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Abstract

A review of theoretical models of giant magnetoimpedance (GMI) is presented. The whole frequency range from kHz to GHz is covered
starting from the simple quasistatic models and ending with the complex dynamic models based on the simultaneous solution of linearized
Maxwell and Landau—Lifshitz equations. The similarity between GMI and FMR is emphasized. The asymmetric GMI (AGMI) behavior
is discussed in more detail. Three different mechanisms of asymmetry are outlined. Based on the theoretical results the rules for obtaining
high performance GMI materials are put forward.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction over the conductor cross-sectignAlternatively, the ratio
can be obtained from the surface impedance tefisor
The giant magnetoimpedance (GMI), the huge change of
. . , q h(S)
ac impedance of soft magnetic conductors upon applica- — = — [z — &4 (2)
tion of dc magnetic field, attracts much attention of research Rac ol he(S)

teams all over the world because of its perspective applica-\yhere) is the resistivity] the length of cross-section contour

tions. The GMI-bas_ed devices are already achi.eving a devel'andhz andh, are the axial and circumferential components
opment stage that is mature enough to enter in the relevantys 5 magnetic field, respectively.

area of extremely sensitive magnetic field and strain sensors. The current densityj or the magnetic fieldh can be

The design of new application oriented materials, however, ohtained, within the frame of classical electrodynamics of
requires a deeper understanding of magnetic structure andygniinyous media, by the simultaneous solution Maxwell
magnetization dynamics of soft magnetic metals. The aim equations and Landau-Lifshitz equation of motion. For

of this paper is to make a brief review of theoretical models low-signal approximation, the following linearized equa-
of GMI and to show how they can be used to optimize the s are obtained:
properties of GMI materials for sensing applications.

According to definition, the complex impedan&&w) = v2p — 2—2|h = %'m — grad divm (3)
R +iX, is given by the ratidJadlac, wherelyc is the am- 85 0

plitude of sinusoidal current passing through the conductor
andUgcthe voltage measured between its ends. In ferromag-
netic metals this definition has only limited validity, because

wheredy = /2p/wug is the non-magnetic skin depth and
m is the ac component of magnetization, and

a ferromagnetic metal is generally a non-linear material. In )

linear approximation, the GMI ratio is: ym=mx Heiio +1 J/MSMO + Mo X heff (4)
Zz _ J2(9) 1) where Mg and Hefi o are the equilibrium dc components
Rac  (Jz)q of magnetization and effective field, respectively the

ac component of effective field; the gyromagnetic ratio
whereRyc is the dc resistance,(S) the axial component of  gndy is the Gilbert damping parameter. Different theoreti-
current density on the surface atd), is its average value  ca models use different simplifying assumptions to get the
approximate solution oEgs. (3) and (4with appropriate
boundary conditions.
* Tel.: +420-2-6605-2174: fax:+420-2-8689-0527. Using the simple material relatiom = xh, instead of
E-mail addresskraus@fzu.cz (L. Kraus). Eq. (4) the well known classical skin effect solution of
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Eq. (3)can be found1]. For example for a cylindrical wire y

with the radiusa: Y A Y

z Jo(ka) ; i i ;
— =ka 5 : : : :

Ryc 2J1(ka) ®) ! ! ' !
and for an infinite film of thicknessare obtained. A /9(:\"}

zZ t t : IRNCIE ox
—— =k cot(k= 6 i ! o | -
Ryc 2% ( 2) ©) : : : ;
Here, the propagation constanis given byk = (1 — i)/s, A T
with the classical skin depth= /2p/wuo(1+ x). : ! ! :

Fig. 1. Domain structure of a uniaxial film with the easy direction along

y-axis.
2. Theoretical models

calculated fromEq. (4) wherew = 0. This procedure is

Depending on the frequeney of the driving currentac  gquivalent to the minimization of free energy.
the giant magneto[mpedance can be roughly separated into \jachado and Rezend8] and Atkinson and Squirg4]
four frequency regimes: investigated GMI in a film with an in-plane anisotropy and

(i) Very low frequenciesfrom zero up to about 10kHz.  Periodic domain structure as showrfiry. 1 The transversal
duced mainly due to large Barkhausen jumps in the With respect to the parametets, 62 andu.

circular magnetizatiorj2]. The behaviour is highly If the easy direction is perpendicular to the conductor

non-linear. The skin effect is very weak and mainly aXis (thenHo|lx and k||y) both, domain wall movement

the reactanc& contributes to the impedance change. and magnetization rotation, contribute to the circumferential

For low-signal levels, where the sample could exhibit susceptibility. If the domain wall displacement dominates

nearly linear behaviour, the effect is very weak and and the magnetization rotation is neglected thendgos

hardly observable. costr = costp = Hp/Hk and the transverse susceptibility
(i) Low frequenciesfrom about 10kHz to about 1 MHz.  due to domain wall movement is:

GMl originates basically from the variations_ of the skin_ ou _ 4M0M32 Hg

depth due to strong changes of the effective magnetic Xt.dw = %MSSIHGO = B T2 (7)

permeability caused by a static magnetic field. In this K

case, both domain walls and magnetization rotation \yhereg is the wall pinning parameter aitk the anisotropy
contribute to the circumferential permeability. field. The field dependence @f gw is shown inFig. 2 (curve

(iii) Intermediate frequenciedrom about 1MHz to few 4y On the other hand, if the walls are completely pinned

hundred MHz. In this regime, the domain walls are al-
ready strongly damped by eddy currents and only mag-
netization rotation contributes to GMI.

(iv) Very high frequenciesf the order of GHz. The mag- ®
netization rotation is strongly influenced by the gyro-
magnetic effect and the ferromagnetic relaxation. The
impedance maxima are shifted to higher fields, where
samples are already magnetically saturated. Strong
changes in magnetic penetration depth are caused by
the same mechanisms as in the ferromagnetic reso-
nance.

M /M

The theoretical models can be divided into three cate-
gories, which are closely related to the frequency ranges
discussed above.

2.1. Quasistatic models

These models are based on the assumption that the fre-

quency is so small that an equilibrium state of the System ;5 transverse susceptibility calculated for a uniaxial film: &) L

can be reached at every moment. TH&rs. (5) and (6¢an easy axis: domain wall movement, (o L easy axis: magnetization
be used with the effective circumferential susceptibility rotation, (c)Hy || easy axis.
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(u = 0), the transverse susceptibili ot calculated from ¥

Eqg. (4)is then (see, for exampl&]): An
Mscog 6o

Xtrot = > (8)

Hy cosfy — Hk €os

The field dependence of rotational susceptibility (curve
b in Fig. 2 exhibits singularities atHo = +Hk, where ye
the torque of anisotropy exerted by the magnetic moment
is compensated by the dc field and a free rotation of mag-
netization is allowed. In real materials, the sharp peaks are
smeared out by the damping of magnetization motion and
by the dispersion of local anisotropigs5].

If the easy direction is parallel to the conductor axis (then ¢ — py0/p, where the proportionality constabtdepends
Ho||y andh||x), the domain walls do not contribute to GMI gnly on the wire diameter and the domain structure period.

NV

y

Fig. 3. Coordinate systems in a single-domain planar film.

and the transverse susceptibility is: Exact solution of eddy current problem in a cylindrical wire
Ms (1 — (Mo/Ms)(Ho/ Hk)) with periodic bamboo-like domain structure was done by
Xtrot = 75— (9) Chen et al[7].

Hg (1— (H3/HE))

whereMy = 2M su/d is the total dc magnetization. The field
dependence of transverse susceptibility, calculated for the
hysteresis loopMg(Hp) shown in the upper part dfig. 2
(dotted line), is shown by the curve c.

Though the quasistatic models cannot explain the fre-
quency dependence and other GMI properties, they can well
describe some basic features of GMI not only in films but
also in ribbons and wires.

2.3. High frequency models of GMI

It has been proved, both theoretically and experimentally,
that the domain wall motion in typical soft magnetic met-
als practically stops in the frequency region of few 10ths to
few MHz. Therefore, at high frequencies the domain walls
contribution to GMI effect can be neglected and only the
magnetization rotations can be considered. There the pro-
cedures known from the theory of ferromagnetic resonance
are suitable for the solution d&gs. (3) and (4)In the fol-
lowing, the high frequency models will be divided into two
categories according to whether they take into account the
exchange interaction in the effective fielfler or not.

2.2. Eddy current damping of domain wall movement

Generally, both the domain wall movement and the mag-
netization rotation contribute to the total circumferential sus-
ceptibility:

Xt = Xt,dw + Xtrot (10) 2.3.1. Electromagnetic models

] ) When the exchange interaction is neglected, the linearized
In metallic ferromagnets the domain wall movements are Landau-LifshitzEq. (4) represents a linear relation =

heavily damped. At meQium frequencies, the q_uasistatic %(r)h between the ac components of magnetization and
model can be used only if the eddy current damping of do- magnetic field, wherg(r) is the local susceptibility tensor.
main walls is properly taken into account. Using this relation irEq. (3) a partial differential equation
The rough estimate of the mfluence of §jr|V|ng currer}t for h is obtained. In real materiafs(r) may be a complex
frequency on GMI can be obtained by varying the domain nction of coordinates, which makes the modeling very dif-
wall pinning paramete in Eq. (7) It was shown that  ficyit, To simplify the solution, simple magnetic structures,
with increasingp the continuous change from single- t©0  fee of magnetic domains, and simple geometrical shapes
double-peak behavior takes place for the case of transver-(circylar cylinders or infinite planar films) were investigated.
sal anisotropy4]. Machado and Rezen(@] used a viscous An example of the electromagnetic models will be shown
friction force to describe phenomenologically the damping here. Let us assume an infinite single-domain planar film
of domain wall motion. Then the frequency dependence of (Fig. 3 with an in-plane uniaxial anisotropy. All, the dc

transversal susceptibility is given by field Ho, the static magnetizatiodo, and the unit vector
Xtdw = (11) nk of the anisotropy easy axis lie in the film plane. Then
MW e the susceptibility tensor is constant in the sample volume.

By the same procedure as in the FMR theory, the effective

where the phenomenological relaxation timés the fitting .
transverse susceptibility can be calculagd

parameter. More rigorous treatment can be found6in
where the effective medium approximation was used for the
calculation of circumferential permeability for a periodic , _ Ms oS 6p(£2 + Ms + Hk coS )
bamboo-like domain structure in cylindrical wires. The same (2 4 Hy €0s 2))(£2 + Ms+ Hy CO% ) — (w/y)?
formula askq. (11)was obtained with the relaxation time (12)
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where

2 = Hpcoshg + iozg (13)
14

and the equilibrium angléy is given by the equation:
Hosindp — $Hk sin2y =0 (14)

The field dependence of skin depttcan be calculated
from Eq. (12) Then the magnetoimpedance of a wire with
helical anisotropy or a ribbon with in-plane anisotropy can
be obtained usingq. (5)or Eg. (6) respectively[5,8].

The close relation between GMI and FMR, which has
been pointed out by Yelon et gP], can be demonstrated
on Eq. (12) Transverse susceptibility; shows the typical
resonance behavior with the maximum of imaginary pgrt
and the change of sign of real pagtat the resonance field
determined by the FMR resonance condition:

2

(Cﬁ) = (Hp costy + Hk cos 2))(Hp coSbp
14

+ Ms + Hk coS ) (15)

Then the theoretical skin depth reaches its minimum value

op
yiroMs

8m (16)
and the GMI ratio its maximum. The maximum theoretical
|Z|/R4c is frequency independent and its magnitude is, with
the exception of GHz frequencies, much larger than is ex-
perimentally observefl0].
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GHz region the experimentally observed GMI ratios well
satisfy the theoretical predictidal].

The electromagnetic approximation was used for various
model calculations. In case of strong skin effect (when the
skin depth is much smaller than the transversal dimensions
of the conductor) the skin layer can be approximated by
a planar film and the surface impedance obtained for the
film can be used for a conductor of any cross-section. In
the case of weak skin effect, the solutionks. (3)is more
complicated and sometimes only approximate solutions have
been found. Cylindrical wires with different types of mag-
netic anisotropy were investigated[it?—14] A composite
wire consisting of a non-magnetic inner core and an axially
magnetized outer shell with longitudinal anisotropy was de-
scribed by Usov et a[15]. Magnetoimpedance of a planar
bi-layer film with crossed anisotropy, which is qualitatively
similar to the wire with helical anisotropy, can be found in
[16].

2.3.2. Exchange-conductivity models

The electromagnetic models, mentioned above, describe
gualitatively well the basic features of GMI and can explain
most of the experimental results. There are, however, some
aspects, which cannot be explained in this frame and re-
quire more rigorous theoretical treatment, which takes into
account the exchange stiffness. When the exchange term is
included into the effective field ¢ the Landau—Lifshitz
and Maxwell equations cannot be separated and must be
solved simultaneously. They provide a system of six partial
differential equations for the vector componentsocandh.

The resonance frequency versus applied field, calculatedrqir solutions must satisfy the boundary conditions, which

with material parameters typical for low magnetostrictive
amorphous alloys, is shown fig. 4. As can be seen, for
frequencies less then 100 MHz, where GMI is usually mea-

combine the usual electromagnetic conditions with the sur-
face spin-pinning. The general solutionBfs. (3) and (4)
consists of four pairs of wave modes, which besides the

sured, the resonance condition cannot be easily satisfied. It,, pairs of electromagnetic modes, considered in the elec-

is fulfilled for Hy ~ H, but only if the anisotropy axis is

very precisely perpendicular to the dc field direction. Any
small deviation or fluctuation of easy direction substantially
reduces the GMI ratio at lower frequencies. With increasing

tromagnetic approximation, include also two pairs of spin
waves[17]. As a consequence of hybridization of electro-
magnetic and spin-wave modes the exchange-conductivity
effect appears, which can influence the GMI magnitude in

frequency, these effects become less important and in theyha 10w and medium frequency regions

1200
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Fig. 4. Resonance frequencies of a single domain film with an in-plane.

The exchange-conductivity effect is caused by the
inter-play between the skin effect and the exchange inter-
action. Because within the skin depth the ac component
of magnetizationm decreases from its surface value to
zero in the bulk, the magnetization is inhomogeneous and
exchange energy increases. Therefore, the exchange inter-
action weakens the skin effect and enhances the skin depth.
In other words, the inhomogeneous ac field excites spin
waves with wavelengths of the order of skin depth, which
enhance the energy dissipation by eddy currents. It may be
roughly interpreted as an apparent increase of resistivity in
ferromagnetic metals.

The exchange-conductivity models of GMI are formally
equivalent to the theory of ferromagnetic resonance in met-
als [9]. The main difference is that at FMR the samples
are completely saturated, while in GMI experiment this
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assumption need not be satisfied. This makes the theorywhereZp = ¢,,» andZy = ¢, are the diagonal compo-

of GMI more complicated. Also the low-signal condition,
which is well satisfied in the low power FMR experiments,
can be easily violated in the GMI measurements. Before
describing the GMI models, let us first mention the basic
outcomes of the FMR theory.

For a conductor with planar geometry, the general solution
of Egs. (3) and (4js assumed in the form of a superposition
of plane waves, €%, propagating perpendicularly to the
surface. For a general orientation of wave vedétavith re-
spect toM o the secular equation for its magnitude is quartic
in k2, leading to four pairs of waveskg, ko; —ki, K1; —ko,
ko; —ks, k3 of mixed spin wave and electromagnetic charac-
ter[18]. The amplitudes of individual waves are determined
by the boundary conditions. In case of parallel resonance,
which is usually realized in GMI experiment8/g lies in

the sample plane and consequently the waves propagate in

the perpendicular direction. Then the secular biguartic equa-
tion decomposes intdg = (1 — i)/89, which corresponds

to the non-magnetic skin effect for longitudinally polarized
electromagnetic waves, and the bicubic equation:

kS + c1k® + cok® +c3 =0 (17)

for the three pairs of transversally polarized “magnetic”
waves. At very high frequencies the electromagnetic and
spin-wave branches can be well distinguished. But below
certain, so called “cross-over”, frequency the two wave
branches become strongly mixed near the resondngelt

nents of surface impedance tengorFor | Zo|, |Zm| < 1,
this formula reduces to an expression similagtp (18) The
solution of seculakqg. (17)and analytic formula foZy, were
simplified by neglecting the contribution of anti-Larmor spin
wave. Using the simplified solution they have shown that,
when the damping is neglected £ 0), the minimum skin
depth is given by

A 1/4
o
Smin~ | —— (20)
(wu%M§>
for w below the cross-over frequency:

4a?y’AM
we = L (21)

o

where the strong mixing of Larmor electromagnetic and
spin-wave branches takes plac@. ié the exchange stiff-
ness constant.) In typical soft magnetic amorphous met-
als wc/27 is of the order 100 MHz. As a consequence of
exchange-conductivity effect the maximum theoretical GMI
ratio scales as)/* at low and medium frequencies. Above
wc the theoretical limit of GMI is given b¥q. (16)

3. Asymmetric GMI

Much attention has been paid recently to asymmetric GMI

is just the region where the exchange-conductivity effect is (AGMI) effect, which can be very promising for the devel-
observed. Procedures similar to the FMR theory were Usedopment of auto-biased linear field sensors.

to describe GMI in planar films and circular cylinders.

A single-domain planar film with an in-plane anisotropy
(seeFig. 3 was investigated if8]. It was shown that for an
obliqgue magnetizationg§ = 0) the impedance can be de-
scribed by the two dimensional tensér which is diagonal
in the coordinate systenx,(y, Z) related to the equilibrium
direction My. For an arbitrary direction of driving current
lac, the impedance is:

Z =ZyySin? B+ Zz,C08 B (18)
whereg is the angle between magnetizatiéfy and the driv-
ing current. The transverse non-magnetic compognt
of impedance tensor is given l§qg. (6) with k = kg. An
analytic formula for the longitudinal componefit was ob-
tained from the boundary conditions for free surface spins.
GMI in cylindrical wires was investigated by Ménard et al.
[19,20] An analytical expression for the surface impedance
Zswas found. When the anisotropy and exchange interaction
were neglected, the formula for impedance reducé&atds)
with k corresponding to the Larmor electromagnetic wave.
For helical anisotropy, the surface impedance is:

4 1+ ZoZw+ V(A = ZoZm)2 — (Zo — Zm)3Sir? 260
5T 2(Zoco 6 + Z Sir? o)

(19)

Asymmetric GMI was first announced by Kitoh et @1]
for twisted Co-based amorphous wires with dc bias current
superimposed on the driving current. Later on a similar effect
was observed on as-quenched amorphous ribf[@#jsand
wires [23] and on Joule heated wirg®4]. Field-annealing
in air or moisture atmosphere with weak longitudinal or cir-
cumferential magnetic fields also produces AGMI in amor-
phous ribbong25] and wires[26]. Guniji et al.[27] and
Makhnovskiy et al.[28] reported another method of pro-
ducing asymmetrical GMI characteristics, utilizing an ax-
ial ac-bias-field. Though the mechanisms of AGMI may
be different and sometimes the origin of asymmetry is un-
known, three different mechanism of AGMI can be now
recognized:

e asymmetry due to dc bias current,
e asymmetry due to ac-bias-field,
e asymmetry due to exchange bias.

The principal features and the origins of these mechanisms
are briefly discussed below.

3.1. AGMI due to dc bias current

This type of asymmetry is caused by the combination
of helical magnetic anisotropy with circumferential dc
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field produced by the bias curreff1]. Similar asymme-
try was observed on the as-quenched ribb@# and on
as-quenched and Joule heated wi23,24] Even though
the helical anisotropy was not intentionally induced in
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currentlgc. The circumferential and axial components of the
helical field were provided by the wire and the magnetizing
coil, respectively.

The asymmetry comes from the combination of helical

these cases the origin may be the same because it has beanagnetization with the axial ac field, which is described by
proved that in as-quenched wires some spontaneous helicathe second term on the right hand sideEaf. (2) The first

anisotropy is preser9]. The same may be true for the
as-quenched ribbons.

Without the bias current/c = 0) a symmetric double-
peak GMI curve is usually observed. Whigpincreases one
peak enhances and the other diminishes, dependirigcon
orientation[22]. The positions of peaks, however, remain
practically unchanged. When the direction of bias current

term on the right hand side is related to the circumferential
magnetization processn,—hy) and corresponds to the or-
dinary magnetoimpedance effect. The second term, on the
other hand, corresponds to “cross-magnetization” process
(my—h;) [28], which is equivalent to Matteuchi effefa1].

If 6o # O the off-diagonal elemerit, is non-zero and is an
anti-symmetric function oHp. The Matteuchi component

is reversed the asymmetry also reverses. With increasingof impedance can be controlled also by the rétithy, i.e.
frequency, the asymmetry first increases and then decreaseby the number of turns of the driving coil. When this ratio is
showing a maximum at a certain frequency. The asymmetry high only the Matteuchi effect contributes to the impedance

as a function ol4c, measured at a constant frequency, also
shows a maximum. For higher frequencies, the maximum

and the asymmetry is the highest.

shifts to higher currents, broadens and its height decreases3.3. AGMI due to exchange bias

[23].

The theoretical explanation, based on the electromagnetic The third, and yet not well understood, type of AGMI

model, was done by Panina and coworkfr4,30] They
showed that,, component of surface impedance becomes
asymmetric, when a circumferential dc magnetic fielg

was announced by Kim et gR5]. A large asymmetry was
observed in CoFeNiBSi ribbons field-annealed at 380n
air with a weak magnetic fielth, (4—240 A/m) along the

is added. The asymmetry is related to the axial hysteresisribbon. The samples annealed in vacuum did not show the

loop, which is also asymmetric. The numerical simulations
showed that foHy slightly higher therHk sina, wherew is

asymmetry. The asymmetry in ribbons annealed in air de-
pends on the magnitude and directionHdf with respect

the angle between the circumferential and the easy directionsto the measuring fieltHp. For Hy = 0, a nearly symmet-
(spiral angle), the hysteresis disappears and a large GMiIric double-peak GMI curve is observed. With increadihg

asymmetry is observed.
A simple explanation of asymmetry can be obtained for

the peak for the same direction Hf) increases and for the
opposite direction decreases. A very large asymmetry is ob-

the case of strong skin effect, when the skin layer can be served forH, > 40 A/m at low frequencies (about 100 kHz)

approximated by a thin film on the wire surface. Using
the resonance condition (15) with — 0 the approximate
condition for maximum GMI can be obtained. The bias
currentlqyc, passing through the wire, produces the circum-
ferential field Hy = I4c/2wa on the surface. Then the total

dc field on the wire surface ig/ H2 + de and makes the

angle arctarts/Ho) with the axis. The resonance condition

for the total dc field requires:
Hop ~ Hi cose and Hy ~ —Hg Sina (22)

When the spiral angle of helical anisotropyds# 0, the

with a step-like change ally ~ 0. This phenomenon is
called the “GMI valve”. The asymmetry decreases at higher
frequencies, where the rotational contribution to GMI be-
comes dominant. Similar AGMI was reported for amorphous
CoFeSiB wires field-annealed in a moist atmosphere with a
weak circumferential field produced by dc current flowing
though the wirg26]. A profound asymmetry was observed
for the current above 4.5 mA.

The phenomenon was attributed to crystallization of the
surface underlayer, which becomes to be depleted in B and
Si due to the surface oxidation. This type of heat treatment is
known to produce asymmetric hysteresis loops in amorphous

resonance condition can be satisfied only for one orientationribbons due to the exchange interaction of amorphous bulk

of Hp and the asymmetry appears.
3.2. AGMI due to ac-bias-field

Gunji et al[27] found AGMI in a CoFeSiB wire subjected
to a pulse helical magnetic field, which was obtained by an

with the magnetically harder crystalline phase on the surface
[32]. When the crystallization takes place in the presence
of a weak magnetic field the crystallites are magnetically
ordered, which results in an effective unidirectional surface
anisotropy.

An attempt to explain the exchange-biased asymme-

ac pulse current passing through the wire and a coil woundtry theoretically by the quasistatic model, where the
around it (connected in series). The phenomenon was sys-unidirectional exchange anisotropy was replaced by an
tematically investigated by Makhnovskiy et §8] on an effective dc-bias-field33], was unsuccessful (s€&4]).
as-quenched CoFeSiB wire using the driving current con- More theoretical work is needed to describe properly this
sisting of a harmonic curremjc superimposed on a dc bias phenomenon.
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4. Materials optimization Finally, the surface roughness should be mentioned. It is
quite evident that for large skin effect the surface quality

The optimum GMI properties depend on the particular plays an important role. It is not only because the skin depth
application, for which the GMI element should be used. For may become smaller than the surface irregularities, but also
some applications also the fabrication simplicity and low because of stray fields, which appear on the rough surface.
cost are very important. The dc component of stray fields can cause the fluctuation

The most general requirements on GMI materials are the of Hg, as mentioned above. The ac component, on the other
high GMI ratio and its sensitivity to applied magnetic field. hand, caused the two-magnon scattering and increases the
Both these parameters require high magnetic softness. Aderromagnetic relaxation. High quality surfaces can be ob-
can be seen frorkq. (16) the most important for the high  tained for glass-coated microwires or films prepared by vac-
theoretical GMI ratio are the high saturation magnetization, uum or electro-deposition techniques.
low resistivity and small ferromagnetic relaxation parameter  In AGMI elements, which are required for linear field
a. While the rules for controlling the first two are sufficiently sensors, the asymmetry of GMI curve is an additional im-
well known, there is only little known about the ferromag- portant parameter. Only two of the three AGMI types are
netic relaxation. The gyromagnetic ratois unimportant, useful for practical applications. The ac-bias-field AGMI
because it changes only in the range of few percent for all can be left out. First, it is based on Matteuchi effect. Second,
3d-based ferromagnetic metals. Because the relative changé brings only little improvement with respect to the clas-
of impedance scales theoreticallyldg/Hx weak magnetic  sical dc-bias-field method, because additional magnetizing
anisotropy is important for achieving high field sensitivity. coils are required in both cases.

As has been shown, the theoretical skin depth can be The asymmetry due to dc bias current can be controlled by
hardly achieved at the driving frequencies below 1GHz, the anisotropy fieldHk, the spiral anglexr and the bias cur-
where most of the practical applications are expected. Thererentlyc. To determine the optimuidk anda more detailed
the another material parameters become more importanttheoretical analysis is required. The optimum bias current
A good criterion for large GMI ratio at the intermediate can be, however, estimated from the condition (22).
frequencies, where the magnetization rotation dominates, is: The exchange-biased AGMI, which does not require any
bias current, is the most promising for practical applications.
It is now restricted only to amorphous alloys and its deeper
understanding requires further experimental and theoretical

From this point of view uniaxial magnetic anisotropy, per- work.
pendicular to the direction of internal dc field, is the best.

There are few ways how to obtain anisotropy perpendicular
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