13.5B9 alloy
ribbons can result in the easy magnetization direction al
I ac as well asHex. This leads to a significant change in th
permeability with the application of a smallerHex, conse-
quently the GMI effects were enhanced. With the applicat
of the sameHex, GMI~Z! values of 41% and 20% have bee
obtained in Fe73.5Cu1Mo3Si13.5B9 alloy ribbons with trans-
verse field and nonfield annealing, respectively.
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FIG. 7. Field dependence of GMI~Z! in the field and nonfield annealed
states.
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