NH,

4

ELSEVIER

Journal of Non-Crystalline Solids 287 (2001) 313-317

JOURNAL OF

NON-CRYSTRLLINE SOLIDS

www.elsevier.com/locate/jnoncrysol

Correlation between magnetization processes
and giant magnetoimpedance response in CoFeBSi
amorphous CoFeBSi wires

K.L. Garcia, R. Valenzuela *

Institute for Materials Research, National University of Mexico, P.O. Box 70-360, Mexico 04510, D.F., Mexico

Abstract

Giant magnetoimpedance (GMI) in amorphous (FeosC00.94)5, sB15Sii2 s wires (submitted to an alternative current,
i»c) has a dependence of the impedance response, Z, on direct current magnetic field, Hy.. In as-cast wires, the ac current
frequency changes the GMI: for frequencies of a few kHz, the impedance response is a function of Hy., having a single
maximum at Hy. = 0; for frequencies >1 MHz, however, two maxima (with a minimum at Hy. = 0) are observed. By
analyzing the frequency dependence of real, L,, and imaginary inductance, L; (proportional to real and imaginary
permeability, respectively), we show that these results can be explained in terms of the dominant magnetization process:
domain wall bulging for low frequencies, and magnetization rotation for high frequencies. Plots of both L, and L; as a
function of frequency indicate relaxation processes at about 45 kHz, due to a change from domain wall to spin rotation
as the dominant magnetization process. © 2001 Elsevier Science B.V. All rights reserved.

PACS: 75.50.Kj; 75.40.Gb; 75.60.Ch

1. Introduction

Giant magnetoimpedance (GMI) is character-
ized by large variations in the impedance response
of a ferromagnetic conductor (submitted to an al-
ternating current with an amplitude of a few mil-
liamperes) when a magnetic field is applied. It has
been shown that GMI is an classic electromagnetic
phenomenon [1] depending on the inductive cou-
pling between the ac magnetic field generated by
the ac current and the material’s magnetic struc-
ture. It is usually interpreted [1] on the basis of a
skin-depth effect, which provides an additional
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contribution to the total impedance. As the direct
current magnetic field increases, the magnetic per-
meability decreases as well as its contribution to the
skin effect [2], causing to a decrease in this addi-
tional contribution. GMI has an interest for ap-
plications in magnetic sensors [2,3].

GMI is usually investigated by using the vari-
ations in total impedance, Z, measured at
frequencies >1 MHz [4], as a function of the dc
magnetic field [4]. While this methodology shows
directly the GMI potential of a given material, in
our opinion it provides no information about the
magnetization processes which are responsible for
GMI. On the other hand, experiments using
complex inductance (instead of total impedance)
are evidence [5,6] of the contribution of domain
walls and their dynamics to GMI.
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The goal of this paper is to combine both types
of measurements in order to find an agreement
between them, and more specifically, to investigate
a possible correlation between magnetization
processes and GMI response.

2. Experimental

Amorphous wires with the nominal composi-
tion (Fe()_()(,CO()A%)72.5B1§Si12‘5 and 125 pm in di-
ameter [7], prepared by an in-water-rotating
technique [7] and kindly provided by Unitika, Ja-
pan, were used as samples. Pieces about 8 cm long
were measured in the 5 Hz to 13 MHz frequency
range, in a system that includes an impedance
analyzer (Hewlett-Packard, HP 4192A), controlled
by a personal computer, PC. The ac current am-
plitude was fixed at 1 mA (root-mean-square,
RMS), which was an ac field amplitude of 0.013
A/m (RMS). Additionally, a dc magnetic field was
applied in the axial direction by means of a sole-
noid powered by a dc current source, with a
maximum field Hy. = 6400 A/m (80 Oe).

3. Experimental results and discussion

The total Z as a function of Hy, at
frequencies > 1 MHz has been used to measure
GMI [4]. At frequencies <1 MHz, Z’s are smaller
than Zs at 1 MHz, and are not relevant for ap-
plications. Fig. 1 shows results of total impedance
at 5 MHz as a function of dc magnetic field, ap-
plied in the axial direction of the samples. The ac
current amplitude is i, = 1 mA (RMS). A plot
with respect to the dc applied field (a ‘two-max-
ima’ plot) is shown in Fig. 1.

Measurements of real and imaginary parts of Z
were made at frequencies < 5 MHz; Fig. 2 shows
the results for /= 10 kHz. As expected, Zs are
smaller than those shown in the previous figure,
and also, only one maximum is observed. A
change in magnetization occurs between these
frequencies, as previously shown by other authors
[8].

To assess such a change, measurements of
permeability as a function of frequency were

made. As we have shown [9], inductance for-
malisms measurements are more useful than total
impedance measurements for insights into the
magnetization processes producing GMI. This is
because there exists a relationship [10] between
complex inductance and complex permeability
formalisms [10]. In the simplest case, permeability
is proportional to inductance through geometrical
factors [10]. Real and imaginary inductances are
obtained from impedances by the simple relation
[10],

L= (=j/w)Z, (1)

where L is the total (or complex) inductance, j is
the imaginary number (j =+/—1), and o is the
angular frequency (w =2mnf). Note that the j
crosses-over the real and imaginary components:
real inductance, L, depends on imaginary imped-
ance, Z;, and conversely, imaginary inductance, L;,
is determined by real impedance, Z,.

Real and imaginary inductances as a function
of frequency (in the frequency range 100 Hz to 13
MHz), at zero dc field and an ac current amplitude
of 1 mA (RMS), are shown in Fig. 3. Real in-
ductance has a plateau at frequencies <10 kHz,
followed by a decrease with frequency increases.
At the frequency where L, decreases, imaginary
inductance is a maximum. This relation is char-
acteristic of a relaxation process, and has been
related to domain wall bulging of pinned domain
walls [11]. The maximum in the Z;(f) plot, as well
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Fig. 1. Total impedance at 5 MHz as a function of dc magnetic
field. The ac current amplitude was 1 mA (RMS). Lines were
drawn to guide the eye.
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Fig. 2. (a) Real, and (b) imaginary impedances at 10 kHz as a function of dc magnetic field. The ac current amplitude was 1 mA

(RMS).

as the frequency where L, is half the low frequency
plateau, indicates the relaxation frequency which is
~50 kHz, but the decrease in the real permeability
begins at ~1 kHz, and extends up to ~1 MHz.
Another [12] relaxation process is shown by the
locus of frequency points in a Cole—Cole plot [12]
(in inset of Fig. 3) which is an approximate semi-
circle.

The dynamics of many processes can be de-
scribed by an equation of motion [13]
md*x/df* + Bdx/dt 4 ax = F (1), (2)
where md®x/df is the inertia term with an ef-
fective mass m, fdx/d¢ is the damping term with
a viscous damping coefficient f, ax is the re-
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storing term with a restoring constant «, and the
system is excited by a time-dependent force, F(z).
As the excitation frequency increases, a resonant
process occurs when the inertia term is larger or
similar to the damping term; a relaxation pro-
cess, on the other hand, takes place when the
damping term is larger than the inertia term.
Since the data shown in Fig. 3 is a relaxation,
we conclude that the effective mass of domain
walls in amorphous wires is smaller than the
damping term.

Eq. (2) can be solved [14] for the relaxation
condition (with a sinusoidal excitation field) for
which the (angular) relaxation frequency is

o, =2nf, = O‘/ﬁ (3)
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Fig. 3. (a) Real, and (b) imaginary inductances as a function of frequency at zero dc magnetic field and an ac current amplitude of

1 mA (RMS).
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The relaxation frequency therefore depends on
the restoring force, and on the inverse of the
damping coefficient. A domain wall with a dam-
ping term less than its effective mass, and/or a stiff
wall lead to a greater relaxation frequency. The
origin of the viscous damping coefficient is not
known to us. By assuming that domain wall
movements involve an inversion of the spins
within the wall, we deduce that  should depend
on magnetic anisotropy. More research, however,
is needed in this subject to determine the effect of
the various parameters involved.

At frequencies < 10 kHz both domain wall
bulging and spin rotation are active. The effects of
dc magnetic field on GMI at frequencies less than
the relaxation frequency (Fig. 2) are interpreted as
follows: spin rotation has a real inductance (and
hence [15] real permeability) less [15] than domain
wall bulging, and therefore the latter dominates
the GMI response. The presence of a dc magnetic
field dampens domain wall bulging [16], and this
damping explains the strong decrease of both Z;
and Z, as Hy increases, as long as explained in this
same paragraph, domain wall bulging dominates
the GMI response.

As frequency increases above the relaxation
frequency, domain wall bowing is unable to follow
the field, and the only remaining magnetization
process is spin rotation. Spins are affected by the
anisotropy field, and are less sensitive to Hy. than
domain wall processes. At zero dc magnetic field,
spins are oriented essentially in the circumferential
direction, and the ac field (resulting from the ac
current) is parallel to spins. Since this orientation
is an unfavorable geometry, the contribution from
spin rotation to permeability (and hence to im-
pedance and/or inductance) is small as compared
with that produced by the interaction between
spins and a perpendicular field. As Hy. increases,
spins are reoriented from their circumferential di-
rection towards the axial direction, and the spin
rotation contribution increases. When Hy. is
comparable to the anisotropy field, H;, spins ro-
tation is a maximum as is the rotation permeabil-
ity. For larger values of Hy., however, spins are
affected by a larger anisotropy field (since
Hy. > H;) and spin rotation decreases. These

effects explain the presence of the two-maxima in
Fig. 1.

4. Conclusions

By a combination of dc magnetic field of im-
pedances and frequency measurements of induc-
tances, we proposed an explanation of the different
shapes of impedance plots at 10 kHz and 5 MHz
on the basis of the dominant magnetization pro-
cesses: domain wall bulging and magnetization
rotation, respectively. In particular, results indi-
cate that the relaxation frequency of domain walls
is 50 kHz, but the decrease in real permeability
extends from a few kHz to about 1 MHz. The
analysis of domain wall dynamics by means of an
equation of motion seems a promising start to
determine the microscopic origin of the damping
term.
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