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Ak]stract-We  report results ogi the magneto-impedance
effecl  in FeT,3sCuTNb3Sgi3sBg naiiocrystaliine  glass-
coi,ered  wires, Co6s.isFea.3sSinsBis ainerphous  wires.  and

in such  wircs  after glass removal.  The results are

compared  with  thesc obtained  fbr cold  drawn tmd  then

lension annealed  Co6s,isFe4.3sSin.sBis tumorphous  wires,

Thc  magnete-impedance  rcsponse  of nEmocr},stalline ",ires

after glass removal  is larger than  that of  CoFcSiB
amorphous  wires  after glass removal,  being almost  equal

to that of  cold  draiN'n C'oFeSiB amorphous  wires.  The
r ¢ sults arc explained  in tenns  er  specific  doinain

slnictures  and  magnetic  properties of the  discussed wires,

and  they rcveal  the importancc of  good soft  magnetic

propeilies in a large magneto-impcdtmce  ellk;cL.

Kcy  words:  magneto-im/pedance  effect,  atnoxphous  glass-
covered  wire.  nanocrystaltine  glass-cevered wire.  soft

]nagnetjc  material.  nearl},-zero  inagnetostrictive  material

1. Introduction

 The magneto-impedtmce  (MI) effect. that consists of a

variation  of  the high frequcnc}, irnpedancc of  a  magnctic

conductor  subjected  to a  dc magnetic  field. has been

",idel},  studied  reccntl}'.  and  it was  fouiid appropriate  for
microsensor  applicationsi), The most  sensitive MI eflbct

was  reported  in Cocitsi)-Fe4.3sSiizsBT..-. tunorphous  wires

-,ith  diameters reduccd  dowii to 30 pin by cold  drawing in

scveral steps. which  were  subsequently  tension annealed
in ordcr  to inducc a circunifereiltial domain structure in
thcir cntire volume.  The  impedEmce  behavior depends on

tlic wire's  static  magtietic  properties. and  oll the dynamics
of magrietization  in tlie circuinforential  dircction. that

influences the magnitude  of the skin  effect.

 The  aim  of  this paper is to pcrfbrm a  comparative  study

of the rvll effect in CoGs,]sFe4 3sSiT2.sBis  amorphous  glass-
covered  wircs  (AGCW) aiid Fei3sCuiNb3Sii3sBg
ntmocrystalline  glass-covered wires  (NGCW). and  in
CoFcSiB arnorphous  wires  afler glass remoyal  (AWAGR)
Emd  nanocrystalline  ",ires  after  glass removal  (NWAGR).
We  har,e chesen  thesc inaterials  since  the AGCW  and

AWAGR  display a circuinferential  domain structure in
their suhace  layer. favorable for a  large MI  efrk)ct. while

the NGCW  aiid  NWAGR  display very  good soft magnetic

properties, this feature being also important for a large MI
response.  The results are comp2rred  with  those obtained

fbr CoFeSB  cold  drawii amorphous  wires  (CDAW).
 Thcse results offkir iiifbrrnation about  the importance of
good sol'1 magrietic  properties with  respect  to that of  an

appropriate  doinain structure.  in a  large M]  effect.  and

offer an  iniportant guideline with  regard  to the choice  of

Em  optimum  rnaterial  for an  MI-based application.

2. Experinient

 We  prepared Cofig.isFe,;.3sSinsBi{ and

Fe7,3sCuiNb3Sii3.sBg atnorpiious  glass-covered wires

(AGCW) by glass-coated mell  spinning.  For the

experirnenttil investigations we  sciectcd  samples  with  the
metallic  core  diameter Qf  i5 Enll and  the glass covcr

thickness  of5  }un. Thc  amorphous  state  was  checked  b.v
X-ray dithaction. The FeT3,sCuiM]3Sii3,sBp amorphous

samples,  both glass-covered and  those obtained  after glass
removal,  wer ¢  armealed  iiL vacuum  lbr ] h, at  teJnperatures

up  to 600 ℃ . Each  ann ¢ aiing step was  perfbrmed starting

from thc as-cast  aillorphous  state. Cold dra",n CoFeSiB
amorphous  samples  with  30 lmi in diarncter. made  b},
Unitika Ltd. R&D  Center. have been  kindl}, supplied  b},

Prof. Ktmeo Mohri, the Nagoya Univcrsit},, Japan.
 MI  measurements  were  performed on  4 cm  long

samples  using  a  digital oscilloscope  coupled  to a

computer.  at frequencies of  the ac driving current  up  te 10
MHz.  its ampiitude  being kept constallt  at 15 mA.  in ordcr
to avoid  its influence on  the MI  effbct. but to stud>' onl>'
the influenee of  fi'equency anct  axially  applied  dc field.

The maximum  value  of  the dc field was  HLt.M"st =- lkA･m'i .

3. Results and  discussion

 In order  to analyze  the magriitude  of the MI  effect  in the

above  mentioned  iiiaterials,  we  used  the reduced

impedance change  ratio,  usually  called  the MI  ratio.

defined as/

AZI'Z = tZ(Hd.. =  O) - Z(Hd.MaX)VZ(Hd. ==  O) (1)

in wlrich Z is the impedancc and  J'ILt. is the applied  dc
magnetic  field. Differcnt authors  defined the MI ratio  in

dillferent ways2)'4), and  consequently.  a unitab,  comparison

basis fbr the results  reported  in previous works  is still

mlsslng.

 The MI  Tatio  defined according  to Eq. (1). contains

iiifbnnation about  the magriitude  of the MI  effect. since  it

relates Z at no  applied  fietd, where  its behE",ior is affectcd

by the frequency of the ac dnving ciirrent. f throllgh (he
skin effect. and  through the changes  in the circumferential
magnetization  processes as well, wi'th Z at ffd.M"r. that is a
yalue  of HLi. chosen  in order  to saturate the sample  en  the

axial  direction. and  thus to darnp the circumferential

magnetization  processes that occur  due to the alternating
circumierential  field generated by the ac  driving current,
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 The  dynamics  of  niagnctization  in thc circuinferential

direction - domain  wall  rnovements  or spin  rotations - has
a decisive role on  the imagnitude  of  the MI  effect. since  it
affects tlie magnitude  of  thc skin  effect. through the
circumferential  penneability. "e. according  to:

O'm [:  lp1rrfJte)"2 (2)

where  p is the wire  resistivity  and  ti. is th¢  flux

pcnetration depth.

 Figure 1 shows  the frequency dependencc of  the MI

ratio AZ!Z for a CoFcSiB AGCW.  for the  same  wire  afier

glass removal  (AWAGR). and  for a  CoFeSiB CDAW.
 One observes  that the CDAW  prcscnts the 1argest MI

effect  up  tof=  S MHz.  For 5 Sff  6 MHz.  the AGCW  has

tlie 1argest MI  response,  while  for f >  6 MHz.  the
AWAGR  displays the iargest ptfi effect. It was  expected  to

have a 1arger efTic:ct in the CDAW  at the bcginning of  the

frequcncy ffmge.  since  the skin  effect appears  a{ lower

i'requencies in titis wire. due to its 1arger diameter. Thus.
the circumferential  perrneability. which  is related  to the

domain wall  moveinents  within  the surface  layer. rapidly

drops when  the sEullple  is subjccted  to the  dc field.
resulting  in a  1arge MI effect,

 In thc frequenc}J rmige  froin 5 to 6 }vffIz. the AGCW

displays the 1argest MI  effect, duc to its 1arger rotational

permeability. ste, arising  from  its specific  domain

structure.  that consists  of a  radially magnetized  inn¢ r core.

aiid  a  circuinil  rentially  magnetized  outer  shell5)' 
6).

 The
rotational  perrneability of  these wires. associated  to the
circuinferential magnetization  process that is mainly

acliicved  tlrrough spin  rotations at these high frequencies.
arises both from  a  part of  the radially  magnetized  iimer
corc  and  from the circuinferentially magtietized  outer

shell.  In this frequency range.  the contribution  of the
radiall}, niagnetized  inner cor ¢  fraction is itnportaiit. this

being an  tuistable  state that is casily affected  by externEt

factors likc Hli.. while  lte for the CDAW  only  drops at

similarfi/equencies.
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Fig. 1 Frequency depcndcnce  of  the  MI  ratio  
'fbr

 CoFeSiB

amorphous  glass-covered wires,  wires  after giass removal.

and  cold  drawn  amorplious  wires,
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Fig. 2 Frequency depcndencc  of  thc magneto-impcdaiice

ratio. AZfZ. for glass-covered FeCuNbSiB  ",ires. with  the
annealing  a¢ mperature  as  a  parameter.

 Forf>  6 MHz,  the largest MI  responsc  is givcn by the

AWAGR,  since  its rotational permeability lto is Iarger at
tliesc high frequencies. where  the magnetization  proccss is

mainl>, achieved  through spin  rotations. thtm tliat ef

AGCW.  due to its lower circuniferentiai anisotropy

originating  in the stress relief deterniined by giass
removal,  Il is important to mention  ihat over  6 MHz.  duc

to the strong  skin  effect. it is plausible to state that the ac
current  is passing only  through the circuJiferentially

magtietized  outer  shell. and  the axially magnetized  inner

core  of  these wiresS)'  
6}
 is not  involved in the

circunderentiahnagnetizatjonprocess.

 Figtire 2 illustrates the frequency dependence of  AZfZ
for differently annealed  F ¢ CuNbSiB  giass-coi,ered ",ires.

 One observes  that as-cast FeCuNbSiB AGCW  display
an  MI  effect  with  a maximum  MI  ratio  of  i%. This very

smal1  value  of AZfZ  is due to the high positix,e
magnetostriction  ef  FeCuNbSiB AGCW  CL : 25 x  10'6).

that leads tlrrough the magnetomechanical  coupling  with

interntU stresses  to a  domain strvcture  wilh  axially

magnetized  inncr corc  and  radial]y  magnetized  outer

shel17), ver.y  unfavorable  for the appearance  of a large MI
effect.  After annealing  at  500UC, such  wires  bccome

magneticaily  softer due to stress reliefL and  the maximum
NII ratio increases to about  2`za. After mmeaiing  fbr 1 h al

5SO'C. the ntmocrystalline  phase appears')  (NGCW).  and

consequently  the wires  become  magrietically  sofier.  the
maximum  MI  rat.io increasing to more  than 5%. Anneating
over  550'C. Ieads to a  dimcnsional increase of  the a-FeSi

cb,stalline grains. and  consequently.  the soft magnetic

properties suffer deterioration. resulting  in a dccrcasc ef
the maximum  MI  ratio to less than  4.S%.

 Figurc 3 shows  thc  frequency dependence of  the  MI
ratio.  AZfZ, for diilferently armealed  FeCuNbSiB  wires

after glass removal.  One observes  that FeCuNbSiB
AWAGR  display a maximmn  MI  ratio  of  5%.
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 This behai,ior is deterrnined b), the  stress  relief

produced b}' glass r¢ movai.  Aftcr aimealins, at 500'C. the

n)aximiun  pt{I ratio  increases to about  14%, duc to ftll/ther
stress relief.  Onc¢  the nallocrystallinc phase appears

(aimcaling at  S)SO''C), the maximum  pt{I ratio rcaches

about  289k (NWAGR). Aimealing over  550'C results  in a

deterioration of  the good sol't magnetic  properties. du¢  to

the increasc in size of the crystalline grains.
 NWAGR  liave a 1arger rvll rcsponse  as compared  to

NGCW.  since  the.y are  magnetically  sofier  Ohc coercive

force is about  lOO A･ill'] for the first ones.  Euid  alniost  400

A･m'i for lhe latler). The MI  response  of NWAGR  is even
better tiian that of  CoFeSiB  AWAGR.  their maximum  MI

ratio being of  about  20e'6. In addition. the maximum  MI

ratio  of  NWAGR  is obtained  at lower frequencics (-4
NTHz) as compared  te CoFeSiB AWAGR  (-9 rvff{z).
 Both thcse aspects can be explained  by considcring  that

at high frequcncies. where  circuJnferential  magnetization

is achicved  by spin  rotations.  the  differences in the soft

magnetic  prepcrties fi'om thc outer  shells of the t-,o
maleriats  play an  essentiEd  role,  Thus, in CoFeSiB

AWAGR.  a largcr energy  provided by the  circuinft)rential

ac fieid is requireci  iii order  to rotate the inagnetic

mon}ents  from the eas)' axis  directien to"'ard an}' other

direction. sinc ¢  in this case,  the circuniferential

magnetoelastic  anisotrop>,,  from  the outer  sheli,

deteriniiied by the coupling  between in2ignetostriction Emd
large compressive  circuLiiferential  stresses. is importfuith".
However. changes  iii the associatcd  circum{'erential

permeability also  lead tto ch2mgcs  in the value  of the

penetration dcpth, although smal1  values  of  pte are

expected.  On the othcr  haiid, NWAGR  are magneticall>,

softer due to their vanishing  magnetostrictionM.  Thus. a
largcr ,tte of  NWAGR.  as  compared  to CoFeSiB  AWAGR.

is expected.  This fact results in a shift toward lower values
of  the frcquenc}, where  imaximum  MI  ratio is detccted in
NWAGR,  and  in a 1arger efuct  in this case.
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Fig. 3 Frequency dependence  of  the  MI  ratio  for

FeCuNbSiB wires  after glass removal.  ",ith the aimeajing
temperature  as  a  parameter.
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 Under  these circumstallces. ",e  can  stale that good  soft

magnetic  properties arc  essential  in obtaining  a  large MI

response  of a  given material. Furtherinore. the presence of

good soft  magnetic  properties may  be considered  as  a

second  criterion in the choice  of  an  appropriate  material

fOr an  MI-based  application. together with  the already

",idely acc ¢ pted criterion that rcquires  ari apprepriate

domain structure - e.g.. circunrferential for wires. and

trEmsi,erse for ribbons  and  thin films.

  This statement  is well  supported  by the fact that in thc
discusscd frequenc.y range.  the  scnsitivit>･  ol' thc  MI

rcsponse  of NWAGR  is ver>' close to that of CoFeSiB
CDAW.  The tcndency  ef  these thin wires  (JS sLm in

diameter) to rcach  a similar  inagnitude  of  the Ml effect

(-28 - 3096) 1ikc the CDAW  (30 pm  in diameter).
emphasizes  once  again  tiie close  relationship  betwce'n
good soft magnetic  properties iuid a large MI  effect, since

at  close  values  of  the resistivities,  it is obiif'ious that the
difft)rcnces in ,uo play an  iinportaiit role  in 1.he magnitude

of  the skin  effect.

4. Concausion

  We  investigated the MI  effect  in Co6giEFe4ssSiTr･sBis
amorphous  glass-covered "'ires and  Fe7i,sCu･Nb]Sii3sBg

nanocr>Jstalline  glass-covered wires.  as  well  as  in such

wires  after glass removal,  The results are compared  ",ith

thosc ebtained  for cold  drawn Co6sisFc4isSii!sBis

amorphous  wires. Coid drawn amorphous  wires  fuid

nanocrystalline  wircs  w'ithout  glass display the largest Dvfi
response.  The  results  are explained  by considering  the
changes  in the magnetization  processes as thc frcquency
increases. the changes  in the magnetic  properties
deterntined by glass removal.  as  wel]  as the stnictural

changes  that occur  during armealing  in the FeCuNbSiB
wires.  The  obtained  results  indicate the  imporlance ot'

good soft magnetic  propenies in a 1arge MI  response.

showing  that the existence  of very  good  sofi magnetic

propertics can  compensate  for the absence  of aii

appropriate  doinain structure. Our stucly is importalit as

regards  t'he selcction  of  a proper rnaterial  for the
achievement  ef pt{I-based magnetic  sensors.
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