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anisotropy: Helical and circumferential
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This paper concerns the theoretical and experimental investigation of the magnetoimp@dareféect in
amorphous wires in terms of the surface impedance tefisd?hysical concepts of Ml and problems of
significant practical importance are discussed using the results obtained. The theoretical analysis is based on
employing the asymptotic-series-expansion method of solving the Maxwell equations for a ferromagnetic wire
with an ac permeability tensor of a general form associated with magnetization rotation. The magnetic-
structure-dependent impedance terisés calculated for any frequency and external magnetic field, and is not
restricted to the case when only strong skin effect is present. This approach allows us to develop a rigorous
guantitative analysis of Ml characteristics in wires, depending on the type of magnetic anisotropy, the magni-
tude of dc bias current, and an excitation method. The theoretical model has been tested by comparing the
obtained results with experiment. For the sake of an adequate comparison, the fullstessoeasured in
CoFeSiB and CoSiB amorphous wires having a circumferential and helical anisotropy, respectively, by deter-
mining theS,; parameter. In cases when the rotational dynamics is responsible for the impedance behavior,
there is a reasonable agreement between the experimental and theoretical results. Such effects as the ac biased
asymmetrical Ml in wires with a circumferential anisotropy, and the transformation in M| behavior caused by
a dc currentfrom that having a symmetric hysteresis to an asymmetric anhysterejinoniges with a helical
anisotropy are discussed.
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. INTRODUCTION amorphous wires of a composition (§oFe 0e)72.Sito B1s
(having a circumferential anisotropythe voltageor imped-

This paper addresses the magnetic-structure-dependesnice change can be as much as 10-50%/Oe at frequencies
impedance analysis in amorphous magnetic wires with a hesf several megaherfz® Considering Ml as a change in a
lical (or circumferentigl anisotropy, including such practi- complex resistance, it has a direct analogy with giant mag-
cally important phenomena as the role of a magnetic anisotetoresistancéGMR). In earlier work there was an attempt
ropy and a dc bias current in controlling magnetoimpedancé#o regard it as a new ac GMR effect, explained in terms of ac
(MI) characteristics, asymmetrical MI, and the role of thequantum magnetotranspdrt” However, this approach failed
off-diagonal impedance in asymmetrical MI. We have alsof0 €xplain a very large nominal change in the measured volt-
carried out an experimental investigation of these effects t§9€ as a change in true resistance, as well as the voltage

be able to demonstrate the consistency between the theorééPendence with frequency in the presence of a dc magnetic
ical and experimental results. Since its discovery in 1993 field. It soon became clear that the effect has an electrody-

the MI effect has received much attention due to its impor’_namic origin owing to the redistribution of the ac current

tance in developing new-generation micromagnetic sensor@efn.sny under the application la]:(;[he dc magnetic fie]d. In the
of high performancé=* However, most of the theoretical original theoretical work on MI° the current density has

) . o - . Peen calculated with the assumption that the variable mag-
work is restricted to specific conditions not always consistent _ . . . .
netic properties can be described in terms of a total perme-

with the expenm_ent. In c.ertaml cases, confllctmg_ experlmen?’;1bi|ity having a scalar or quasidiagonal form. This allows the
tal results of Ml in materials with similar magnetic structure impedance of a magnetic objefand the voltage induced
have been reported. This has occurred when different tyPeSross it by the ac curreit=i, exp(—jat)] to be found es-

of excitation have been used. This is particularly related t%entially in the same way as in the case of a nonmagnetic

the case of a complicated magnetic configuration, such as thaaterial' In this approach, the voltage responss of the
case of a helical magnetization in a ferromagnetic wirefgrm

Therefore, rigorous theoretical and experimental research of

MI effects accounting for specific magnetic structures and V=2Z(al )i, (1)

excitation methods remains to be of considerable interest and : . . .

importance where the impedancg is calculated as a function of a skin
In general, the MI effect involves a very large and sensi-deth

tive change in the voltage measured across a ferromagnetic 5mzclm_ @)

specimen with a well-defined transverse magnetic anisot-
ropy, carrying a high-frequency current and subjected to a délerec is the velocity of light,o is the conductivity w, is the
magnetic field. For example, in the case of @@ diameter effective transverse permeabilifwith respect to the current
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flow), and 2a is a characteristic cross-section size. If the skin

effect is stronga/ 6,,>1, the impedance is inversely propor- T . —jot ]
tional to the skin depth, therefore, the magnetic-field depen- ' lpe + b
dence of the transverse permeability controls the voltage be- ‘
havior. This simple consideration has provided a qualitative
understanding of the MI behavior, and in certain cases Egs.
(1) and (2) have given a reasonable agreement with the ex-
perimental results. A good example is the MI effect in a
Co-based amorphous wire. A tensile stress from quenching
(and enhanced by tension annealiogupled with the nega-
tive magnetostriction results in a circumferential anisotropy
and a corresponding left- and right-handed alternative circu-
lar domain structuré®!3 The ac current passing through the
wire induces an easy-axis magnetic field that moves the cir-
cular domain walls so that they nearly cross the entire wire.
The circular magnetization is very sensitive to the axial dc
magnetic field, which is a hard-axis field. The ac permeabil-
ity associated with this process is circumferential and corre-
sponds touw, introduced in Eq.(2). Substituting in Eq(1)

and (2) this circular permeability accounting for the field
dependence and the frequency dispersion due to the local !
domain-wall damping gives a very good agreement with the !

experimental Ml spectra for frequencies lower than the char- o o .

acteristic frequency of the domain-wall relaxatior1—10 FIG. 1. Principle directions and quantities used.

MHz for 30-um diameter wires>® Typically, the rotational

relaxation is a faster process, and for higher frequencies thaxwell’s equations in asymptotic series. The characteristic
magnetization rotation dynamics dominate. The rotationaParameter of these expansions can be chosen to be the ratio
permeability has an essential tensor form, which makes i8=a/d whereé=c/\2mow is the nonmagnetic penetration
difficult to use Eq.(1) and (2) for higher frequencies: the depth (u;=1). Constructing the asymptotic serious for two
difference between the experimental and theoretical resultémiting cases>1 and <1 and matching them in the
becomes quite considerable. intermediate region, the solution for ac field distribution be-

Further experiments on MI have resulted in the discoverycomes valid in the entire frequendpr dc magnetic fielg
of such phenomena as asymmetrical or bistable Ml in twistedange. For obtaining the asymptotic series in the ¢&sd, a
(or torsion annealédamorphous wire$**8 asymmetrical singular perturbation method is used that is needed to de-
MI in annealed amorphous ribbdiig® and in films with  scribe the field distribution in the surface layer. &1, a
crossed anisotrop’}, and the effect of an ac bias field pro- standard regular perturbation method can be employed. The
ducing asymmetrical voltage response in systems having nasymptotic method for solving the problems of electrody-
magnetic asymmetry in the dc magnetic configuraffoff. namics such as the impedance analysis in ferromagnetic con-
Regarding these phenomena, the approach based orilEgs. ductors has been used for the first time in this case, although
and (2) can fail to provide even a qualitative explanation, it has been known in such fields as heat transmission, diffu-
especially in the case of the ac biased asymmetrical MI. ~ sion, and certain problems in opti€s.3!

Another theoretical difficulty is related to the case of MI  The method of asymptotic series is applied to the calcu-
in the multilayered films consisting of two upper magneticlation of the surface impedance tensor in a magnetic wire
layers sandwiching a nonmagnetic conductor. If the filmhaving in general a helical magnetic anisotropy. The ac mag-
width is smaller than a certain critical value, the magnetic-netization is assumed to be related to the rotational process
flux leakage through the inner conductor becomes essentiand is described by a tensor of a general form having six
in determining the impedance tensor of the total system. Thigdifferent components. Considering that the wire is subjected
effect is known to give a considerable contribution to a high-to an ac current and an ac axial fielthg,, and its static
frequency inductance of similar systems. The existing theomagnetic structure can be modified by a dc axial magnetic
retical approach to this probléffi?’ does not account for the field H,, and a dc current, (see Fig. 1, a quantitative
tensor form of the permeability, which is not correct for a explanation of a number of high-frequency MI effects in
practically important case of a transver®@e crossef mag-  wires can be given. This includes the modification of Ml
netic structure in the outer layefs. characteristics under the effect of the dc current in a wire

Therefore, numerous experimental results on Ml require avith a helical anisotropy. Without dc bias, the plots of im-
more realistic theory taking into account a specific tensopedance v$i,, exhibit a symmetric hysteresis. With increas-
form of the ac permeability and impedance. In the presening bias field, the hysteresis area shifts and shrinks, and fi-
paper, a general approach to solving electrodynamic protmally disappears, resulting in highly sensitive asymmetric
lems for ferromagnetic objects characterized by a given permpedance plots.
meability tensor is proposed and is based on the expansion of To demonstrate consistency between theory and experi-
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ment, measurements of the impedance tensor in amorphous H,, -

wires with both types of anisotropy have been made under I +i —l —

proper conditions. A number of previously obtained results b Fr—s
have been repeated here for the sake of an accurate compari-

son, since the MI behavior depends significantly on the ex- (a)
citation conditions. In the case of a helical anisotropy, the — V,

full impedance tensor has been obtained for the first time.

The role of the off-diagonal components of the impedance H,y hey

can be seen if the voltage response is measured in the exter- .
Ip+i _A A A A A

nal coil, or when the wire is subjected to the ac axial field. 7 /" /’\ T

For example, in the presence of batandh,,, the voltage vV V. V V V V
measured across the Ml element exhibits a strong asymmetry T ] (b)
that is due to the contribution of the off-diagonal tensor com- — V. o
ponent.
The approach of the surface impedance tettaod a ten- FIG. 2. Voltage response due to the ac excitation using current

sor permeability to described the MI phenomena has been@nd fieldh,,, measured across the wire(@ and in the coil in(b).

previously used in a number of works using certain simpli- . . .
experimental results are given, demonstrating a very good

fications. In the case of magnetic/metallic multilay&s t with the th Final ) wdi
the edge effects have been ignored completely, and the filrﬁhg;rekzn;ﬁgevg' VI € theory. Finaly, we give conciuding re-

system is treated as having infinite dimensions in plane. The
asymptotic methods developed in the present work for a wire
geometry can be modified for a two-dimensional impedance
analysis in the multilayer film that will be published else-
where. Regarding the wire geometry, in Ref. 15 the asym- The GMI effect deals with a voltage response in a thin
metrical Ml has been considered for a low-frequency limitmetallic magnetic material subjected to a high-frequency ex-
(B<1). The method used turns out to have a very slowcitation. In the case of a wire, it is reasonable to use an ac
convergence that has provided a qualitative approach onhgurrenti and/or an ac axial fieltig, as a source of excitation
In Ref. 33, the off-diagonal impedance has been analyzed fdsee Fig. 2 The voltage is measured either across the wire
a wire with a circumferential anisotropy that does not include(Vy,) or in the coil (V) mounted on it. The value of,, is
the effect of a dc current to produce asymmetrical MI. Be-determined by considering the energy consumption in the
sides, the approximation of very high frequencigg>(1)  wire
has been used, treating the wire as a plane object. It seems
that this approximation is not c_onsistent with the experimen- in:if (exhds, 3)
tal case. Almost all the experimental results on Ml are ob- 4m s
tained for 30xm diameter amorphous wires having the re-
sistance of 130u{)cm. In this case, the conditiog>1
requires the frequency to be in the gigahertz range, where
the experiment is concerned with frequencies of 1-10
MHz. However, the range of frequencies and fields wher
this approximation is reasonable is much wider, as has been
proved in the present analysis. Calculating the higher-order V.= #; edl.
terms in the expansiofin the parameter B), we have dem-
onstrated that they contain a certain magnetic parameger As it follows from Egs.(3) and(4), the induced voltage can
and the actual validity condition ig/ue8>1. It is worth ~ be found by calculating the tangential components of the
noticing that it was not possible to obtain this important con-fields e ,h; at the wire surface. Since it is assumed that the
clusion within the model used in Ref. 33, since calculatingwavelength is larger than the sample size, the field distribu-
the impedance for a plane geometry gives only zero-degregon outside the sample corresponds to the static case. Then,
terms and does not allow the next terms to be determined.the excitation method imposes the boundary conditions for
The paper is organized as follows: Section Il introduceshe magnetic fieldh, . Using the cylindrical coordinate, ¢,

the surface impedance tensor with relation to a certain ag) \jth the axisz along the wire(see Fig. 1, the boundary
excitation and voltage response measurement. Section IHyngitions can be written as

formulates the problem, presenting the linearized Maxwell’s

equations and the permeability tensor for the model under h,(a)=h,=2i/ca, h,(a)=he,, (5)
consideration. Sections IV and V give solutions in higs- ( ¢ ¢

>1) and low- (3<1) frequency limits, respectively. Section Wherea is the wirg radius. The electric fiel is related to
VI concerns the numerical analysis of the behavior of thethe magnetic fieldh, via the surface impedance tensgr
impedance tensor in a single-domain wire with two types of .

anisotropy(circumferential and helical In Section VIl the ‘e=3(h;xXn), (6)

Il. VOLTAGE RESPONSE AND SURFACE IMPEDANCE
TENSOR

where the integration is performed along the wire surface,

dh are the ac electric and magnetic fields, an the
d/elocity of light. The voltageV, is found by integratinge
ealong the coil turns

4
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wheren is a unit radial vector directed inside the wire. Com- a radial distribution in permeability that is stronger in the
paring Egs(3)—(6) it is seen that the impedanéds the only  case of a helical anisotropy due to a stress distribution. Here,
characteristic describing the voltage response in the systemhen we consider a high-frequency case, the permeability is
excited by the external magnetic fiefd(of any origin. In ~ predominantly a surface permeabilifyot affected by radial
ferromagnetic conductors; is a two-dimensional tensor changes In the low-frequency case where the radial change
even for the electrically isotropic case. in permeability becomes important the magnetoimpedance
The present analysis is concerned with the calculation oéffect is relatively small. In fact, an averaged value of the
the surface impedance tensor for a wire with a uniform statipermeability can be used for a low-frequency approximation.
magnetization having a helical orientation. In this case, th&Ve extrapolate the high-frequency result to the low-
tensors is constant on the surface. Writing vector E6). in  frequency case using the same permeability parameter. The
the coordinate representation, the component§ chn be comparison between the theory and experiment is good,

determined as proving that this approach is reasonable and a radial distri-
o o o o bution in permeability is not significant for Ml effects. The
€,= —S,phts,h,, €=—s,htsh,, (7)  tensorg has a general form with

wheres,,=s,, because of symmetry. Substituting EQ) B 3 B
into Egs.(3) and(4) gives the voltage responses Hor= " Hres  Mrz= 7 Kzrs Hez™ Hzes

o 2i due to the magnetic symmetry. Considering that the time
V=8l =| 277~ SzeNex| L, (8)  dependence is given by expjwt) and utilizing the cylindri-
cal symmetrye=(e,,e,), b=(b,,b,)], the Maxwell equa-
tions can be reduced to

2i
V(:=e4,27-ranL=<—gq,(phe,gr;(ﬁza1 2manlL, 9
ae, jow 1d(re,) jo
whereL is the wire length anah is the number of coil turns o cPer T TP (13)
per unit length.
IIl. BASIC EQUATIONS oh, dmoe 1 a(rhy) _ amo 12
ar c © r o c “

The calculation of is based on the solution of the Max-
well’'s equations for the fields andh together with the equa-
tion of motion for the magnetization vectbt. An analytical
treatment is possible in a linear approximation with respec
to the time-variable parametezsh, m=M — Mg, whereM,
is the static magnetization. Assuming a local relationship be-

whereb= ih is the vector of magnetic induction. Sinbg
=0 (which satisfies the boundary conditions at the wire sur-
Face, the material equations are of the form

tweenm andh: m= yh, the problem is simplified to finding b,=uih,+ush,, b= ush,+push;. (13

the solutions of the Maxwell equations with a given ac per-

meability tensorn=1+4mY, The magnetic parameters are given by
curle=jw(ih)/c, curlh=4xc€lc, (10

— 2 _ 2
1= Mgt Mg pre s 2= Pazt pil phr
satisfying the boundary conditioriS). Hereo is the conduc- (14)
tivity. Introducmg_ the local permeability tensqi corre- 113= g (Wogr trg) ey -
sponds to neglecting exchange effects. This approximation is

reasonable for not very high frequencies, such that the Ski@ubstituting Eq(13) into Egs.(11) and(12) and eliminating

depth .is still larger than the exchange Ieng_th. Further ASthe electric fielde gives the equations for the magnetic-field
sumptions aboufi are needed. The permeability depends on

many factors, including the domain configuration, anisot_componenmz andh,
ropy, stress distribution, and the mode of magnetization 5
(domain-wall motion or magnetization rotatjorThese fac- rzﬁ h,
tors can be complex in real materials, making modeling very ar®
difficult. In this analysis, the domain structure is not consid-

ered; it can be eliminated by a proper dc bias. It is assumed 2h oh

that M, is aligned in a helical direction having a constant r2—" +r—+k2r?h,= —kr®h,, (15)
angle 6 with the wire axis(the details of the dc magnetic or ar ¢

structure are given in Sec. VlIn this caseu is determined

by the magnetic-moment rotation and is independent of thavhere ki2=,ui(417j wolc?) andi=1,2,3. Equation(15) is
position. This is approximation even for an ideal material,solved imposing boundary conditiofs) at the wire surface.
since a circumferential magnetization near the wire centeThe boundary conditions at=0 must exclude the infinite
results in an infinite exchange energy. Then, there is alwaysolutions, requiring

dh
+r— (kP =1h,= —Kir*h,,
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ho(rsa)<wo, hy(rsa)<e. (16) where it has the simplest form. In the case of a uniform
) . precession of the total magnetization vedibraroundM,
Then, coupled Eq15) with conditions(S) and(16) are com-  yhe gsceptibility tensor in the prime coordinates, é’,r)
pletely determined.

. . . related with the equilibrium magnetizatidh, (see Fig. lis
In the present analysis, asymptotic solutions of

Eqg. (15) are found in two limiting casesS<a and 6> a, of the form

where §=c/{27ow is the skin depth in a nonmagnetic

material @=1), as a power series in a corresponding X1 —ixa O

small parameter §/a or a/d). On the other hand, no . .

condition is imposed on the value of the magnetic skin depth x=|1xa x2 0J. 17)
Si=cl\2mowp;, where u; is a corresponding magnetic 0 0 0

parameter defined by Edql14). The series representation

for the electric fielde=(e,,e,) is then deduced from  This form can be easily obtained from the linearized
Eq. (12). If the surface values, e, are written in the | andau-Lifshitz equation. The expressions far, x,, xa de-
form linear with respect to the boundary valueg and pend on a given magnetic configuration and will be deter-
hex, the surface impedance tensor can be calculated frormined later. The susceptibility tensor can be converted to the

Eq. (7). original coordinate representatiofr,¢,z) by rotating the
To simplify the further analysis, it is useful to write the prime system by anglé, which determines the direction of
tensor & in the coordinate system with the axisiiMy, M, with respect to the wire axig
|
X1 —Jjxac040) I Xxasin(0)
¥=| ixacog0) X2 COS(6) —x2sin(6)cog 6) | . (18)

—jXxasin(@) — x,sin(#)cod 0) X2 SIN(6)

Using Eq.(18) gives The boundary conditions for E§20) are
pi=1+4mcos(0)x, wp=1+4msint(6)yx, ho(1)=h,, h(1)=hg,
4y h,(X)<w, hy(x)<w», O0=<x=<L. (21)

mz=—4msin(d)cogO)x, Xx=xo— . (19

1+47TX1
Hereﬁi2=2j,ui . Equation(20) has a small parameter at the
IV. HIGH-FREQUENCY APPROXIMATION second-order de_rivat_i\éle and is related to so-called singular
perturbed equatiorfS-3! The solution of such an equation
The singular perturbation method constructed with respeatan be represented as the sum of tinegular and singular
to a small parameteg8= §/a<<1 is used to obtain asymptotic asymptotic series of powers of the small parameter. The
solutions of Eq.(15) in the case of high frequencies. Cus- regular part approximates the solution within a certain inter-
tomarily, this case is treated by considering the plane geonmal area whereas the singular series is related to the boundary
etry. However, such an approach allows the only zero-ordelayer (near x=1) where the solution undergoes rapid
terms to be found. For the purpose of building a generathanges. Such a layer is named a frontier layer. In our case it
asymptotic solution valid in a wide frequency range, thecorresponds to the skin depth. In the internal areaxé:1,
higher-order terms in the series expansion are important abe singular part decays exponentially and the regular series

well. has a smooth behavior.
Introducing a new variable=r/a and multiplying Eq. Following the singular perturbation method, the solution
(15) by B2 gives of Eq. (20) is written in the form
2y,2 &Zh‘P 2 &h‘P 2,2 2 h = 2 Zh h _ E n 2 n
BX—z + BX— -+ (B1X° = B)h, = — B3xhy, qD(Xﬂl)—nzo B qun(X)Jfn>0 B"Sen(m), (22
2 2(92hz 2 h, 2,,2 2,,2 n n
BoXP— g + BPX ot BXPh, = — BaxPh,. (20) ho(x, 7= 2 B Rer(X)+ 2 B'Sur(m), (29
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whereR,,,
gular terms, respectively, ang=(x—1)/8 is the “fast”
variable. Equation$20) and(21) written in terms of the fast
variable » become

2

°h dh
(Bt 1) 77+ B(np+1) 5 tHBI(7B+1)*= h,

= —B3(nB+1)%h,,

2

( B+1)2‘9 hz+,8( /3+1>(7—hz+/32< B+1)%h
n (9772 n an AN/} z

= — B5(nB+1)%h,,
h,(0)=h,, h,(0)=hg,,
he(7)<e,

h,(n)<ew, —1/8<#5n=<0. (24

Substituting the regular series into E@0) and the singular

PHYSICAL REVIEW B63 144424

R,nandS,,, andS,, represent regular and sin- To choose a physically reasonable solution, the following

condition has to be imposed:

lim S{(x—1)/8]= (27)
<1 7

lim S(7)=0.

The solution of Eq.(26) is taken in the formCy exp(mn),
wherey is the intrinsic vector of coupled equatior,is a
constant, and satisfies to

'+ E(BT+ B+ (BIBE— B3 =0. (28)
Using Bi2=2j,ui , Whereu,; are determined by Eq19), we
obtain

H=+(1-)), &==(1—])Vien

Mei=1+4m). (29)

series into Eq(24), and grouping together terms of the sameln Eq. (29), only the sign ‘“+” has to be taken to be consis-

power n of B, the asymptotic solution of degreeis con-

tent with condition (27) since in this case the exponent

structed. In the case of the regular series, the zero-order (exp(w) is limited for any<<0. Finally, the general solution

=0) approximation gives

BoR0(X)=—B3R,0(X),  BIR,0(X)=—B3Ryp(X).
(25)

Eq. (25) is satisfied only ifR,o(X) =R,(X)=0. Proceeding

of Eq. (26) is represented as

h, ye! (1-j)a
—c _ (2)
(h )—C (y(zl) ex 5 (x—=1)|+C

z

in a similar way, it can be shown that all higher-order
terms turn out to be zero as well. Therefore, in the present
case the solution does not have a regular part, which could
be expected as a consequence of the skin effect. The exi$here are two decay lengths in E¢30): § and &,
tence of the regular solution would result in the deep “dif- = 5/\/uy. The formersis related to a nonmagnetic but elec-
fusion” of the electromagnetic field inside the wire at high trically conducting case describing the distribution of the
frequencies. According to the general property of singulaklectromagnetic field having the local polarization with the
equations, the singular part decays exponentially as exmagnetic field parallel to the dc magnetizatidly. The lat-
[—a(1—x)/4]; therefore the frontier layer corresponds to theter 5, is a magnetic skin depth corresponding to the mode
skin depthé. with h perpendicular tavl,. In the case under consideration,

Considering the singular series, the zero-order terms arghe vectorM,, is directed along the helical pass, resulting in
found by solving the following equations: the existence of both polarizations and the solution involving
the two characteristic decay lengths.

Defining C*? from boundary conditions in Eq24), the

X

(2) 1—i
y(l )exp<( 5J)a\/zf(x—l) . (30

2
yz)

2

S.o _
o=+ BiS,0=— B35S0, Seo(0)=h,,

an? zero-order estimate for the magnetic fielg,h, is com-
s, pleted. Substituting Eq30) into Eq.(12) yields the solution
0 2a _ _ 2 _ for the electric fielde. Then, from Eq.(7), the surface im-
an? T B250=~B5Sg0, S0(0)=hex. (26) pedance tensor is deduced,
|
A_< S22 em) ~c(1=)) [ ViercoS(0)+Sif(6)  (Vuer—1)sin(6)cog 0) -
S lspr Seel  4m05 | (Ve 1)sin(6)cos 6) coZ(6)+ e SIA(6) |

The high-frequency limit Eq(31) for the surface impedance tions similar to Eq.(5). However, this method restricts to a
tensor (or its certain componentshas been obtained in a zero-order approximation only. The higher-order terms can
number of papers:32333egarding small regions at the wire be important for determining more accurately the validity
surface as flat surfaces, and imposing the boundary condeéonditions. For example, it has been considered that a strong
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skin-effect approximation yielding Eq31) requires 8/a  Then, it may be difficult to join the two asymptotes together.
<1, which is much stronger than that involving the magneticTherefore, we would like to build the low-frequency asymp-
skin depths,,/a<1. This opinion is based on the field dis- tote such that it could be expanded to the cak%,>1. The
tribution in Eg. (30) depending on both the decay param- solution of Eq.(15) is taken in the form

eters. For an amorphous wire€ 10'°s™1) of 30-um diam-

eter the nonmagnetic skin depth becomes of the orderabf — Ji(kjax) -~ Jo(koax)
gigahertz frequencies. On the other hand, numerous experi- Ne=Ne73 G 2y he(x), h,= heX—JO(kZa) 2X),
mental results on MI are concerned with frequencies of (36)

1-100 MHz, and it seems that the high-frequency case has a

very limited use. Within the proposed method, the full whereJ,; are the Bessel functions of the first kind. In Eq.

asymptotic series can be found. Considering this, the firstt36), the first terms give the exact solutions for the homoge-

order approximation is important in context to prove that theneous forms of Eq(15). This representation for fields, ,h,

conditiond,,/a<<1 is sufficient to justify the use of E31).  is proving to be adequate to get almost a monotonic transi-
The first-order equations f@,; andS,, are of the form  tion from one asymptote to the other, changing a frequency

or an external magnetic field. The functidms andh, deter-

2
5_331+35521: —,3%54;1— LSZO S,,(0)=0 mining the extent of coupling of Ed5) are found from
an (977 1 1
. ~
(9281 (980 2(9 h‘P % 2022 _1\R
ﬁ—n‘;—+3§s¢l=—ﬁ§szl— (%‘; . S,1(0)=0. (32 Xz tx— (BB - 1h,
Since the functiongS,y/d» anddS,q/d7 are represented in __h 3532x230(323x)_ 2 50, 7F
the exponential form, the particular solution of H§2) is O J0(BeP) B3BXh;,
given by
- - ~
S0 (a,7+ b6+ (2,7 by)ets, 28 s x ey e,
S, =(cyp+dy)eft”+ (c,p+d,)ef2”, 33
ol (Ci7m - 1) (Cam 2) ( .) o B%BZXZJl(BlﬁX) .
where¢; , are determined by Eq29). The general solution R 3Bxh,, (37)

of coupled homogeneous E@?2) is of the form of Eq.(30)

where the constant§*) and C(*) are found from the zero satisfying the conditions
boundary conditions in Eq.32). The calculation process is
straightforward but time consuming and results in rather
cumbersome expressions. However, substituting the values
of B; specifically for the given problem, the result becomes

h,(1)=0, h,(1)=0,

as simple as hy(x)<eo, hy(x)<e.
0Sp 1 9S4 —Eh (34) Here we use the same notatis=a/ é for the small param-
an 2% 9y 2 eter though it is inverse to that used in Sec. IV. The solution
7=0 n=0 . . . .
. _ . of Eq.(37) is represented in terms of the asymptotic series of
Then, the first-order term for the impedance tensor is powers off3, using the regular perturbation method
(1+])) 0 ~ ~ _ ~
L ci-p[ey| 4 h,00=2 Bhea(x), h0=2 B™,(x),
S1— - . (35) n=0 n=0
470 \a (1+7)
4 202
J1(B1BX) BiB 5 4
Comparing Egs(35) and (31), it is seen that the ratio of J1(B1B) =1t 8 (1=x5 | +0(5Y,
3113, is of the order ¢/a)/\ue Or 6,/a. Therefore, the
actual parameter in the expansion for the impedance is Jo( BafBX) 8252
5./a, proving the validity of the high-frequency results in a O 114+ 22 (1-x3) | +0(B8Y. (39
wider frequency region ifs is sufficiently large. Jo(B28) 4

Substituting serie$38) into Eq. (37) and grouping together
terms having the same powers g8f the equations for the

Let us now construct the solution for the impedance in theegular serie§1¢n(x) andh,(x) are obtained. It turns out
opposite limit a/6<1. Having the high-frequency result that the terms of the zero degree and of anp{2)th de-
(35), it can be expected that in this case the actual parametg@ree are equal to zero. The second-degree terms are found
of the expansion involves the magnetic skin depth as wellfrom

V. LOW-FREQUENCY APPROXIMATION
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. -

o e o,

X2 X 2= — NeB3X5,
2 #h,,  dhy, I
ax? IX LaE

h,2(1)=0, hy(1)=0,

ha(x)<w,  hyp(x)<o. (39)
Solving Eq.(39) gives
~ heBix—x3)  _  h,pi1-x%
2:ex:83—’ 22:“"83—. (40)
@ 3 9
The equations for the fourth-degree terms are
#h,,  dhyy -~ B3B3
X2 &x; +X (9;: —hga=—her— x2(1—x?)
_Xz(ﬁgﬁn*‘ﬁfﬁqu),
1 = 2 2
2& hZ4 XahZ4:_F B1B3X3(1_X2)
x> ax )
_XZ(BgF‘z2+,3§T1<p2),
hea(1)=0, hy(1)=0,
Raa(x) <o, hy(x)<e. (41)
Substituting Eqs(40) into (41) gives
= H/ag‘ x2 x> 21
4= " Neg |37 24 72°
BaB5 (X2 x* 12
® 4 |3 15 45
o BB X7
3 |8 15 120"
5o FB%,B% x2 x5 16
#- "¢ 8 |9 25 225
e L
¢ 9 4 25 100
4,3 4
x° X 7
S L ) (42)
319 16 144

Egs. (36), (40), and (42) give the asymptotic series for the
magnetic field, as far as the* terms

PHYSICAL REVIEW B63 144424

— Jy(kqax) -
he=NeT eay B2+ BRea(x),
Jo(koax -
hz= ex%"'ﬁzﬁﬁ(x)_i_ﬁ“hm(x)- (43

Calculating the electric field from E¢12) and representing

it in the form linear ian and h,,, the components of the
surface impedance tensor are obtained.

_ ki Jo(kja) 1 /a cus (a4

S22 fng Ji(k;a) 54|65 moa’

koc Ji(k,a) 1 (a\*cud
o = 2 1(2)+__ Ms, (45)

e Ao Jo(k,a) 36\ 6) moa

Lo a\fuipns  pons
Se=See=1 3037 5) |60 T 30 |moar 4O

The second terms in Eq$44)—(46) depend on the corre-
sponding magnetic parametets, demonstrating that the
actual expansion parameter involves a sort of magnetic skin
depth(but not exactlys,,). For example, in Eq(44) in the
case ofk;a>1 (buta/s<1) the ratio of the second term to

the first becomesz) (k;a)*/k,a. The values ok; are of the
same order, as it follows from Eqél5) and (19). Yet, the
numerical analysis shows that the first terms in Edd)—

(46) can give the main contribution to the impedance even in
the case ofk; /a) =1, which is illustrated by a small numeri-
cal factorz in the above example. This helps when joining
the low-frequency asymptote with the high-frequency one. In
the next section, the asymptotic behavior will be discussed in
more detail for different magnetic configurations.

VI. ANALYSIS OF THE IMPEDANCE BEHAVIOR
FOR TWO TYPES OF ANISOTROPY

Our approach can be applied to a wire having a circum-
ferential or helical anisotropy. In general, the anisotropy axis
nk has an angle 452 «=<90° with the wire axigz axis), as
shown in Fig. 1. The wire is assumed to be in a single-
domain state with the static magnetizatibly directed in a
helical way having an angl® with the z axis. The radial
variation in 6 is neglected as explained in Sec. lll. The mag-
netic configuration changes under the application of the ex-
ternal axial magnetic fieldH., and the dc bias current,,
inducing the circular magnetic field,,. The stable direction
of Mg is found by minimizing the energy.

dUla6=0,

U=—K cog(a—0)—MgHeCcos8—MoH, sing, (47)

whereK is the anisotropy constant, akt, is the dc circular
field induced by the current,. Equation(47) describes the
rotational magnetization process demonstrated in Fig. 3
where the magnetization plots for two types of anisotropy
and different values of the dc biék, are given. The domain
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2K 2K
1.0F ZrZ,=——zC032(l9—a), qu/w/:__zS'nz(e_a),
MO Iv'O
05F K
[= .
2 NZ/¢/:N¢/Z/:_25|n 2(0_(1’) (49)
~. 00} Ma
EO Solving Eg. (48) determines the susceptibility tensg,
0S5k which has the form of Eq(17) with
Lol X1=on(w1=jT0)/A,  x2=oy(w—[T0)/A,
L R R Xa=would,
H /H . . 9
ex A=(wy—jro)(0;—]T0) — 0%,
Morje=so w1=Y[H¢,cOSO+Hysind+Hy cos A a—0)],
o osp H /H = Hye=2K/M,,
s H /HK=

w,=Y[HeyxCOSO+Hy Sin0+Hy coS(a—0)],

wyn=7YMo. (50

05} . ’
<" H =0
____________ s \ b The impedance tensor is determined via the permeability pa-
L0 H /H_ =04(b) rametersu; (low-frequency cageor the parameteg (high-
b' K :
13 0 03 0.0 03 Lo frequency case all of them determined by the apparent sus-
o o H JH ‘ ‘ ceptibility y in Eq. (19). Substituting Eq(50) into Eq. (19)
ex K gives

FIG. 3. Magnetization curvedly,(Hc,) for different magni-
tudes of the dc bias field, . The cases related to a circumferential
(@=90°) and helical §=50°) anisotropy are shown i@ and(b),

respectively.

oy(wy—j Ta))+477w§,|

X= (wl—jTw)(w2+47TwM—ij)—w2' (5D

Equation(51) shows that the resonance changeyinan be

expected at rather high frequenciéise resonance frequency

processes may not be essential for the reversd @f since  is roughly equal toyyHg4mMy/2m~500 MHz for Hy

the magnetization vector during its rotation is held parallel to=5 Oe, 4rM;=6000 G. Then, the Ml effects at frequencies
the surface without going through high-energy demagnetiza®f 1-100 MHz are not related to the ferromagnetic reso-
tion states. In the case of a circumferential anisotrfiig. ~ nance. This statement is important since in a number of re-
3(a)], a dc bias currentinducingH, larger than the coerciv- Cent work$*36 MI characteristics are explained exclusively -
ity) eliminates the domain structure without changing the?S & consequence of the resonance behavior of the permeabil-

magnetic symmetry. The case of a helical anisotropy is mordy: Yet. @ high sensitivity ofy with respect tHe, is needed
complicated. The dc bias causes the transition from a synf© OPtain large impedance changes. This can be realized by
hanging the direction d¥1, under the effect of the field. As

metric hysteresis curve to an asymmetric anhysteretic on bllows from Fig. 3, the magnetization angle changes for
which happens afl /Hy =cosa [see Fig. &)]. Therefore, fields of the order of the anisotropy fieldl, , which is also

in this case a much larger bias field is needed to realize fhe region of the major change in the permeability and the

single-domain state. impedance. For higher fieldg, changes little, resulting in

The permeability tensok =1+ 4 is found from a lin- inspensitive impeda?lce behaaor. Thgerefore, the overgll rea-
earized Landau-Lifshitz equation fon=xh written in the g4 for the MI effects is the redistribution of the high-
coordinate systemr(¢’,z") with the axisz’ parallel toMo.  frequency current density when the static magnetic structure
is changed.

Having specified the static magnetic configuration and the
ac permeability tensor, we can proceed with the impedance
analysis, using Eq44)—(46) for the low-frequency case or
Eqg. (31) and(35) for the opposite limit. Since both the ap-
proximations involve as an actual expansion parameter a cer-
tain magnetic skin depth, the choice between them depends
not only on the value of frequency, but also on the value of
H, for determining the permeability parameters. Figure 4
shows the components of the impedance tensor as functions

—jom+(Qy—jre)(MXn,)+ yM[(Nm)Xxn,]

=7yYMo(hXn,), (48)

wherewy= y(dU/dMg),/ , yis the gyromagnetic constant,

is the spin-relaxation parameter, aNdis the tensor of the
effective anisotropy factors in the (@',z') system,
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o= 900

06 i [|2a=120 pm| .~
low freq. | el

-
-

[ approx. \_{ " high freq. approx.

00F == (b)
000 008 016 024 032
ald

FIG. 4. Frequency spectra of the components of teAsmalcu-
lated using the low- and high-frequency approximations dor
=90° in (a) and @=60° in (b). Hg,= 0.2, H,=0. Parameters
used: Hc=5 Oe, =10 sec!, My=500 G, 7=0.2, y=2
x 10" rad/s Oe.

of the expansion parameter/S (or as functions of fre-
qguency for H,,=0.25H and two anisotropies: circumferen-
tial («=90°) and helical &=60°). For these parameters,
the values of the permeability are fairly large and the transi-
tion from the low-frequency case to the high-frequency one
occurs al/5=0.04-0.08. Fok,, ,s,, components, the two
asymptotes have an intersection regi@r even for a
=90°, s,, monotonically transits to the high-frequency
casg; for s,, there is a certain gap, actually rather small, but
a sort of interpolation is needed. Considering the field depen-
dencies of the impedance tensor, a practical rule to replace a
low-frequency asymptote by the high-frequency one may be
the condition that the second term in expansitf$—(46)
has grown up to 10% of the first one.

The field characteristics of the impedance tensor are de-
termined by the combined effect g{H.,) andé(H,,), and
are presented in Figs. 5-8 for the two types of anisotropy.
The case of the circumferential anisotropy= 90°) is given
in Fig. 5. For this caseH,, is a hard-axis field, then both
Moz(He) and x(Hg do not exhibit a hysteresis. The posi-
tions of maximums fok,,, s, ands,, (=s,,) are closely

related to those for cd9, sir? 6, and sin @, namely,|H,J

25
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|x10-3

N 1.0

e

0.5

0.0
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0.5

[SRESUE
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g, Ix10°

0.0

1.0

0.5

0.0

3
¢,,x10
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(d)

FIG. 5. Field characteristics of the components of tegsfar a
circumferential anisotropy. Ita)—(c) plots of magnitude of,,,

=Hy, 0, andH/2, respectively. With increasing frequency, Se¢» 8Ndsz, VS He,, respectively, are given fdi,/Hc=0 and 1.
the peaks fok,, ands,,, shift towards higher fields that are I (d). real and imaginary parts af,, vs Hey are plotted forH,,
related to the permeability spectra. The application of the=0- 22a=120 um, =20 MHz.
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FIG. 7. Modification of the circumferential impedaneg, vs

FIG. 6. Madification of the longitudinal impedaneg, vs Hey H,, under the effect of the dc bias<tHp /Hy=<1. a=50°
ex =Jd. - .

under the effect of the dc biasstH,/Hy=<1. «=50°.

Fig. 8. Similar results have been obtained for the case of Ml
circular biasHy, makes the peaks smaller and broader, buin crossed-anisotropy multilayef&3’

does not lead to a characteristically different behavior. The
diagonal components,, ands,,, are symmetrical with re-
spect toH.,, whereas the off-diagonal componerts, or
s, are antisymmetrical, which is demonstrated in Fifd)5
by plotting the real and imaginary parts ©f,, . An important next step is to compare the theoretical im-
The case of a helical anisotropyr£50°) is more com- pedance characteristics with those obtained experimentally.
plicated involving hysteresis and considerable modificationdhe experimental research on magnetoimpedance in amor-
under the effect oH,. Analyzing the behavior of,, vs  phous wire, although rather wide, is mainly restricted to
Hex, Shown in Fig. 6, we see that as the field decreases frormeasurements of the voltage across the wire, which corre-
positive values,, exhibits a broad flat peak that occurs be-sponds to measuring,,. A number of results reported by
tween 0 andH, , depending on the anisotropy angleUpon  different groups o, (H,,) seem to be in conflict. The field
reversing the field direction, the impedance rapidly dropscharacteristics for the same frequencies, obtained for similar
down to its original low value, exhibiting the highest sensi- wire samples, can exhibit completely different behavior. This
tivity. With further increase inHg,, it jumps back to the is a consequence of different ac excitations used, resulting in
level seen for positive fields that is associated with irreversdifferent magnetization mechanisms involved in each case.
ible rotational flip inM,. With increasing dc biasl,, con-  For example, in the case of a circular or a helical domain
siderable asymmetry appears in the impedance plots. Furthfructure, the ac current may cause irreversible domain
increase inH,, results in a sudden shift of the hysteresis tomovement if its amplitude is larger than that corresponding
negative fields with a simultaneous shrinkage of the hysterto the circular coercivity. Such irreversible domain processes
esis area, an#,>H cosa results in the disappearance of take place even at frequencies of a few megahertz. This pro-
the hysteresis. Fdd,, slightly larger tharH cosa, the field ~ Ce€ss will mainly determine the field behavior of the imped-
sensitivity of the impedance change is especially high: foances;(He,) has a maximum ati.,=0 and decreases rap-
negative fields the nominal change can be more than 100%lly with increasing the fiel§=® This is due to the
whenH,, is changed by only OHy . The other components corresponding behavior of the differential domain permeabil-
of the impedance tensor show characteristically similar beity under the effect of a hard-axis field. If the current ampli-
havior under the effect dfl,,, as demonstrated in Fig. 7 and tude is small and irreversible domain displacements are not

VII. EXPERIMENTAL RESULTS AND COMPARISON
WITH THE THEORY
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ous helical anisotropy due to a residual stress
distribution041

- H /H =04
L b K

1.0F
A. Experimental method

The surface impedance tensdris found via measuring
the S,; parameter by a Hewlett-Packar@195A) two-
channel Network/Spectrum that is represented by the ratio of
the forward transmission signal; to the excitation signal
Vs. The frequency of the ac source is fixed, and the voltage
of the dc source is used as a sweep parameter. The signal
from the dc source is amplified with the dc power amplifier
that supplies power to the coil, inducing the external field
Hx. The longitudinal diagonal componesy, is determined
by the usual way, measuring the wire voltagg when it is
excited by the ac wire currefiig. 2(a) with hg,=0]. In this
case, in EQ.(8) he=0, with the result thatS,=V,,/Vg
=s,4Hed(h,L/Vg). The circumferential diagonal compo-
nents,, corresponds to the voltagé; in the secondary coil
mounted on the wire that is excited by the ac axial magnetic
field induced in the primary cofFig. 2(b) with i=0]. In this
case,

-3
g, 1% 10

3
1, Ix10

Ve=jwnLhem(as—a?)/c—2manlhes,,. (52

Here a, is the radius of the secondary coil and is the
number of its turns per unit length. In EG2), the first term
represents the contribution from the flux between the wire
and the secondary cdithe flux through the air gapand the

FIG. 8. Modification of the off-diagonal impedaneg, vs He, secor]d term correspgnds to -the COi! Yoltage defin.ed by Eq.
under the effect of the dc biasstH,, /H<1. @=50°. (9) with h,,=0. For wires having sufficiently large diameter
(a few tens of micronsit is quite possible to wind the sec-

) o ) . ondary coil directly on the wire. In this case, the flux through
possible, the longitudinal impedance has two symmetricajhe ajr gap is nearly zero and there is not a large disturbance
maxm;t;g;s atHefoK, in agreement with that ;hown N constant signal. The off-diagonal componenis and s,

Fig. 5°"*"Regarding the other components of the impedanc@an pe determined by measuring the coil voltagewhen
tensor there are just few experimental works on field characthe wire is excited by the ac current, or by measuring the
teristics of s,, and s, for a wire with circumferential wire voltageV,, in the presence of the ac axial magnetic
anisotropy>2:3° field. The latter is used heféig. 2@ with i=0]. In this

For the sake of accurate quantitative comparison, we havease, in Eq.(8) h,=0 with the result thatS,;=V,,/Vs
carried out measurements of the full surface impedance ter —Szo(He (Nel/ V).
sor as a function oH,,, at conditions corresponding as  The coil length in all the experiments is about 3 mm and
closely as possible to the theoretical model. Care has bedRe wire length is about 6 mm. The secondary coil is
taken to realize a linear ac excitati¢the amplitudes of ac mounted directly on the wirea,=a. The primary coil is
currents, magnetization, and fields are considerably smalldpounted on a glass tube with a diameter of 1 mm. The num-
than such dc parameters as the coercivity, anisotropy, and @€r Of tumns in both coils is 30. The amplitudes of the ac
magnetization Another model restriction is considering a €xcitation currentin the wire or in the coil are chosen to be
single-domain state. In the experiment, the domain structurleSS then 1 mA; then, the nonlinear ac magnetization pro-

can be eliminated by a dc current, however, in the case of gesses, like irreversible domain displacements, are not pos-

helical anisotropy, the field produced by this current has t Sible. The experimental studies are made with the effect of

be larger than the anisotropy fielgot coercivity. In the Yhe dc current that effectively governs the static magnetic

) R tructure, as discussed.
cases where domain structure is inevitable, the effect o?

domain-wall dynamics on impedance behavior is less at
higher frequencies due to damped wall motion.

Two kinds of wires have been used: an as-cast 220- First we consider the impedance characteristics in a wire
diameter CoFeSiB wire having a nearly zero magnetostricwith a circumferential anisotropy=90° and a circular do-
tive constant and a circumferential anisotrgayleast in the  main structure in the outer region. Some of these results have
outer region, and a tension-annealed 30n diameter CoSiB  been reported in Ref. 38. The experimental field dependen-
wire (magnetostrictionh =—3x10 ®) having a spontane- cies for thes,, component and the comparison with the

B. Circumferential anisotropy
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> 0F ™ '
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5, L .
> v _=10mv b
4l S 021 b
2a=120um experiment !
-6 Hf =20 MHz (a) V0] S— theory (@=90°,H =50e) (a)
-50 -40 -30 -20 -10 O 10 20 30 40 50 50 _2.5 6 2|5 SIO
H (Oe) H_ (Oe)
ex €X
1.0 1.0
2a=120pum{| e theory (a=900,HK=5oe)
0.8F f=20 MHz 0.8 experiment
I =0
0.6 b 0.6
s 04r o 04r .
- | '.‘ P o 2a=120pm|
02r , ' £ =100 MHz
experiment
Y] — theory (¢ =909, H =50e) (b) oor  |I, =100mA (b)
20 0 20 w0 S50 25 0 50
H_ (Oe) H, ©e)
2a =120 FIG. 10. Theoretical and experimental plots|ef, vs He, (in
0.6F as= Hm values of|V,,/V|) for a frequency of 100 MHz fol,=0 in (a) and
f=20MHz I,=100 mA in ().
I =100 mA _ i .
04l b mined by the rotational processes only. Howeverl ifis
—. further increased the value of the impedance at the maxi-
s mums becomes considerably smaller and the sensitivity
— o2t drops, resulting from an increase in magnetic hardness by
Wi Ip. Figs. 9b) and 9c) give the comparison of the experi-
experiment  \/ mental and theoretical results. The two curves are matched at
00k theory (00 =900, H =30e) (o) positive(or negative saturation, therefore the theoretical val-

ues are given irs,4 units. Forl,=0, the main discrepancy
between the theory and experiment is for fieldls smaller
than the anisotropy fielti , which is due to the contribu-
tion of the domain-wall dynamicéwhich is essential even
s,AHey for different values ol,, and comparison with the theory. for a frgquency of 20 MH);tO the,tOtaI perm?ab'“ty' _The

In (a), real and imaginary parts of the voltage ratig/Vs (propor- theoretical model considering a single-domain state ignores

tional t0s,,) are given. In(b) and (c) the impedance magnitude the domain dynamics completely. Applying a sufficiently
|s,4 VS Hey (in values of| V,,/V{|) is compared with the theoretical large current ;=100 mA eliminates domains, and the theo-

dependence for a frequency of 20 MHz. retical curve becomes closer to the experimental one. Figure
10 presents the longitudinal impedance for a higher fre-
model calculations are shown in Fig. 9. The normalized im-quency of 100 MHz, showing a much better agreement be-
pedance corresponds to the ratip/Vs. The real and imagi- tween the experiment and theory, since the domain walls are
nary parts of this ratio are given in Fig(&9, showing two  stronger damped and give considerably smaller contribution
symmetrical peaks &t ., nearly equal to the anisotropy field to the total permeability.
Hx~5 Oe (the value of the anisotropy field has been Figure 11 is related to the analysis of the circumferential
checked by measuring the dc magnetization Ipoff¢hen  diagonal impedance,,,. Figure 11a) presents the normal-
the dc bias is applied, the impedance value at zero field bezed voltageV./Vg in the secondary coil mounted directly
comes considerably smaller. The dc current eliminates then the wire that is excited by the ac axial magnetic field
domain structure, resulting in a decrease in the overall perinduced in the primary coil. This ratio is proportionaldg, ,
meability. For not very high,,, the values of the impedance which has a maximum at zero field, and it decreases rapidly
at the maximums are almost constant since they are detenear the anisotropy fieltc~5 Oe, whereas there is an in-

-60 -40 -20 40 60

1 % o002
o 00

FIG. 9. Experimental plots of the longitudinal impedance
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In (), real and imaginary parts of the voltage ra#g/Vg (propor-

tional to s,,) are given. In(b) and (c) the impedance magnitude
s ool VSHex (in values off V. /Vy|) is compared with the theoretical
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sensitive wide region betweehHy that is more pronounced
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) ) o FIG. 12. Experimental plots of the off-diagonal impedance
FIG. 11. Experimental plots of the circumferential |mpedance§w(|_|ex) for different values of , . The result is presented in terms

of the voltage ratio/,, /Vs (proportional tos ) : real and imaginary
parts in(a), and the magnitude ib). In (c), the impedance mag-
nitude |s,,| vs Hey (in values of|V,,/V{|) is compared with the
theoretical plots for a frequency of 20 MHz ahg= 100 mA.

does not have this flat portion, as shown in Fig(l1The

for 1,=0. It seems that this insensitive area is determined bypplication of a relatively small currer,=5.57 mA in-
the demagnetizing factor since the sample has a rather smalleases the sensitivity of the impedance characteristics that

length (6 mm) in comparison to the diametdd20 wm).

may be due to a better defined circumferential magnetization

However, we could not see this behavior, considering thénduced by this current whefis equal almost exactly to 90°

field plots ofs,,. More probably, it is related to the com-
bined effect of the rotational permeabilityhich has a maxi-
mum at zero field and is decreasing with the fiedahd the
domain-wall permeability\which has a minimum at zero
field and is increasing with the fieldThe theoretical curve

144424-14

without the anisotropy dispersion. The insensitive region be-
comes smaller under the effect of a larggras the domain
contribution is less essential, and this case is in good agree-
ment with the theoretical plot as demonstrated in Figcjl1
Figure 12 is related to the off-diagonal component
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FIG. 13. Asymmetrical voltage response in the presence of the ex
ac bias fieldl,=100 mA. Theory and experiment. 1ob~ theory (o = 600, HK — 8 Oe)

experiment

Sz, (=5,7). Figures 12a) and 12b) show the normalized 09f .t 2a=30pum
voltageV,,/Vs measured across the wire ends when the wire ’ £ = 20 MHz
is excited by the external coil producing the longitudinal ac~ — ¢l '

magnetic field. Without the dc currehj this characteristic is UF Ib =350 mA

very small (it would be zero for an ideal circular domain y
structure since the averaged value &gosé is zerg but it 07F i
increases substantially when the current is enough to elimi- 1
nate circular domaingcompare the characteristics witl

=0 andl,=100 mA). Therefore, in the case of a circumfer- 8 6 4 =2
ential anisotropy and a circular domain structure, the pres-

ence ofl, is the necessary condition for the existence of the

off-diagonal components of the impedance tensor. The off- FIG. 14. Theoretical and experimental plots|ef, vs He, (in
diagonal component is antisymmetrical with respect to thevalues of|V,,/Vg) for a helical anisotropy 4=60°) for a fre-
field Hq,, which is demonstrated in Fig. (& by presenting quency of 20 MHzl,=0 in (&) andl,=50 mA in (b).

both the real and imaginary parts. Such behavior is an agree-
ment with the theorfcompare with Fig. &l)]. A consider-
able increase irly, results in a decrease in sensitivityee
Fig. 12b), ,=500 mA). In this case, the two opposite e

C. Helical anisotropy

The case of helical anisotropy presents considerable inter-

7. est since the effect of the dc current results in a completely

: ; : o different appearance of the field plots of the impedance. A
fects of I, are especially noticeabléi) the transition to a . . . .

b P y &) CoSiB amorphous wire has been studied, which has a rela-

single-domain structuréhat increases,,, and its field sen- - . . L 1:
sitivity), and(ii) the increase in the magnetic hardness in thetlvely large anisotropy field of 8 Oe. As itis knodtfit has

. L v a spontaneous helical anisotropy with the averaged angle of
circulardirection (that (_jecreases the §enS|t|v|tyF|gure aboput 60° that can be revealedp)k/Jy measuring th% dc m%gne-
12(c) shows the comparison of the experimental dependencﬁzzatiOn loops in the presence of the dc curfnEigure 14

with the calculated one d,=100 mA. The experimental ,esents the results for the longitudinal impedasge In
plot exhibits a considerably faster decrease that may be rgpis case the impedance exhibit a hysteresis. In Ref. 14,
lated to some structural changes at the surface due to demagmere the impedance of a wire with a twist-induced helical
netizing effects, since this component is very sensitive to th@nisotropy has been investigated, the hysteretic behavior was
domain formation. not seen. In this case, the impedance field behavior is related
Let us now suppose that a mixed excitation is Uggid.  to domain-wall permeability averaged over the ac magneti-
2(a)] when the wire is excited by both the ac current and thezation cycle due to irreversible helical-wall movement. The
ac field h, that is produced by the primary coil connected indication of irreversible nonlinear processes involved is a
serially to the wire. The voltage measured across the wire isonsiderable deviation from a sine-wave form of the mea-
determined by Eq(8) with hg,=4mnLi/c. In this case, the sured voltage. The amplitude of the ac current exciting the
voltage V,, involves boths,, and s,, components of the wire used in Ref. 14 is 15 mA, which is sufficient to induce
impedance tensor, combining symmetric and antisymmetriareversible displacements of domain walls. In our experi-
terms with respect tbl,. As a result, the voltage exhibits an ment, such processes are not possible sigeel mA. For
asymmetric behavior, even if the dc magnetic configuratior,= 0, the experimental plot shows two sharp peaks at a very
does not have asymmetry, as shown in Fig. 13. In this casemall field corresponding to the coercitivity field of the dc
comparison with the theoretical result is more complicatedmagnetization process. The domain walls exist in this narrow
The coil gives an additional source of emf that may cause théeld region and their linear dynamics give a main contribu-
amplitude of the ac current to change during the experimention to the overall dynamic process. For fields larger than the
as well??% coercivity when the domain structure disappears, the imped-

144424-15
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FIG. 16. Theoretical and experimental plots|of,| vs He, (in
values of|V,,/Vg|) for a helical anisotropy ¢=60°) for a fre-
guency of 20 MHzl,=0 in (a) andl,=83.34 mA in(b).

FIG. 15. Theoretical and experimental plots|of,,| vs He, (in
values of|V./Vg) for a helical anisotropy ¢=60°) for a fre-
quency of 30 MHzl,=0 in (a) andl,=100 mA in(b).

o ) o with a helical (circumferential anisotropy. Regarding con-
ance behavior is determined by the ac magnetization rotgseptyal aspects of the M effect, it has been demonstrated
tion. For these higher fields, there is a good agreement bgnat 4 high sensitivity to the external field is caused by the
tween the theory and the experiment. The theoretical jJumpgependence of the current-density distribution on the static
related to the irreversible rotational changeNty are not  magnetic structure. Therefore, the characteristic field of the
seen since in the experimental plot the dc magnetization r&najor impedance change is the anisotropy field, and the MI
versal is due to the domain processes. The effect of the d§pectra are very broaérom a few to hundreds of megahertz
current results in a gradual transition to nonhysteretic asymgq, 5 30.um diameter Co-based amorphous windodifying
metrical behavior, shown in Fig. 1. The theoretical plot  he static magnetic structure, various types of the Ml charac-
is in reasonable agreement with the experimental one. Cefgyistics can be obtained: symmetrical or asymmetrical with
tain discrepancies may be related to anisotropy dispersioRespect toH,,, and without a hysteresis or exhibiting a hys-
which is quite considerable in CoSiB amorphous wire. teresis including a bistable type. An interesting example is

Figures 15 and 16 present the field characteristios,@f  the change in MI characteristics in wires with a helical mag-
ands,, components that change with the dc bias current in getjc anisotropy under the effect of the dc current. Consider-
characteristically similar manner. Note tha¢ @ vSHe, plot  jng the tensor nature of the impedance, the use of the off-
is very sensitive to the anisotropy angle. The theoreticabiagonm components results in asymmetrical Ml in the
curves describe two experimental maximums very well forpresence of the ac bias, which is especially important for
a=60°. This value of the anisotropy angle agrees with thajjnear magnetic sensing.
found from the shift in the dc magnetization lodps. The theory is based on the asymptotic-series expansion of

We can conclude that the theoretical model based on thg,e Maxwell equations. As far as the electrodynamic prob-
single-domain magnetic structure agrees well with numerougms (such as the impedance analysise concerned, this
experimental data as far as the ac rotational magnetizatiomethod has been used here. It yields the analytical solution
processes are responsible for the impedance change. for the impedance tensor that is valid in the entire frequency
and magnetic field rangd MHz-1 GH32 of practical inter-
est. The method has no restriction to a specific geometry. It
can be expanded to consider practically important cases of

The surface impedance tensor approach has been usedtigo-dimensional magnetic/metallic multilayers. The major
study various types of MI characteristics in amorphous wiresimitation of the theory is considering a uniform magnetiza-

VIll. CONCLUSION

144424-16
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tion ignoring completely a radial distribution of permeability other restriction is ignoring exchange effects. This is accu-
and the domain structure. Considering M effects, the variarate if the exchange length is smaller than the skin depth,
tion in permeability may not be important since the surfacevhich is typically valid for frequencies under gigahertz

magnetization gives the predominant contribution. Regard"@"9¢-

ing domain-wall dynamics, they can be taken into account b The theoretical model has been tested comparing the re-
9 y » (Ney %ults with the experimental data. In the case of helical anisot-

modifying the permeability tensor on the basis of an effecyqpy the surface impedance tensor has been measured here.
tive medium approximation for small field perturbations The theory agrees well with numerical experimental data as
(Refs. 5 and 4R By this, the eddy currents due to the local far as the ac rotational magnetization processes are respon-
wall displacements are averaged on the domain scale. Arsible for the impedance change.
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