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Length effect in a Co-rich amorphous wire

V. Zhukova,1 N. A. Usov,2 A. Zhukov,3,4,* and J. Gonzalez1
1Departamento de Fisica de Materiales, Facultad de Quı´mica, Universidad del Pais Vasco,

P.O. Box 1072, 20080 San Sebastia´n, Spain
2Troitsk Institute for Innovation and Fusion Research, 142092 Troitsk, Moscow Region, Russia

3Instituto de Ciencia de Materiales, CSIC, 28049 Cantoblanco, Madrid, Spain
4‘‘TAMag’’ S.L., c/Jose Abascal 53 Madrid, Spain

~Received 21 February 2001; revised manuscript received 16 August 2001; published 14 March 2002!

The effect of the sample length on the magnetization process of a Co-rich amorphous wire has been
experimentally and theoretically studied in this paper. Experimentally it is found that the spontaneous magnetic
bistability observed in a Co-rich wire is lost if the sample becomes shorter than some critical length. Such
critical length is smaller than that one of Fe-rich wire. Besides, the remanent magnetization of a wire with the
length less than the critical length is an increasing function of the wire length. Theoretical explanation of the
observed behavior suggests that the magnetization of the inner core of the Co-rich amorphous wire, normally
directed along the wire axis, may be twisted near the wire ends due to the demagnetizing field. As a result, the
longitudinal component of the wire magnetization reduces gradually towards the wire ends. It is shown that the
characteristic critical length for the reduction of the longitudinal magnetization component can be several
orders larger than the wire radius. This estimation is in qualitative agreement with the experimental data.
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I. INTRODUCTION

The properties of amorphous ferromagnetic wires attr
considerable research interest due to their unique magn
characteristics, such as, magnetic bistability and giant m
netoimpedance effect.1–5 A great number of experimental re
sults for the amorphous wires were satisfactorily explain
in terms of a so-called core-shell model.6,7 In the case of a
Co-rich wire with a negative magnetostriction constant,
model assumes that there is an inner core uniformly mag
tized along the wire axis and an outer shell where magn
zation points in the circumferential direction. Such a mo
explains well the magnetic bistability observed in Co-ri
amorphous wires. Particularly, tensile and torsion stress
pendences of the hysteresis loops of as-cast and therm
treated Co-rich amorphous wires were satisfactorily
plained on the basis of the core-shell model considering
magnetoelastic anisotropy, the stress relaxation, and the
duction of magnetic anisotropy by the different treatments8,9

Recently this type of the magnetization distribution h
been calculated theoretically for a Co-rich amorphous wir10

Based on the theory of viscoelasticity11 the radial depen-
dence of residual stress tensor components in wa
quenched amorphous wire was calculated. Then the distr
tion of the easy anisotropy axes along the wire radius w
obtained by means of a standard expression for the ma
toelastic energy density.12 Taking into account the axial sym
metry of the wire and that of the residual stresses one
prove10,13 that the unit magnetization vector of the Co-ric
wire in cylindrical coordinates (r,w,z) is given by

ar50, aw5sinu~r!, az5cosu~r!, ~1!

whereu~r! is the angle of the unit magnetization vector wi
the wire axis. The functionu~r! is approximately zero in the
core region,r,R1 , and equalsp/2 in the outer shell,R1
0163-1829/2002/65~13!/134407~7!/$20.00 65 1344
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,r,R. HereR1 andR are the radii of the inner core and th
whole wire, respectively. The functionu~r! changes rapidly
near the inner-core radius and describes the structure o
90° domain wall separating the inner core and the outer s
of the wire.10,13

It should be noted, however, that the derivation given
Antonovet al.10 and by Usovet al.13 holds, strictly speaking,
only for a middle part of a sufficiently long cylindrical wire
Actually, suppose for a moment that the core-shell magn
zation distribution~1! remains unchanged along the wi
length up to the wire ends. Then, at the ends of the wire
the inner-core regionr,R1 a surface magnetic charge aris
with a densitys5Ms , whereMs is the saturation magneti
zation. Evidently, the demagnetizing field of the charge
fects substantially the magnetization distribution near
wire ends as the anisotropy field of the wire is small. The
fore, an important question that arises is what is the cha
teristic length for the redistribution of the magnetization ne
the end of a Co-rich wire.

There is also a similar question for a Fe-rich amorpho
wire having an inner core uniformly magnetized along t
wire length, but for this case it was found14–17that the nucle-
ation of the reversed domains takes place near the wire e
The outer shell of Fe-rich wires has roughly radial magne
zation orientation. Such significant difference in the ou
shell domain structure is due to the different sign and va
of the magnetostriction constant. In addition, the magne
bistability disappears for Fe-rich wires shorter than so
critical length Lz* .2,3,17 It was shown also that the critica
length of Fe-rich wires is strongly correlated with the wi
diameter, as well as with the value of the demagnetiz
field. It is of the order of 70 mm for Fe-rich wires with
diameterD5125mm decreasing to 5 mm forD510mm.17

For the case of the Fe-rich wire it was found from the ma
netization profile measurements that this critical length
©2002 The American Physical Society07-1
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directly correlated to the penetration depth of the rever
domains at the wire ends,Lp acting as the nucleation site
Particularly it was found that the magnetic bistability disa
pears in short enough samples under conditions that
sample lengthLz5Lz* '2Lp .

Less attention was paid to the studies of Co-rich wires
was found that the Co-rich wire (D5125mm) with a nega-
tive magnetostriction constant has magnetization pro
similar to the Fe-rich wire. As in Fe-rich wires, the magne
bistability in Co-rich wires disappears at a certain critic
length, but the critical length for magnetic bistability
somehow lower than in case of the Fe-rich wire.18

It is important to note that the magnetostriction const
of a Fe-rich wire typically is much larger than that of
Co-rich wire.7 In fact, a Co-rich wire with vanishing magne
tostriction is an excellent example of a soft ferromagne
media, where the decrease of the surface magnetic ch
density is known to occur due to the twisting of the magn
tization near the surface of a sample. For example, it w
recently demonstrated by means of numerical simulation19–21

that the magnetization curling occurs near the ends of
soft ferromagnetic particles of elongated external shape w
sizes larger than the single-domain one. It is worth to n
also that in the case of soft magnetic film similar effect h
been justified experimentally.22 By analogy, one can suppos
that the magnetization in the inner core of a Co-rich wire
twisted near the ends of the wire in order to reduce the m
netostatic energy of the surface magnetic charge in a ma
shown schematically below.

In Sec. II the experimental data on the length depende
of hysteresis loop in Co-rich amorphous wires are presen
It has been shown experimentally16 that for the Co-rich wire
the longitudinal magnetization component increa
smoothly from the wire ends within the intervals of the ord
of several centimeters. We confirm this result and show
the magnetization profile for the water-quenched Co-r
wire with diameterD5125mm depends also on the tota
wire lengthLz . Namely, for the wire with length larger tha
some critical lengthLz* the longitudinal magnetization com
ponent saturates in the middle part of the wire. The criti
length characterize the distance where the influence of
demagnetizing fields on the magnetization distribut
within the Co-rich wire is substantial. According to expe
mental data for the Co-rich wire with diameterD5125mm
the critical length is estimated to beLz* '4 cm.

The corresponding variational model is considered in S
III of this paper. It takes into account the magnetic anis
ropy energy and the magnetostatic energy of the wire
leads to the conclusion that the longitudinal component
the magnetization averaged over the wire cross section
function of the coordinatez along the wire length, saturatin
in the middle part of a sufficiently long wire. In addition, fo
short enough wire the remanent wire magnetization turns
to be an increasing function of the wire length.

It is also shown in Sec. IV of this paper that in qualitati
agreement with the theoretical model the remanent magn
zation of a Co-rich wire withLz,Lz* is an increasing func-
13440
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tion of its length. The discussion of the results and conc
sions are also given in Sec. IV.

II. EXPERIMENTAL DETAILS AND RESULTS

Water-quenched amorphous wires with 125mm of diam-
eter of nominal composition Co72.5Si12.5B15 were kindly sup-
plied by Unitika Ltd., Japan. The samples with lengths of
3, 4, 5, 7, 10, and 12 cm were chosen for magnetic meas
ments. Axial hysteresis loops were obtained, at room te
perature, by a conventional induction technique at a f
quency of 50 Hz. The sample was placed inside Helmho
coils that provide magnetic field of 2500 A/m in a wid
region of the central zone. Two kinds of magnetic measu
ments were performed. In the first one the hysteresis l
was measured by a long pickup coil fixed in the center o
Helmholtz magnetizing system. In the second case a s
~1-mm long! movable pickup coil was used for the loc
hysteresis loops measurements. Local magnetization cha
terization was performed by obtaining the hysteresis loop
different points ~different distances from the end of th
sample! along the sample using a narrow and movable s
ondary coil~N51000 turns, 1 mm width! along the longitu-
dinal direction of the sample. Information obtained in th
way can prove the existence of local changes of magnet
tion and of modifications of the domain structure. In this w
a magnetization and coercivity profile were obtained.

The hysteresis loops of the amorphous wire with differe
length Lz of the sample measured by the first method
depicted in Figs. 1~a!–1~d!. As can be observed, sample
with lengths of 7, 10, and 12 cm present rectangular hys
esis loop@Figs. 1~b!–1~d!#, while this squared character i
lost for the sample withLz53 cm. It should be noted that th
hysteresis loop forLz53 cm is very different from these o
samples of Fe-rich wires with sample length below a criti
length. Namely, Fe-rich wires with the length below the cri
cal show two partial Barkhausen jumps, while Co-ri
samples do not show such behavior.

The hysteresis loops of the amorphous wire with differe
lengths are depicted in Figs. 2~a!–2~c! with the local position
of the secondary coil~with respect to the wire end! as a
parameter. The amplitude of the applied magnetic field
the cases ofLz57 and 12 cm was just above the switchin
field Hs in the center of the sample.

Large Barkhausen jumps~LBJ! have been observed i
samples with lengths 7 and 12 cm for the distance lon
than 1.5 cm from the ends, while the rectangular characte
the hysteresis loop is lost when measured closer to the e
Note that in the case of the sample with 3 cm length
rectangular character of the hysteresis loop is lost even in
central region. In order to trace the hysteresis loops for
case ofLz53 cm, the magnetic field amplitude of 100 A/m
was used@see Fig. 2~a!#.

The longitudinal magnetization profiles shown in Fig.
were acquired from the local hysteresis loops measured
the samples of 2, 3, 4, 5, and 12 cm length. As can be
served in Fig. 3, in the samples withLz55 and 12 cm, the
length dependence of the longitudinal magnetization is q
symmetric with respect to the center of the sample. It
7-2
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LENGTH EFFECT IN A Co-RICH AMORPHOUS WIRE PHYSICAL REVIEW B65 134407
creases from zero~both ends! up to a roughly constant valu
at around 1.5 and 3.5 cm for the first sample and 2.5 and
cm for the second one, respectively. For both of the sam
within the central regions the value of the longitudinal ma
netization is roughly constant being about 0.14 T. It can
seen that such a roughly constant region disappears
samples with length less than 4 cm.

III. THEORETICAL MODEL

It has been shown experimentally16 that for the Co-rich
wire the longitudinal magnetization component increa
smoothly from the wire ends within the intervals of the ord
of several centimeters.

Consider a magnetization distribution in a sufficien
short piece of the Co-rich amorphous wire. In spite of t
fact that in the core regionr,R1 , the easy anisotropy axis i
parallel to the wire axis, the magnetization distributi
within the inner core of the wire is supposed to be twisted
the manner shown in Fig. 4. As we shall see in this sect
this leads to a reduction of the magnetostatic energy of
face or volume magnetic charges arising near the wire e
For simplicity, let us suppose also that the outer shell of
wire with circumferential magnetization may not affect si

FIG. 1. Hysteresis loops of Co72.5Si12.5B15 amorphous wire with
sample lengths of 3, 7, 10, and 12 cm.
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nificantly the magnetization in the core region. Thus, in t
first approximation we neglect the influence of the outer sh
at all.

The effect of twisting of the magnetization distribution
the inner core may be described qualitatively by means o
trial function

FIG. 2. Local hysteresis loops of Co72.5Si12.5B15 amorphous wire
measured for sample lengths of 3~a!, 7 ~b! and 12 cm~c!.

FIG. 3. Magnetization profile of Co72.5Si12.5B15 amorphous wire
measured for sample lengths of 2, 3, 4, 5, and 12 cm~see notes in
the figure!.
7-3



in
-

a
io

e
na

a
um
h

re
on
ir
t t
th
n

so
ag
hi
re

ant

ag-
ion
he
ist-

tic

ed

ore
ue
i-

ire

ex-

ne
ller

ux-
-

ide

ne

e

a

co

V. ZHUKOVA, N. A. USOV, A. ZHUKOV, AND J. GONZALEZ PHYSICAL REVIEW B65 134407
ar50,

aw5H 2rb~z!

r21b2~z!
, r,b

1, r.b

az5A12aw
2. ~2!

Here b(z) is the effective radius of a twisted core since
accordance with Eq.~2! at r,b the unit magnetization vec
tor has a nonzeroaz component while atr.b this compo-
nent vanishes. For a short piece of wire it seems reason
to describe the effective core radius by a simple express

b~z!5b0@12~2z/Lz!
2#; uzu<Lz/2, ~3!

where b0 is the maximal value of the core radius in th
middle of the short wire. It is assumed to be a variatio
parameter. One may expect thatb0 is an increasing function
of the wire length.

Note that for model~3! the effective radiusb vanishes at
z56Lz/2, and therefore the surface magnetic charge is
sent at the ends of the wire. Nevertheless there is a vol
magnetic charge distributed throughout the inner core wit
volume density

Msq~r,z!52Ms

]az

]z
5H 2Ms

4br2

~b21r2!2

db

dz
, r<b

0, p.b.
~4!

Thus, for model~3! the surface magnetic charge is scatte
into the volume. Further we prove that this leads to a c
siderable reduction of the magnetostatic energy of the w
Of course, in a more refined model one may assume tha
radius b has a small but nonzero value at the ends of
wire; then some surface charge remains in the domair
,b. But here we consider only the simple model~3! when
the magnetostatic energy of the inner core is given by

Wm5
Ms

2

2 E dn1E dn2

q~r1!q~r2!

ur12r2u
, ~5!

the integration being throughout the core volume.
Contrary to the magnetostatic energy, the magnetic ani

ropy energy of the wire increases due to twisting of the m
netization in the inner core. For simplicity we suppose in t
paper that the magnetic anisotropy energy of the inner co
given by the expression

FIG. 4. Schematic picture for magnetization distribution in
short piece of a Co-rich amorphous wire;b(z) is the effective ra-
dius of the inner core twisted near the wire ends. The average
magnetization is parallel to the wire axis.
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Wa52pKeE
uzu<Lz/2

dzE
0

R1
r dr aw

2~r!, ~6!

where Ke is the average value of the anisotropy const
over the inner core.

We consider also the influence of a weak external m
netic field applied along the wire axis on the magnetizat
distribution in the inner core of the wire. The increase of t
Zeeman energy of the inner core due to magnetization tw
ing can be evaluated as

DWZ52pMsH0E
uzu<Lz/2

dzE
0

R1
r dr~12az!, ~7!

H0 being the amplitude of the uniform external magne
field.

Since the initial core radius of a Co-rich water-quench
wire is large enough,R15(2 – 4)31023 cm,7,8 it is easy to
see that the exchange energy contribution to the total c
energy is negligibly small. Therefore, the equilibrium val
of the parameterb0 can be determined by means of minim
zation of the sum of energies~5!–~7!.

A. Case of a short wire,b0ÏR1

At first, let us consider the case of a short enough w
when the equilibrium value of the variational parameterb0
<R1 . For this case the calculations can be carried out
plicitly. Using Eqs.~2! and ~3! in Eq. ~6! one can evaluate
the magnetic anisotropy energy of the inner core as

Wa5KeV1@12ja~b0 /R1!2#, ja5 8
15 ~324 ln 2!, ~8!

whereV15pR1
2Lz is the core volume.

To evaluate the magnetostatic energy of the wire o
should take into account that the core radius is much sma
than the wire length and the functionb(z) is very slow.
Using the method given in Ref. 23, let us introduce the a
iliary length l such thatR1! l !Lz and rewrite the magneto
static energy~5! as a sum of the contributions

Wm5Wm
~1!1Wm

~2! . ~9!

Here it is assumed that in the first term on the right-hand s
of Eq. ~9! the integration is over the domainuz12z2u>2l ,
while in the second term the one is over the domainuz1
2z2u>2l . Taking into account the thickness of the wire o
can put approximatelyu r̄ 12 r̄ 2u'uz12z2u in the integrand of
the first term of Eq.~9!. Then, using the reduced charg
density corresponding to the unit wire length

q̄~z!52pE
0

R1
r dr q~r,z!524p@ ln 22 1

2 #b
db

dz
,

b0<R1 , ~10!

one can rewrite the first term of Eq.~9! in the form

Wm
~1!5

Ms
2

2 E E
uz12z2u>2l

dz1dz2

q̄~z1!q̄~z2!

uz12z2u
.

re
7-4
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In the leading approximation this integral can be evaluated
in Ref. 23

Wm
~1!'Ms

2E
uzu<Lz/2

dz q̄2~z!ln
Lz

2l
. ~11a!

Next, owing to the conditionuz12z2u<2l one can put in the
integrand of the second term of Eq.~9!

b~z1!'b~z2!, q~r2 ,z2!'q~r2 ,z1!.

Besides, averaging the charge density~4! over the core cross
section, one may set approximately

q~r,z!'
1

pb2~z!
q̄~z!.

Bearing in mind these approximations one can evaluate
second term in Eq.~9! as

Wm
~2!'Ms

2E
uzu<Lz/2

dz q̄2~z!ln
2l

b~z!
. ~11b!

We see, therefore, that the sum of the contributions~11a! and
~11b! does not contain the arbitrary lengthl at all. This leads
to the relation

Wm'Ms
2E

uzu<Lz/2
dzq̄2~z!ln

Lz

b~z!
. ~12!

Finally, taking into account the Eqs.~3! and ~10!, the mag-
netostatic energy contribution to the total core energy
given by

Wm5jmMs
2b0

3 b0

Lz
ln

Lz

b0
, jm5 128

105@4p~ ln 22 1
2 !#2.

~13!

Note, that the magnetostatic energy of a circle of a radiusb0
uniformly charged with the surface densitys5Ms is propor-
tional to Ms

2b0
3. Thus, the scattering of the surface magne

charge into the volume leads to a considerable reductio
the magnetostatic energy of the inner core due to the s
factor b0 /Lz!1. Evidently, this is the cause for the twistin
of the magnetization in the inner core of the wire.

When an external magnetic field is applied along the w
axis, the Zeeman energy of the inner core must be taken
account too. Using Eqs.~2! and~3! in Eq. ~7! one can evalu-
ate this contribution as

DWZ5MsH0V1b12jH~b0 /R1!2c, jH58~ ln 220.5!/15.
~14!

Further we suppose that the field amplitudeH0 is positive
when the magnetic field points along the direction of t
remanent wire magnetization. In such a case the increas
the magnetic field leads to a corresponding increase ofb0 .

Minimizing the sum of energies~8!, ~13!, and ~14! with
respect tob0 one can obtain the equilibrium value of th
parameter as
13440
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b05LzF S h1

Ke

Ms
2 1h2

H0

Ms
D Y U lnS h1

Ke

Ms
2 1h2

H0

Ms
DUG1/2

,

~15!

where the numerical constants areh15pja/2jm'0.027 and
h25pjH/2jm'0.023. Therefore, one can see that for t
model ~3!, the core radius near the center of the sufficien
short wire is proportional to the wire length, but the coef
cient of proportionality is very small.

Let us define the critical wire length atH050 by means
of the relationb0(Lz* )5R1 . Then it follows from Eq.~15!
that

Lz* 5R1F Ms
2

h1Ke
ln

Ms
2

h1Ke
G1/2

. ~16!

Putting Ms5500 emu/cm3, Ke5250 erg/cm3, according to
Refs. 7 and 8, we see that the ratioMs

2/h1Ke'43104 is
very large, so that we have in this caseLz* '600R1 . This
means that the critical wire length is of the order of seve
centimeters for a wire with initial core radiusR15(2 – 4)
31023 cm.

In the case ofb0<R1 the average longitudinal compone
of the magnetization of the inner core is given by the eq
tion

^Mz&
Ms

5
2

R1
2 E

0

b~z!

r dr az5~2 ln 221!S b~z!

R1
D 2

, ~17!

whereb(z) is determined by means of Eqs.~3! and~15!. For
a remanent state or for a weak enough external magn
field, Eq. ~17! approximately gives the total longitudina
component of the wire magnetization since in this case
outer shell with predominantly circumferential magnetizati
does not contribute to this quantity considerably. Figure 5~a!
shows the reducedz component of the wire magnetizatio
for a short wire as a function of the coordinatez along the
wire length as given by Eq.~17!. It can be seen that even
weak external magnetic field affects the wire magnetizat
considerably.

B. Case of a sufficiently long wireb0ÌR1

Consider now the case of a wire with length larger th
the critical one, when the equilibrium value of the variation
parameterb0.R1 . Then, in the middle part of the wire,uzu
<z0 , the relationb(z).R1 holds, while the opposite one i
valid near the wire ends, in the intervalsz0<uzu<Lz/2. Here
z0 is the point where b(z0)5R1 , so that z0

5LzA12R1 /b0/2. According to Eq.~4!, in case ofb0.R1
Eq. ~10! gives the reduced charge density per unit length
the wire in the second interval only, whereas in the inter
uzu<z0 this quantity is given by

q̄~z!524pb
db

dz H lnF11S R1

b D 2G2
1

11~b/R1!2J . ~18!

One must take into account this fact while calculating t
magnetostatic energy of the wire by means of Eq.~12!. The
integration over thez coordinate in Eqs.~6! and ~7! should
7-5
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be taken separately for these two intervals too. Since
corresponding relations are rather cumbersome, the equ
rium value of the variational parameter in the case con
ered can be determined by means of the numerical min
zation of the sum of the expressions~5!–~7!.

In the case ofb0.R1 , Eq. ~17! gives the average longi
tudinal component of the wire magnetization in the interv
z0<uzu<Lz/2 only. In the middle part of the wire this quan
tity can be calculated by means of the equation

^Mz&
Ms

5S b

R1
D 2H 2 lnF11S R1

b D 2G2S R1

b D 2J . ~19!

The reduced longitudinal component of the wire magneti
tion for a wire with length larger than the critical one
shown in Fig. 5~b! for different, but small values of externa
magnetic field. One can see that for a long enough wire
component saturates in the middle part of the wire. As
shall see in the following section, this behavior is in quali
tive accordance with the experimental behavior of the lon
tudinal magnetization in the amorphous Co-rich wire.

Using Eqs.~17! and ~19! one can calculate the averag
remanent magnetization of the wire as a function of
length. The results of these calculations are shown in Fi
for wires with different initial values of the inner-core radiu
It should be noted that the critical lengths are given byLz*
51.4 and 1.85 cm for the curves 1 and 2, respectively. Th
the critical length defined by Eq.~16! corresponds approxi
mately to the point in Fig. 6, where the remanent wire m
netization increases most rapidly.

FIG. 5. ~a! Axial component of the wire magnetization as
function of thez coordinate for a short amorphous wire with leng
Lz51 cm (Lz,Lz* ) and with initial core radiusR15431023 cm
for various values of external magnetic field:~1! H050, ~2! H05
20.1, ~3! H050.2; ~4! H050.5 Oe. The mean anisotropy consta
in the inner core of the wire and the saturation magnetization
given by Ke5250 erg/cm3 and Ms5500 emu/cm3, respectively.
~b!. The longitudinal component of the wire magnetization as
function of thez coordinate for an amorphous wire with lengthLz

55 cm (Lz.Lz* ) for various values of external magnetic field:~1!
H050, ~2! H0520.2, ~3! H050.5 Oe. The anisotropy constan
the saturation magnetization, and the initial core radius of the w
are the same as in Fig. 5~a!.
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In conclusion it is worth to note that the derivation give
in this section is not restricted to the simplest model, Eqs.~2!
and ~3!, assumed above for the magnetization behavior n
the wire ends. In fact, the estimation~12! for the magneto-
static energy of a thin wire holds for any smooth functi
b(z) vanishing at the wire ends. Corresponding generali
tion of the variational procedure gives qualitatively simil
results:~1! the longitudinal component of the wire magne
zation in the remanent state is a bell-shaped function wit
plateau for a long enough wire;~2! the remanent magnetiza
tion of the short wire is an increasing function of the wi
length.

IV. DISCUSSION AND CONCLUSIONS

Let us compare the theoretical results presented in Sec
with the experimental data discussed in Sec. II. Assuming
core-shell magnetization distribution within the Co-ric
amorphous wire, the radius of the uniformly magnetized c
of the wire can be estimated as follows:

R1'~Mr /Ms!
1/2R, ~20!

whereMr is the remanent wire magnetization. To a first a
proximation, the longitudinal magnetizationm0Mz of a local
part of amorphous wire can be estimated as a value meas
at the hysteresis loop just before the large Barkhausen ju
Considering thatm0Mr'm0Mz'0.14 T in the central re-
gions of 7- and 12-cm-long wires, one can estimate
inner-core radius asR1'0.47R529mm for the middle part
of a sufficiently long wire. It is worth noting that this result
very close to the theoretical predictionR1'0.44R made for
the as-cast Co-rich water-quenched wire.10 On the other
hand,m0Mz decreases down to 0.06 T at the distance 0.5
from the wire end. Therefore, close to the wire end the inn
core radius is given byR1'0.31R519mm. This estimation
confirms the reduction of the inner-core radius near the w
ends.

Local hysteresis loop measurements permit us to estim
a critical length of the Co-rich amorphous wire experime
tally. One can see from Fig. 3 that the longitudinal magne
zation of short (Lz<3 cm) samples even in the middle pa
of the wire is much lower than that of long (Lz>4 cm)
samples. This means that the effect of the demagnetiz
field on the longitudinal magnetization in the middle part
the wire becomes negligible for a wire withL>4 cm. There-
fore the critical length of the Co-rich wire withD

re

a

e

FIG. 6. Remanent magnetization of a Co-rich amorphous w
as a function of the wire length for different initial values of th
inner core radius:~1! R1530, ~2! R1540mm. The anisotropy con-
stant and the saturation magnetization of the wire are the same
Fig. 5~a!.
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5125mm can be estimated to be about 4 cm. To confirm t
estimation an average axial magnetization^m0Mz& has been
determined from measured magnetization profiles
samples with different length. The corresponding length
pendence of average axial magnetization is presented in
7. One can see that experimentally^m0Mz& strongly in-
creases withL for L,4 cm and becomes almost independe
on L for L>4 cm. Therefore, the experimental results for t
Co-rich wire are in good qualitative agreement with the th
oretical model described in Sec. III~see Fig. 6!.

According to above estimation the critical length of C
rich wire is approximately one-half of that of the Fe-ric
wire. Probably, this difference is related to the lower value
saturation magnetization of the Co-rich wire~0.64 T com-
paratively to 1.5 T for the Fe-rich wire! and with smaller
diameter of the inner axially magnetized core for the Co-r
wire. Actually, the reduced remanent magnetization is ty
cally Mr /Ms'0.5 for Fe-rich samples and only about 0.2

FIG. 7. Experimental dependence of average longitudinal m
netization^m0Mz& on the sample length.
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for Co-rich wires. Besides, the different sign and value of t
magnetostriction constant result in a significant difference
the outer shell domain structure. In reality this differen
might cause different domain structure of the end domain
Co-rich wires. Consequently, the critical length to obser
magnetic bistability should be also different.

In conclusion, in this paper a proper generalization of t
core-shell model is developed for a Co-rich amorphous w
of a finite length. It is well known that for a sufficiently long
Co-rich amorphous wire the core-shell model explains na
rally most of the existing experimental data.1,3,8 Recently it
was stated also that the core-shell magnetization config
tion is a consequence of a radial dependence of the resi
stress tensor components of amorphous wire.10 The
estimation3 based on the value of the remanent wire mag
tization shows that for a typical water-quenched 125-mm-
diameter Co-rich wire the radius of the inner core, uniform
magnetized along the wire axis, turns out to be rather la
R15(2 – 4)31023 cm. In such a case the demagnetizin
field of surface magnetic charges arising near the wire e
can disturb considerably the magnetization distribution n
the wire ends. In this paper, we show that the magnetost
energy of the magnetic charges can be reduced by mean
twisting the magnetization in the core region near the w
ends. In our case, the critical length for the magnetizat
twisting turns out to be several orders larger than the w
radius. In addition, it follows from the model that, for a sho
piece of wire with a length lower than the critical one, th
total remanent magnetization is an increasing function of
wire length. Both of the theoretical predictions seem to be
qualitative agreement with the present experiment, thou
further investigations are necessary to understand the rem
netization process of a short piece of a Co-rich wire in det
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