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through Fourier harmonic contribution
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A method to investigate the giant magnetoimpedance effect based on Fourier analysis is introduced.
The study is carried out on a FeCoSiB amorphous wire with vanishing magnetostriction subjected
to joule heating(current annealingtreatment that induces an enhancement of circumferential
magnetic anisotropy and modifies the magnetoimpedance response of the samples. Experimental
results are interpreted within the framework of the classical electrodynamical model, where the
circumferential permeability plays the dominant role in the field dependence of the complex
impedance of the sample. A rotational magnetization model is employed to determine the circular
magnetization process, and a mean value of the circumferential permeability is obtained through the
harmonic components obtained through Fourier analysis of the time derivative of the circular
magnetization. This simple model is able to reproduce the observed experimental behavior, i.e.,
evolution of the field dependence of the complex impedance with annealing and the asymmetrical
field dependence under a dc biased electrical current20@1 American Institute of Physics.

[DOI: 10.1063/1.1336814

The magnetotransport properties of nanostructured mgermeability is strongly influenced by a relatively small
terials have been extensively studied during the last fewnagnetic field, one observes a huge variation of the materi-
decades. Among them the so-called giant magnetoimped-al's impedance, giving rise to the GMI effect.
ance(GMl) effect stands out, in which the high frequency Different approaches have been employed to estimate
impedance of a high-permeability material sensitivelyu,(H). First, at high exciting frequenciesmegahertz
changes upon the application of an external dc magneticange, where the domain wall contribution can be neglected,
field? Its main interest lies in the technological field, sincethe ferromagnetic resonance treatment is applicable in the
new sensitive and quick response micromagnetic sensors camalysis of the GMP:° For lower driving frequenciegkilo-
be developed based on amorphbwasd nanocrystallife  hertz ranggwhere the skin effect still dominates the imped-
wires, ribbons, and thin films® ance behavior, two different approaches have been em-

The origin of the effect can be rather well understoodployed: the estimation ofu, associated to domain wall
within the framework of classical electrodynamicket us  movement®'!and the analysis of the circular magnetization
consider the case of metallic magnetic wires. When an agrocess, that isu4(H), through the minimization of the
current, 1 =15e” """, flows through the wire for high energy equation associated to the magnetization rot&tibh.
enough current frequency, it mainly concentrates in a re- This last approach satisfactorily explains the GMI behavior
duced regior(outer shell close to the sample surfa¢skin-  in those cases where the magnetization rotation contribution
effecy. Under these circumstances, the complex impedancdominates the circular magnetization process, i.e., reinforce-
Z, can be expressed as a function of the Bessel functions efient of the circumferential anisotropy through convenient

the first kind,J; : thermal treatment.
However, the classical electrodynamical mojdgd). (1)]
7= ER CkaJO(ka) (1) is based on the assumption of a constant valug ptiuring
297, (ka) the circular magnetization process. It is quite clear that just

) ) ) - in few particular cases this last assumption is strictly valid.
with k= (127 4F7p), py: circumferential permgabnnm: In order to overcome this restriction, the approximation of
electrical resistivity,a: wire radius,Rq.=(pL/ma") where  gma circular magnetic field H,, is taken irrespectively of
L: sample length. Thus, in a ferromagnetic sample the Circugg a0tyal circular magnetization process. Although this ap-
lar magnetization process mainly dominates the GMI rey o imation can be considered valid for low enough ampli-
sponse through the evolution @f, under the external dc y,qe current valued,, is not extensively valid for any real
field, H. When the wire is magnetically soft, i.e., when the GMI case.

In this sense, the aim of this letter is to present the Fou-
dElectronic mail: gpolo@unavarra.es rier analysis as a powerful tool to estimatg(H), and thus,
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the GMI effect. In particular, in amorphous FeCoSiB joule
heated wires the Fourier analysis of the time derivative of the
calculated circular magnetization allows us to determine
1 g(H) and thus to reproduce the experimental field depen-
dence of the electrical impedance of the wires.

The amorphous wires with nominal composition
(Fey 06C 0y 9472 Sito B1s Were obtained by the so-called “in-
rotating-water quenching technique” with mean diameter of
120 um. Pieces 8 cm in length were submitted to subsequent
current annealings at current densitieg=19.9 and
24.3 A/mnt during 5 min. Since the Curie point corresponds
to a currenty density of 32.1 A/minthe induction of a cir-
cumferential anisotrop¥, takes place under the performed
thermal treatmen'® With respect to the GMI measurements,
the voltage drop across the wire and in a resistonnected
in series to monitor the sinusoidal ac curjewere simulta-
neously recorded through a digital osciloscope. The real and
imaginary components of the impedance were registered
through a dual phase lock-in amplifier. Longitudinal dc mag-
netic fields were created by a long solen@6.6 Oe/A and
axial hysteresis loops were also obtained using an ac conven-
tional induction method.

Within the framework of a rotational magnetization pro- o4 : . . :
cess, the equilibrium angl®, of the magnetizatio ¢ with 0.0 0.5 1.0 15 2.0 2.5
respect to the circumferential directiost, can be calculated
by minimizing the energy equation

FIG. 1. Comparison between the calculatéde) and experimentalsym-
. . bolg) axial field (H) dependence of impedance componeits,R+i X,
E=K, SIP(6— 6) — moMgH sin— oM gH 4 COS0, (f=50kHz, 1,.=5 mA) for (0) as-cast and joule heated wiresjat19.9
(2) (X) and 24.3(0) A/mm?. The inset shows the estimated circuldg—H,,

. o ... hysteresis loops foK ,=19.9 J/ni (j=24.3 A/mnf) andH=0.3 Oe.
wheredy is a skew angle of the easy magnetization direction Y PsTohs ( gl

with respect to ¢. Thus, the magnetizationM ,(t)
=Mgcod6(t)] response to the fielt ,=Hg cos(2rft) can It is important to remark that the permeability behavior
be calculatedM ,(t) numerically derivated and its Fourier Seems to be mainly dominated by the circular magnetization

components calculated process of the region close to the wire surface, since the best
fitting curves are obtained consideringdy=1y/27a
A EJ'T IM 4(t) cog 2 ft)dt: ~0.24 Oe. In fact, a similar, but more complex estimation
TJ)o dt ' was performed considering the radial dependence of the cir-
cular magnetic fieldHqo=(l,/27a)(r/a), subdividing the
2 [TaMy(t) | total sample volume along the radial coordinate in regions
B ?f at sin2arft)dt. ®) whereH , was considered constant and calculating the con-

tribution of each region to the total circular magnetization
The earlier Fourier coefficients allow the determination ofprocess. Surprisingly, the obtained fitting curves do not re-
the circumferential permeabilityx ,= uoC(—b+ia), with  produce so fairly well the experimental results. Whether this
C a constant equal t€=1/27fH,. rough approximationHl ;~14/27ra) has or not some physi-
Figure 1 shows the axial field evolution of the resistive cg| meaningi.e., interplay of the exchange forces during the
(R) and reactive componenK] of the complex impedance, circular magnetization process so that the external region

Z=R+iX, for the as-cast and Joule heated wirés=b0  ~a plays the dominant rojemust be analyzed in further
kHz, 1 ,{rms)=5 mA). The line figures correspond with the detail.
calculatedR(H) and anX(H) evolution with the following On the other hand, to obtain the best fitting curves it is

data: p=135u) cm; a=60um; L=6 cm (mean distance necessary to consider the existence of a skew awgle
between voltage contagidd,=0.24 Oe. Table | summarizes
the flttlng parameters for the as-cast and annealed wires. ThﬁBLE I. Fitting parameters for the as-cast and joule heated wireating

K, values are direCt_|y obtained from the an_isotropy ﬁe'_dicurrent density,): circumferential anisotropyK,, associated anisotropy
Hk=2K,/uoMs, estimated through the axial hysteresisfield, Hy, andC constant.

loops. BothC and 6 parameters are obtained minimizing

the difference between the experimental and the estimated®/m™) Ky(IIm?) — Hy(Oe) O Cls(A/m) ]
impedance values. Notice the closeness between the fitting As-cast 6.4 0.2 10 1.1x 1077
and theoretical expectedC values [C=1/2wfH, 19.9 11.9 0.4 w10 1.5¢10°7
=1.710 "s(A/m)~1]. As an example, the inset of Fig. 1 24.3 19.9 0.6 710 1'&10:;
24.3 19.9 0.6 710 1.4} 10

shows the calculated circular hysteresis lodpH,) for
K,=19.9 Jim (j=24.3 Aimnt) andH=0.3 Oe(H, in Oe).  Biased current.
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FIG. 2. Calculated circular hysteresis loops,—H,,, (K,=19.9 J/n) for FIG. 3. Comparison between the calculatedlid ling) and experimental
H=0.5 Oe(solid line) andH = — 0.5 Oe(dot line).- (symbolg axial field (H) dependence of impedance compones;R

+i X, (F=50kHz, 1 ,.=5 mA) for the joule heated wire gt=24.3 A/mn?
. . with a dc biased currern,=2.5 mA[R: (O); X (+)].
=7/10, whose main consequence is the occurrence of an

asymmetrical behavior in the circulaf ,—H , magnetiza- ) _ )
tion process for boti#, andH not null [see inset of Fig. 1L In conclusion, the field dependence of the complex im-
Thus, we can conclude that with this simple method it isPedance in as-cast and joule heated amorphous FeCoSiB
possible to reproduce fairly well the field dependence of théVires have been presented and analyzed through a Fourier
complex impedance. A natural extension of the present alﬁna_lysis of the time derivative of the .callculat(_ad circular mag-
proach is to consider a distribution of anisotropy axes andetization. The results show that within a simple rotational
the domain wall contribution, which will certainly improve Model, the experimental GMI behavior can be suitably fitted
the fitting of experimental daté.e., existence of hysteresis using first harmonic components of the signal to estimate the
in the GMI field evolution. However, the present oversim- Mean value of the circumferential permeability. Further de-
plified method is already enough to reproduce the main charz€lopments of the model, which include the analysis of
acteristics of the impedance behavior. higher harmonic components, are presently under develop-
With respect to the GMI evolution foH<O0, Fig. 2 ~ ment.
shows as an example the calculakég—H , hysteresis loops
for the annealed wire g§t=24.3 A/mnt, with H=0.5 (solid
line) andH = —0.5(dot line). The observed symmetrical be-
havior with respect td1, gives rise to a symmetrical evolu-
tion of u,(H), and would explain the observed symmetrical
experimentalZ(H) curves. However, it is well known that
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