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TABLE I
(!tiPPLE 91 IN dB, (a) FOR NARROW HEAD, AND (b) FOR BROAD HEAD FOR

SELECTED VALUES OF SHIELD PARAMETERS, c./b AND b./b

la) w/b=O.l, ws /b=0.05

__=l~__ --~!~~--
R

---------
0.05 1.0 14.0

1.1 16.7
1.5 24.7

0.10 1.0 12.7
1.1 14.0
1.2 15.3
1.3 16.5
1.4 17.3
1.5 17.5*

0.15 14.5
0.20 12.9
0.25 11.8
0.30 1.1 10.4

1.5 11.1
0 8.8t

(bl w/b=0.5, w
s

/b=0.5

cs/b b /b ~s ---------
0.15 1.5 8.8
0.25 1.0 7.2

1.5 7.8
0.50 1.0 6.6

0 5.3t

*Also obtain same result within .1 dB
if ws/b is increased or decreased by
a factor of 10.

t i. e., unshielded.

t6{b». The same phenomenon occurs if the clearance is fIXed
t.'Wd the shield length is increased (Fig. 7). Table I contains the
piPple for these geometries and several others not illustrated.
,Summarizing these fmdings for side-shielded heads we fmd
utile following.

1) Ripple increases for a fIXed clearance if the shield length
becomes much longer than the head length bs >b.

2) For a fIXed shield length (even bs ~ b) the ripple can
increase if the clearance is small enough.

3) Ripple is virtually independent of shield width W S '

IV. CONCLUSION

It has been shown how the ripple and peak locations change
with track width for an unshielded rectangular head. Most
conventional heads are better approximated with zero width
than infmite width on the basis of ripple. Thin-ftlm heads,
however, are well-approximated as infinite width heads.

Both narrow tracks and close proximity of long shields can
incre~se the rip'ple of a rectangular head considerably. By
bevelling or rounding the outer edges of the head, this effect
can be reduced but not entirely eliminated.
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Measurement of Saturation Magnetostriction of a
Thin Amorphous Ribbon by Means of
Small-Angle Magnetization Rotation

KENJI NARITA, MEMBER, IEEE JIRO YAMASAKI, AND HIROTOSHI FUKUNAGA

Abstract-A new method was developed to measure the saturation
rnagnetostriction of a thin amorphous ribbon. It is based on the use of
lJIIall-angle magnetization rotation to measure the change in anisotropy
field caused by the tensile stress. Measurements have been performed
on Metglas 2826, 2605, and Co-Si-B amorphous ribbons. The maxi­
mum experimental enor of the measurement was estimated to be
about ±5 percent. It is shown that the sensitivity of the method
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depends on the shape anisotropy field. The estimated sensitivity was
about 2 X 10-7 for Metglas 2826 ribbon with 1.8 mm X 40~ X 12 cm
in dimensions.

INTRODUCTION

AMORPHOUS ALLOYS have been well-known to be
attractive soft magnetic materials because of the absence

of magnetocrystalline anisotropy. However, it has been found
that their magnetic properties, such as coercive force and
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The value of saturation magnetostriction can be obtained for
the given u and the measured H k as -

I H k
As=3·~·Ms.

Drive Field H.L

L Bias FIeld HII

0000000000000

~\
- _.~-- Ribbon -Tensile

Ms Axis Stress

e2f =21TN . ~ . Mol' . W Jsin2 8max dV . sin 2wt, (9)
_ II

where L is the -length of the sense coil, and V is the volume of
the ribbon inside the sense coil. The integration is carried out
over the whole vollime of the ribbon. In the presellt method,
the sum of H II +H k in (6) is kept constant by adjusting the
value of H II , which leads to the constant value of integration
for different values of tensile stress. Therefore, compensation
of the anisotropy field by the bias field is not influenced by
suc~. nonuniformity of rotation angle.

The nonuniform magnetization rotation might be also caused
by the presence of local anisotropy in the as-quenched amor-

The above-mentioned analysis is based on the assumption
that the magnetization rotates uniformly throughout the
specimen inside the sense coil. In practice, it is considered
that the rotation angle is nonuniform in magnitude because
of the· skin effect, high demagnetizing field at the ribbon
edges, and probable nonuniform drive field. The effective
HIm~ and Hoi' in (6) differ at each point in the ribbon plane.
For~uch nonuniformity, (5) should be written more accurately
as

e2f= 21TN· S . Ms' W sin2 8max sin 2wt, (5)

HI
~8 = m~ (6)

max H +H +H 'II k 01'

where Hk =3Asu/Ms and Hoi' =MJNI - Nil) are the stress in.
duced and shape anisotropy fields, respectively·. As presented
in (5), the angular· frequency of induced voltage is 2w. The
amplitude is proportional to the square of sine of the maxi.
mum magnetization rotation angle, which depends on the de
bias field and the applied tensile stress. When the tensile stress
is applied under the condition of the fixed ac drive field, the
rotation angle decreases due to the increase in the anisotropy
field H k , which results in the decrease in e2f. Such decrease in
the rotation angle can be compensated by decreasing dc bias
field HII by Allil to keep e2f constant, if

0000000000000
Sense Call

Fig. 1. Schematic presentation of small-angle magnetization rotation in
ribbon plane.

Equation (1) and maximum rotation angle 8max can now be
written as

(4)

where NI and Nil are the demagnetizing factors perpendicular
(of course in the ribbon plane) and parallel to the ribbon axis,
respectively. Solving 8 by putting -dE/d8 = 0,

sin 8 = HI
H II +3Asu/Ms +MJNI - Nil)

is obtained, where cos 8 = 1 is assuriied because of the small
amplitude of the ac drive field. The drive field is sinusoidal,
and

d
e2f= -N' S' dt (47rMs cos 8),

where N is the number of winding of the sense coil, S is the
cross sectional area of the ribbon, M s is the saturation mag­
netization, and 8is the angle between the magnetization and
the .ribbon axis. If the amorphous alloy has:;misotropic satu­
ration magfietostriction constant As,thellpplied tensile stress
u induces an uniaxitial anisotropy. The magnetization rotation
angle can be derived by considering the equation for the total
energy density E; which includes the magnetoelastic energy,

E =-HIlMscos 8 - HIMs sin 8 +! As U sin2 8

+t MJNI sin2 8 +Nil cos2 8), (2)

THEORY

In order to cause the small-angle magnetization rotation in
the ribbon plane a small amplitude ac drive field HI and a dc
bias· field H II , which is high enough to produce magnetic satu­
ration, are applied simultaneously perpendicular and parallel
to the ribbon axis, respectively. A schematic presentation is
shown in Fig. 1. The induced voltage due to the magnetiza­
tion rotation in a sense coil wound around the ribbon axis
is proportional to the time derivative of the ribbon axis com­
ponent of magnetization, so that

permeability, strongly depend on the magnitude of magneto­
striction. From this point of view, measurement of mag­
netostriction is important for the study of the amorphous
ferromagnetic materials.

Saturation magnetostrictions of amorphous ribbons have
been measured with the strain gauge method [1] , [2] or with
the capacitance method [3]. The thicknesses of splat-cooled
amorphous ribbons obtained so far are limited to be less than
80/lm. Then these direct strain measuring methods require
s~veral pieces of specimens to be bonded together to relieve a
reactive effect due to the strain gauge or the movable electrode.
However, an accurate estimation of this reactive effect seems
to be difficult.

In the present work the authors have designed a simple
method of measuring the saturation magnetostriction of a thin
amorphous ribbon by means of small-angle magnetization
rotation, lWplying the anisotropy field measuring technique
originally developed for the Ni-Fe electrodeposited win~ [4] .
Data are presented on Metglas 2826,2605 ribbons with com­
positions of Fe4oNi4oP14B6 and FesoB2o, made by Allied
Chemical Corporation and C076.7Si13.3BlO with a negative
magnetostriction.
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Fig. 3. Block diagram of apparatus.

Fig. 4. Arrangement of sense coil, drive coils, and solenoid.

Fig. 5. Photograph of second harmonics and drive field for Fe4oNt4o
P14B6 n'bbon. Hn = 70 De, Himax = 10 De, (J = 2.7 X 108 dyn/cm2•

magnitude of the second harmonics, (l1) is obtained from (5)
and (6),

1/..;i;i is a linear function of the bias field. In Fig. 6, both
e2! and 1/..;i;i are shoVfn as a function of the dc bias field.
Values are normalized with respect to that for a bias field of
25 Oe. The linear relation between 1/..;i;i and the bias field
can be seen for fields higher than 75 Oe where technical satu­
ration seems to be achieved. If the line l/..;i;iis extrapolated
to the horizontal axis, a shape anisotropy field of about 240 Oe
is obtained. The value is higher than that calculated approxi­
mately. It may be due to the irregularity of the ribbon surface.
The dc bias field dependence of 1/..;i;i is shown in Fig. 7
taking the magnitude of the drive field as a parameter. A slope
of the line can be seen to become steeper with decreasing drive
field. As (l1) predicts, extrapolated values cross each other at

1 1
1/..;i;i= '--(Hn+HK +Hs). (11)

- /2rrN . S'M• . w Hiv • max

(l0)

M \
S \ Equilibrium
"'~.,._.-.-"\ Axis
~--- \

~~===::::::=j- Ribbon Axis

+2 sin a sin 8max cos wt).

EXPERIMENTAL'ARRANGEMENT

The block diagram of the apparatus is shown in Fig. 3. The
sense coil into which an amorphous ribbon is inserted is
7mm X 5 mm X 4 cm in dimensions, and has 1.5 X 104 turns
Winding. A pair of rectangular coils (l cm X 1.5 em X 10 cm)
to apply a drive field, which sandwiches the sense coil, are
located inside a solenoid. The sense and drive coils are mutu­
ally orthogonal. 'An arrangement of each coil is shown in
Fig. 4. The amplitude of drive field is chosen to be 8-19 Oe,
where the rotation angle does not exceed 1.5 degree. To apply
the tensile stress, weights are suspended by a thread attached
on the ribbon end using a pulley. A frequency of drive field
is chosen as 4.8 kHz, and the second harmonics are processed
by the tuned amplifier whose gain is 55 dB for the second
harmonics, and -33 dB for the fundamental, a great part of
Which arises due to the miss-orthogonality between the sense
coil and the drive coils.

We have measured some characteristics of the second harmon­
ics to confmn predictions of (5). The second harmonics for the
Fe4oNi4oP14B6 ribbon with a cross section of 1.8 mm X 40 Ilm
and the drive field are shown in Fig. 5, where Hn=70 Oe, (J =
2.7 X 108 dyn/cm2 , and Hi = 10 Oe. Concerning the

max

Thus the skew of the equilibrium axis gives rise to a decrease
in second harmonics and an appearance of the fundamental.
As is discussed later, the fundamental is eliminated using a
fIlter. Here only the second harmonics is dealt with. For
fluctuation of the skew angle a due to the local off-ribbon­
axis anisotropy, the integrated value of (l0) should be treated
in a similar way to (9). If the skew angle a, which is a result of
a balance among the anisotropy, magnetostatic, and demagne­
tizing energies, is kept constant by means of keeping Hn+Hk
constant, the integrated value of (l0) does not change. Thus
the skewed equilibrium axis of magnetization rotation does
not affect the compensation of anisotropy field.

phous ribbon. It has been reported that the anisotropyorigi­
nates from the internal stress quenched-in during ribbon
synthesis [5], [6]. It seems to be quite natural to consider
that in the single domain state the magnetization is in the
ribbon plane because of the large demagnetizing effect normal
to the ribbon plane. Therefore we deal with the case where
the equilibrium axis of magnetization rotation skews slightly
from the ribbon axis only in the ribbon plane. A schematic
presentation is shown in Fig. 2, where' a is the skew angle of
equilibrium axis. At the local anisotropy region, the induced
voltage in the sense coil is obtained as

e =2rrN . S .M s • w(cos a sin2 8max sin 2wt

Fig.2. Schematic presentation of small-angle magnetization rotation
in ribbon plane, where a is angle between equilibrium axis ofmagne­
tization and ribbon axis.
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Fig. 9. l/..;e:;j as function of bias field for C076.7Si13.3BIO ribbon
with tensile stress as parameter.
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Fig. 6. Normalized e2!and l/..;e;;versus bias field for Fe40Ni40P14B6
riobon.
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Fig. 7. 1/..;e;; as function of bias field for Fe40N40P14B6 ribbon
with amplitude of drive field as parameter.

(12)

MEASURED RESULTS

It is necessary to measure the cross sectional area of the
specimen to obtain the saturation magnetostriction constant.
However,it seems to be difficult to measure it with satisfactory
accuracy because of the irregularity of the ribbon surface.
Therefore (8) is rewritten as

I HkA =-·-·u 'Ws 3 T s ,

where Us is the specific magnetization at room temperature
(emu/g), T is the value of weight suspended on the ribbon end
(dyn), and W is the weight per unit length of the specimen
(gfcm). These values are conventionally measurable.

The applied tensile stress (T) dependence of anisotropy
field for both Fe40Ni4oP14B6 (1.8 mm X 40/.LIIl in cross sec·
tion) and FesoB2o (13 mm X 30 J,.Lm) are shown in Fig. 10.
These dependences are linear and give the saturation magneto·
strictions of 123 X 10-6 and 34.6 X 10-6, respectively. The
values are compared with those measured using strain gauges
by Egami et aZ.. [8] and by O'Handley et aZ. [9] in Table I.
Present values are about ten percent higher than the reported
values. Fig. 11 shows the variation of anisotropy field for
the C076.7Si13.3BI0 ribbon as a function of tensile stress. The
slope gives the saturation magnetostriction As of -4.1 X 10-6

.

The accuracy and sensitivity of the measuring method are
considered as follows. According to (12) it is necessary to
measure three kinds of values, namely Hk/T, Us, and W, to
determine the saturation magnetostriction As. It is possible
to measure t~ saturation magnetization Us within the error

Co based amorphous ribbon has been known to exhibit a
negative magnetostnction [1], [2] , [7] . Fig. 9 shows the bias
field dependence of 1/..;e:;j for the C076.7SiI3.3BI0 amorphous
ribbon with the cross section of 0.5 mm X 20/.LIIl when the
tensile stress is varied. Linear relations between 1/..;e:;j and
the bias field are seen beyond the saturation field which in·
creases with the tensile stress. It is also seen that the line shifts
toward the higher field with increasing tensile stress contrary
to the result for Fe4oNi4oP14B6 with a positive magnetostric.
tion. Thus the method is also adaptable to the ribbon with the
negative magnetostriction. As is seen above, (5) well explains
the measured results.

SOO
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Fig. 8. 1/..;e:;j as function of bias field for Fe40Ni40P14B6 ribbon
with tensile stress as a parameter.

the shape anisotropy field. In Fig. 8 1/..;e:;j is shown as a
function of the bias field when the tensile stress is varied.
Lines are nearly parallel and shift toward the lower bias field
in proportion to the increment in the anisotropy field due to
the tensile stress.
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Fig. 11. Anisotropy field as function of tensile stress (T) for C076.7
Si13.3BI0 ribbon.

magnetostriction of 12.3 X 10-6. The resolution of the tuned
amplifier employed is about 20 IlV. Consequently, the maxi­
mum sensitivity is estimated to be about 2 X 10-7.
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Fig. 10. Anisotropy field. as function of tensile stress (T) for Fe40N40
P14B6 and FesoB20 ribbons.

TABLE I
SATURATION MAGNETOSTRICfIONS A.IN CoMPARISON WITH THOSE

REpORTED ALREADY

Alloy

Metg1as 2826
(Fe40Ni40P14B6)

Metg1as 2605
(Fe80 B20)

~s x 10·

11 [8].

31 [9].

12.3

34.6

•

•

CONCLUSION

The present method utilizing the small-angle magnetization
rotation has been proved to be useful, because of simplicity
and high sensitivity, for the magnetostriction measurement of
splat-cooled amorphous ribbons. The estimated error in the
measurement is less than five percent. The sensitivity of
the method is about 2 X 10-7 for Metglas Fe40Ni40P14B6
ribbon. It is possible to increase the sensitivity by increasing
the frequency of ac drive field.

• Present work

(14)

of ±lpercentby using a vibrating sample magnetometer. The
amount of scatter of the measured HkiT was within ±2 per­
cent, which might originate from the mechanical friction of
the pulley. The weight per unit length of the ribbon W is
measurable with the error less than ±2 percent by a conven­
tional method.' From these values, it is "estimated that the
error in determination of As does not exceed ±5 percent.

The change ine2t from the value with no applied stress,
which is caused bYfue small change of 1iHk , is derived from
(5) and (6) as .

. H2

Ae!=~4rr'N'S'M ·w· 1max ·I::.Hk • (13)
2 .I' (HII +Hs)3

If we consider As to be a variable for our convenience, a relation

Ae2! R1
-= -12rr' T·N· w' max
AAs (HII +Hs)3

is obtained by substitution of (8) into (13), where T= a . S is
Used. The conversion ratio !::.e2PI::.As depends on the shape
anisotropy field. For Metglas Fe40Ni40P14B6 ribbon with
1.8 mm X 40 Ilm X 12 cm in dimensions, the application of
the weight of 1.6 kg (possible maximum v,alue for the present
apparatus), when H1 =8.4 Oe and HII =300 De, causes the
h max

C ange of 1.0 mV in e2!, which corresponds to the saturation
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