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Magnetoimpedance of metallic ferromagnetic wires

D.-X. Chen, J. L. Muñoz, A. Hernando, and M. Va´zquez
Instituto de Magnetismo Aplicado, RENFE-UCM and Instituto de Ciencia de Materiales, CSIC, P.O. Box 155,

28230 Las Rozas, Madrid, Spain
~Received 30 June 1997; revised manuscript received 30 September 1997!

The ac impedanceZ5R1 j vL of a metallic soft magnetic wire with periodic circular domains relevant to
domain-wall displacements is calculated and compared with the classical model relevant to domain magneti-
zation rotations~DMR!. It is shown that the magnetoimpedance~MI ! defined as the relative change ofuZu with
a longitudinal dc fieldHdc at a fixed high frequency will have large values when the circular magnetization
process is dominated by DMR. The single and double-peakuZu vs Hdc behaviors are explained and some
experiments for studying MI of amorphous wires are proposed based on the model results.
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I. INTRODUCTION

After the discovery of giant magnetoresistance~GMR! in
some materials,1,2 the study of soft magnetic wires, tape
and films showing an even larger magnetoimpedance~MI !
has become a topic of interest owing to their possible ap
cations as tiny field sensors.3–12 When an ac current is ap
plied to such a material, the impedanceZ5R1 j vL across it
will change sensitively with changing the longitudinal bia
ing field. Since the frequency of the ac current is usua
high, the biasing field can also change with time rath
quickly, so that the tiny field sensor also will have a qui
response.

It has been shown experimentally that a large MI oft
occurs at frequencies as high as several MHz. With chang
the dc biasing fieldHdc, the maximumuZu can be as large a
a few times ofRdc for amorphous wires,Rdc being the dc
resistance. The maximumuZu can occur atHdc50 or 6H8,
H8 being a nonzero constant, depending on the material
heat treatment. The major part of theuZu change occurs in an
uHdcu range of the order of the anisotropy field.

There have been different opinions on the origin of suc
MI or similar effect in soft magnetic materials. Since GM
was usually attributed to the differential scattering of co
ducting electrons whose spins make particular angles w
the local magnetization of different scattering centers, so
researchers thought that, like GMR, this effect also resu
from the electron scattering by ac current-induced doma
wall oscillations.8,13 We have presented our different view
Refs. 14 and 7 that such an effect is the consequence o
modification of circular susceptibility by changing longitud
nal field and frequency. Thus, the phenomena shoud be
to be studied in detail from the basic equations in electro
namics.

This kind of study has been a century-long term topic
metallic materials. It has resulted in different eddy-curre
models for longitudinal ac permeability of metall
samples.15–19Such models first assumed a constant scala
permeability throughout the sample, which are referred to
the classical models, and then considered certain dom
structures with a technical magnetization process of dom
wall displacements~DWD! or domain magnetization rota
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tions~DMR!. In the case of ac impedance, well-known qua
titative models are still classical without considering doma
structures.19–21 Therefore, some current explanations of M
have to be made based on classical results with some a
tional modifications to include concepts of DWD, DMR, fe
romagnetic resonance, and magnetic relaxation.3,4,6,9

In the present work, we will develop a domain model f
the ac impedance of wires and give its rigorous soluti
Together with the classical model, this model provides a t
oretical framework within which the MI phenomena me
tioned above can be better explained and some other be
iors predicted. The results of the classical model
reviewed in Sec. II before the description of the doma
model in Sec. III. Based on both models, some MI pheno
ena are explained or predicted and some experiments
proposed in Sec. IV. Our conclusions are stated in Sec.

II. CLASSICAL MODEL

For the transport case of a straight wire of radiusa and
constant conductivitys and scalar dc permeabilitymdc, the
classical model gives the ratio of the ac impedanceZ to the
dc resistanceRdc as20

Z

Rdc
5

R1 jX

Rdc
5

ka

2

J0~ka!

J1~ka!
, ~1!

whereJi is the i th-order Bessel function and

k5A22 j /ds5A2 j u/a, ~2!

ds being the classical skin depth

ds5A2/smdcv5&a/u, ~3!

andu being a parameter introduced for convenience:

u5aAsmdcv. ~4!

The low-u2 limit of Eq. ~1! is

X/Rdc5u2/8, ~5!

R/Rdc215u4/192. ~6!
10 699 © 1998 The American Physical Society



ut
-
d

th

it

c
ea
te

th

u

hm

s
of
ion

s of
oks

-
ary

ry

of

10 700 57CHEN, MUÑOZ, HERNANDO, AND VÁZQUEZ
The high-u2 limit of Eq. ~1! is

R/Rdc5X/Rdc5u/2&5a/2ds . ~7!

III. A DOMAIN MODEL AND ITS SOLUTION

We assume a long straight wire of radiusa and conduc-
tivity s to be placed along thez axis. Having a circular easy
direction, the magnetizationM s of every domain of width 2c
is directed alternatively in the azimuth6f directions, with
planar disklike walls located atz56(2n11)c, n50,1,2,....
A transport currentIej vt is applied in thez direction, which
corresponds to a surface fieldH0ej vt along thef direction
with H05I /2pa. The technical magnetization is carried o
by DWD, with the contribution of the local differential per
meability m0 inside the domains being neglected, as tra
tionally done in DWD models.15,16The local DWD along the
z axis are assumed to be proportional to the local fields at
wall in accordance with the averaged dc permeability22

mdc52m0
2Ms

2/cq, ~8!

where q is the restoring pinning-force coefficient per un
wall area.

The total impedance is divided into two parts; the indu
tive external part is due to the flux outside the wire, wher
the internal one is contributed within the wire. To calcula
the internal impedance along thez direction for such a peri-
odic structure, we need to calculate for one domain in
region of2c<z<c ~Fig. 1! the only nonzeroz component
of the electrical fieldE(r 5a,z)ej vt and average it over the
side surface, and then to calculate the energy entry thro
this surface as will be described below.20

Inside the domain, the Maxwell equations and the O
law lead to the Laplacian equation23

S ]2

]r 2 1
1

r

]

]r
2

1

r 2 1
]2

]z2DH~r ,z!50 ~9!

in cylindrical coordinates for the only nonzerof component
of magnetic field. On the boundaries, they lead to

H~r ,z!50 ~r 50!, H~r ,z!5H0 ~r 5a!, ~10!

]H~r ,z!/]z5k2cH~r ,z! ~z56c!, ~11!

wherek is defined by Eqs.~2!–~4!.

FIG. 1. A circular domain in the domain model.
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The solution to Eq.~9! under the boundary condition
~10! and ~11! can be obtained by using the technique
separation of variables as follows. Since boundary condit
~10! is inhomogeneous, we write

H~r ,z!5H1~r !1H2~r ,z!, ~12!

where H1(r ) satisfies Eq.~10! after changingH(r ,z) into
H1(r ,z), so that ther -boundary condition ofH2(r ,z) be-
comes homogeneous, i.e.,H2(r ,z)50 at r 50 anda. Sub-
stituting Eq.~12! in Eq. ~9!, we see that the equation

H1~r !5H0r /a ~13!

is the solution ofH1(r ) satisfying itsr -boundary condition.
SinceH2(r ,z) has a homogeneousr -boundary condition, its
solution can be obtained applying the ordinary procedure
separation of variables, which can be found in many bo
on mathematics. Writing its particular solution as

H2~r ,z!5R~r !Z~z!, ~14!

we have, from Eqs.~9! and ~12!–~14!,

R9

R
1

1

r

R8

R
2

1

r 2 52
Z9

Z
. ~15!

Since its both sides are functions ofr and z, respectively,
they must be the same constant independent ofr and z.
Writing this constant asl/a for convenience, Eq.~15! is
separated into

d2R

d~lr /a!2 1
1

lr /a

dR

d~lr /a!
1F12

1

~lr /a!2GR50 ~16!

and

Z92~l/a!2Z50. ~17!

It is easy to see that Eq.~16! is the first-order Bessel equa
tion, and its eigensolution for the homogeneous bound
condition mentioned above is

Rn~r !5J1~lnr /a!, ~18!

whereJi is the i th-order Bessel function andln is the non-
zero value of the argument ofJ1 at the nth zero point,
namely,J1(ln)50.

Replacingl in Eq. ~17! by ln , its general solution be-
comes

Z~z!5An cosh~lnz/a!, ~19!

where the coefficientAn should be determined by bounda
condition ~11!. Since J1(lnr /a), n51,2, . . . , form an or-
thogonal complete function system, the general solution
H2(r ,z) turns out to be

H2~r ,z!5 (
n51

`

An cosh~lnz/a!J1~lnr /a!, ~20!

and Eq.~13! can be expanded as

H1~r !52H0(
n51

`

J1~lnr /a!/J2~ln!. ~21!
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Thus,

H~r ,z!

H0
5

r

a
1 (

n51

`

An cosh
lnz

a
J1S lnr

a D
5 (

n51

` F 2

J2~ln!
1An cosh

lnz

a
J1S lnr

a D G . ~22!

Substituting Eq.~22! in Eq. ~11!, we obtain

An5
2k2ac

lnJ2~ln! Fln sinh
lnc

a
2k2ac cosh

lnc

a G21

.

~23!

From the Ampere law and the Ohm law, the only nonze
z component of the electrical field,E(r ,z)ej vt, on the side
surface is calculated as

as

H0
E~r 5a,z!522 (

n51

`

AnlnJ2~ln!cosh~lnz/a!. ~24!

The internal impedance of the domain should be deri
from the energetical definitions of resistance a
inductance.20 For this, we calculate the energy entering t
domain per second through the side surfa
P52paH0*2c

c E(r 5a,z)dz, and write

Z5R1 jX5P/I 2. ~25!

Thus, it turns out that

R

Rdc
511

u4c

a (
n51

`
1

ln
Fln

2 tanh
lnc

a
1

u4c2

a2 coth
lnc

a G21

,

~26!

X

Rdc
5u2(

n51

` Fln
21

u4c2

a2 coth2
lnc

a G21

. ~27!

R/Rdc21, X/Rdc, anduZu/Rdc as functions ofu2 are com-
puted using Eqs.~26! and~27! for c/a50.01, 0.1, 1, 10, and
100. The results are plotted in Fig. 2. We note that the c
vergence of the sums in Eqs.~26! and~27! is very slow, and
we have taken the number of terms up to 107 to get satisfac-
tory results.

Since whenc/a!1 the domain walls are very dense
placed in the wire, the results forc/a50.01 shown in Fig. 2
coincide well with those of the classical model. Thus, t
low-c/a limit of the domain model can also be called th
classical limit.

We see from Fig. 2~b! that at lowu2, theX/Rdc curves for
all values ofc/a collapse into one, which is also the low-u2

limit of the classical model expressed by Eq.~5!. As seen in
Fig. 2~a!, the low-u2 behavior ofR/Rdc evolves from the
classical limit as

R/Rdc215hu4/192, ~28!

whereh is the anomaly factor for eddy-current loss, whi
equals 1 atc!a, but approaches

h54.37c/a ~29!

if c/a.1.
o

d

,

-

At high u2, we haveX/Rdc5a/2c and R/Rdc increases
steadily with increasingu2, being;a/2c at u25100. As a
result, theuZu/Rdc change with increasingu2 shown in Fig.
2~c! has the following features: It increases from 1 for
cases. An appreciable change occurs whenu2.1 and
a/c,10. The maximum change increases with decreas
c/a up to the maximum one, which is}u and occurs at
c/a50.01 or the classical limit.

IV. MAGNETOIMPEDANCE

A. Direct prediction of the domain model

MI is defined from the change inZ at a givenv resulting
from the change in a biasing dc fieldHdc. Therefore, it takes
place whenmdc, domain structure, and magnetization pr
cess change withHdc. Before considering how they chang
with Hdc, we give a direct prediction of our model on MI a
follows. A large MI occurs at highu2 and c/a<0.1. For

FIG. 2. R/Rdc21 ~a!, X/Rdc ~b!, anduZu/Rdc ~c! as functions of
u2 for c/a50.01, 0.1, 1, 10, and 100.
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c/a<0.01 or the classical limit, the maximumuZu change
can be more than 10 times whenu2 changes for 100 times. I
assuming such au2 change to be between 0.7 and 70
between 7 and 700, which corresponds to a change
mdc/m0 between 100 and 10 000, we calculate the requi
working frequency f 5v/2p from Eq. ~4!. Using
s50.8 MV21 m21 and 2a50.124 mm for a zero-
magnetostrictive amorphous wire,7 the result is
f 50.31 MHz or 3.1 MHz with a 4 or 10times ofuZu change.
Thus, the typical working frequency for a large MI should
;1 MH or greater, in consistency with the experimen
data.3–6,8

B. Domain structures of amorphous wires

We now comment on the domain model used in our c
culations. In the experiments of MI, most samples were
tained by rapid quenching. In rapidly quenched wires, diff
ent domain structures were observed for differe
materials.24–29 For iron based wires with a large positiv
saturation magnetostrictionls , the quenched-in stress distr
bution results in a longitudinal easy axis in the cylindric
core and somehow radial easy axes in the tubular shell. In
initial or remanent state, there are an inner cylindrical d
main with longitudinal magnetization and an outer regi
where magnetizations are basically radial with complica
closure domains. For cobalt based wires with modest ne
tive ls , the quenched-in stresses may make the surface
isotropy be circular and the inner anisotropy be perpend
lar, forming a domain structure consisting of circul
domains. For wires with nearly zerols , other induced
anisotropies may overcome the stress anisotropy, and the
main structure becomes not well defined.

Our domain model is made based on the observation
domain structures of cobalt based amorphous wires. H
ever, like the relevance of Pry-Bean’s and Polivanov’s b
domain models to the ac permeability of metallic so
magnetic tapes with complex domain structures,15–18 its
results should be generally valid for all wires whose surfa
circular technical magnetization is dominated by DW
Since a large MI requires a largemdc, the model should be
preferably used for wires with smallls .

In the domain model, the domain wall thickness is a
sumed to be zero. This is not realistic. The wall thickness
nearly zerols amorphous materials can be as large as a
micrometers.30 Thus, for a wire of 2a;0.1 mm, c/a50.01
corresponds to a case of domain width being smaller than
wall thickness. Being the classical limit, the results
c/a50.01 can be used for DMR if the static domain magn
tizationsM s’s are along the wire and there is only a circul
component ofM s rotations in small circular fields.

C. Single- and double-peak magnetoimpedance

In the following, we discuss two types of MI based on o
results. If intrinsic or induced anisotropies are very sm
(Ku'0), most domains should be large withM s’s along the
wire at Hdc50 owing to the shape anisotropy. In this cas
the circularmdc will result from DMR and be very large, so
that theuZu/Rdc at Hdc50 is very large at a not very highv
according to the results at the classical limit in Fig. 2. A
r
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nonzerouHdcu, the circularmdc/m0'Ms /Hdc owing to the
unidirectional magnetostatic anisotropy.31 Thus,u and souZu
decrease with increasinguHdcu as uHdcu21/2 according to Eq.
~4! and Fig. 2 at a sufficiently largev, showing a typical
single-peak MI.

The second type of MI occurs when there is a dominat
circular anisotropy with anisotropy fieldHk ~see Sec. IV E!.
The initial domain structure may be like the modeled one.
this case atHdc50, a circular ac field does not exert a torqu
on M s’s and themdc at Hdc50 controlled by DWD cannot be
very large, so thatu2 is quite small at a not very highv. The
increase ofuHdcu will increase the domain sizes and rota
M s’s away from the circular directions, so that DMR tak
place when ac current is applied. The DMRmdc increases
with increasinguHdcu to a maximum atuHdcu5Hk , whereM s
starts to be along the axial direction and the effective anis
ropy field uHdc2Hku becomes ideally 0. Upon further in
creasing uHdcu, we have the DMRmdc/m0'Ms /(uHdcu
2Hk).

31 Thus, at a sufficiently largev with increasing
uHdcu, uZu increases untiluHdcu5Hk and then decreases a
(uHdcu2Hk)

21/2, showing a double-peak MI.

D. Magnetoimpedance of amorphous wires

For amorphous wires with nearly-zerols , the small
anisotropies required by the single-peak MI can be reali
for materials whose crystallization temperatureTcry is higher
than the Curie temperatureTc for more than 100 K after
annealing betweenTc andTcry ~e.g., atTa5Tcry280 K! fol-
lowed by water quenching.32,33

If the wire has a longitudinal anisotropy of constantKu ,
which can be achieved by a longitudinal field annealing
the application of a large tension ifls.0, there will be es-
sentially a single longitudinal domain. In this case, the c
cular magnetization will be carried out by DMR and th
maximum uZu should occur at Hdc50, calculated by
mdc'm0Ms

2/2Ku . At v higher than that for the case o
Ku'0, uZu decreases withHdc as (uHdcu12Ku /m0Ms)

21/2,
showing also a single-peak MI.

For amorphous wires with nearly-zerols , the perpen-
dicular anisotropy required by the double-peak MI can
induced by current annealing belowTc or more efficiently,
tension annealing aboveTc .34–36If ls,0, the application of
a large tension also gives such an anisotropy.

In the double-peak case at lowv, there can be additiona
uZu peaks occurring atuHdcu,Hk .11 Such peaks should b
the consequence of DWD. A few domain wall jumps atHdc
close to the coercivity can result in a highmdc so that auZu
peak occurs.

A large MI requires a large maximumuZu for both cases.
Since a distribution of anisotropies will limit the reache
maximummdc, the most important condition for the samp
is the high uniformity in anisotropy. Thus, in order to in
crease MI, our main effort should be put on looking for
proper annealing condition to realize such a magnetic uni
mity.

E. Current amplitude dependence

In both the classical and domain models,mdc is assumed
to be constant. For ferromagnetic samples, this is valid



r

tiv
r

-

th

u

d

rg

-

o
ci
th

ing
at

the
rk.

s,
eter

the
of
-
s.
n-
. A

h-
re-

, it
can
eat-
e at
is

eful
ena
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small ac current so that circular dc magnetization is reve
ible. When the amplitude of the ac current,I max, is increased,
irreversible dc magnetization gives rise to a greater effec
mdc. Thus, a greater maximumuZu are expected at a greate
I max.

For double-peak MI, theuHdcu at which uZu takes maxi-
mum should decrease with increasingI max. In this case when
I max is small, theuZu-peakuHdcu results from the compensa
tion betweenHdc andHk . The anisotropy fieldHk is calcu-
lated from small angle magnetization rotation away from
easy direction. If the angle amplitude isam , such a compen-
sation can be estimated by comparison of average torq
exerted onM s from the anisotropy andHdc. Assuming the
anisotropy energyEk5Ku cos2 a, then the angular average
torque owing to it isTk52Ku(12cos 2am)/2am . The an-
gular averaged torque owing to the magnetostatic ene
Em5m0MsHdc(12cosa) is Tm5m0Hdc(12cosam)/am. At
the compensation, we haveTk1Tm50, so that the compen
sation field

Hdc,comp5
Ku

2m0Ms

12cos 2am

12cosam
. ~30!

From this equation, we see that if with increasingI max am
increases from 0 top/2, Hdc,comp will decrease from
Hk52Ku /m0Ms to Hk/2.

F. Magnetoimpedance at very high frequencies

In the above, the explanations of MI are made in terms
eddy-current models. Such models are vadid for frequen
below about 100 MHz, since the Polivanov model and
.
la

s.

a,
n

s.

e

v,
s-

e

e

es

y

f
es
e

classical model have been successfully used for explain
the ac permeability of many metallic soft-magnetic tapes
frequencies up to 30 MHz.37–39If a high frequency leads to a
skin-depth comparable with the exchange length, both
classical and the flexible-wall domain models do not wo
Actually, ferromagnetic resonance occurs atf ;1 GHz,
which becomes the main effect responsible for theZ
change.12

V. CONCLUSION

For understanding the MI in metallic soft-magnetic wire
we have calculated the ac impedance of a wire of diam
2a with periodic circular domains of width 2c. Together
with the classical model, whose results are identical to
low-c/a limit, the results are used for the contributions
domain-wall displacements~DWD! and domain magnetiza
tion rotations~DMR!. The main conclusions are as follow
For typical amorphous wires, a large MI occurs at freque
cies greater than MHz where skin effects are pronounced
large MI requires DMR to be the dominating circular tec
nical magnetization mechanism. DWD can give an app
ciable contribution to MI ifc/a is not very large. For the
single-peak MI, a large maximum impedance atHdc50 re-
quires uniform and small anisotropies; for double-peak MI
requires a uniform perpendicular anisotropy. These rules
serve as a guide for a proper choice of materials and h
treatments to realize large MI. The impedance decreas
high Hdc is caused by DMR on which the restoring torque
dominated by magnetostatic energy. Our work may be us
for experimentalists who have found many other phenom
on MI.
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