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Magnetostrictive torsional strain in transverse-field-annealed Metglaso 2605
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Amorphous metals exhibit excellent magnetomechanical properties and have been considered for
transducer applications. We report an experimental study on the magnetostrictive torsional strain
induced under the action of a helical magnetic field in transverse-field-annealed amorphous ribbons
with a nominal composition of Fe»Bl35Si35C2 The torsional deflection reaches large values at
about 5 rad m '. A theoretical model for magnetostrictive torsion is presented. The model is used
to obtain direct information about the magnetostriction constant and transverse magnetization pro-
cess from torsion-angle measurements. Comparison between theory and experiment shows an
overall agreement.

I. INTRODUCTION

Amorphous ferromagnetic alloys have been shown to
present magnetomechanical properties superior to those of
crystalline magnetostrictive samples. It is mainly the lack
of anisotropy after suitable heat treatments which allows
us to induce very low and homogeneous anisotropies. '

Several experiments dealing with the field dependence of
the resonant frequency for extensional modes have been
reported. Modzelewski et al. found the magnetoelas-
tic coupling coefficient to be 0.98 for annealed ribbons of
Metglas 2605 SC which was the largest value among
those previously reported.

Livingston pointed out that twisting or bending could
be desirable for some devices. Following this suggestion
Hernando and Madurga recently found theoretically that
the fractional change of the shear modulus reaches an in-
finite value by applying a suitable tensile stress in ribbons
with a width-wise easy axis. The experiments reported in
the same reference were carried out on transverse-field-
annealed ribbons of Metglas 2605 SC from Allied
Chemical Corporation. A fractional change of the shear
modulus of 50 was experimentally obtained by measuring
the resonant frequency of the fundamental torsional
mode. Standing torsional waves were excited in a magne-
tostrictive way.

The purpose of this report is to analyze the fundamen-
tal aspects involved in exciting torsional waves. Therefore
a study on the torsional strain induced by applying a suit-
able magnetic field is presented. The experimental ar-
rangement as well as the information about magnetic pa-
rameters which can be obtained by measuring the torsion
angle are discussed.

It must be pointed out that calculations of the magne-
tostrictive torsion deflection are complicated in compar-
ing them with the ones required to obtain longitudinal
strains. Complications arise from the lack of homogenei-
ty in the applied field producing the twist. Nevertheless
the attempt to find a reasonable approximation which
yields the relation between the torsion angle and the mag-
netostriction constant should be desirable. This is due to
the large values expected for the magnetostrictive torsion

angle, which would drastically reduce the amount of diffi-
culties involved in measuring the magnetostriction con-
stant in a direct way. It is possible to predict the order of
magnitude of the expected torsion angle which is roughly
given by the shear strain times the inverse of the half
thickness. The magnetostrictive shear strain shall be of
the same order as the magnetostriction constant, typically10, and the half thickness of the ribbons is about 10
m. Consequently a few units of radm ' is expected for
the maximum torsion angle which could easily be mea-
sured with the more simple device.

The difficulties related to calculation disappear in. the
case of thin tubes. Direct measurements of the magneto-
striction constant were accurately performed by
Drosdziok and %'essel in Ni and Mu-metal tubes utilizing
the same idea.

II. THEORETICAL BACKGROUND
As is well known, when a direct current is flowing

through a magnetostrictive rod and simultaneously an axi-
al magnetic field is applied a twisting of the rod appears.
This phenomenon is called the Wiedemann effect. It has
recently been used by Savage and Abbundi' for measur-
ing the transverse magnetoelastic coupling coefficient, and
it is the basis of the experiment reported here.

Torsion in a thin ribbon of thickness 2a and width 2b
produces an inhomogeneous distribution of shearing
strains which varies linearly along the thickness (x axis in
Fig. 1). If the ribbon is assumed to be infinitely wide, i.e.,
b/a »1 the complicated strain distribution is reduced to
a single component:"

eyz =tax ~

where g is the torsion angle per unit length and x is mea-,
sured in units of the half thickness a. ey, points in oppo-
site directions in the two halves of the ribbon.

It should be possible to induce magnetostrictively a
twist by applying magnetic fields which shift the direction
of the magnetization into a helical path, producing oppo-
site shear magnetostrictive strain in both halves of the rib-
bon. The dependence of the torsion angle on the applied
field is analyzed along the following three steps.
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F„=(p/2)(e„'y+ey', +e', ) .

Minimization of the total energy density [Zeeman,
F,= —@0M,(H~+H, ), anisotropy Fk ——K sin 8, magne-
toelastic F „and elastic F,&

energy densitiest with respect
to the rotated angle of magnetization 8 and components
of strain yields, respectively' (in absence of any applied
stress):

zl IC sin(28)+pgf, H~sin8 poM—,H, cos8=0,

ez, ———,
'

[A, sin(28)],

(4)

where IC is the anisotropy constant and @0M, the satura-
tion magnetization expressed in teslas. Equation (5) gives
through Eq. (4) the relationship between the applied field
and eye.

FIG. 1. Schematic view of the geometry of the amorphous
ribbon showing the direction of the magnetization M„and the

applied fields H, and H~.

A. Magnetostrictive uniform shear strain

Calculations were restricted to the features correspond-
ing to the samples studied experimentally. The samples
were amorphous ribbons with a nominal composition of
Pcs~8/3 5 Si3 5C2 obtained from Allied Chemical Corpora-
tion (Metlgas 2605 SC) with 24-pm thickness, 1.6-mm
width, and 9-cm length. The ribbons were transverse-field
annealed at the Naval Surface Weapons Center, White
Oak Laboratory, Maryland, under the following condi-
tions: t~=10 min, T, =375+2 C; the applied magnetic
field along the y axis, in Fig. 1, was kept above 1 kOe dur-
ing the cooling process. This treatment induces a uniaxial
anisotropy with the easy axis oriented along the y axis.
Typical values of the anisotropy field are close to 0.7 Oe.

We consider a ribbon with a first-order uniaxial aniso-
tropy, with a width-wise magnetic easy axis. We assume
a magnetic field Hy is applied along the positive y axis,
saturating the sample. When an axial magnetic field H,
is applied the magnetization will rotate an angle 0 from
width toward the field direction.

Magnetization rotation produces a change in the mag-
netostrictive strain tensor which can be obtained by
minimizing the magnetoelectric and elastic energy densi-
ties. The magnetoelastic energy density E, connects the
rotation of the magnetization with the strain and, when
the magnetization vector is assumed to lie in the ribbon
plane, it can be written as follows

F,=8(eicos 8+e~sin 8+ez, sin8cos8),

where the magnetoelastic coupling coefficient B is
B=—3', A, is the saturation magnetostriction constant
assumed to be isotropic, p is the shear modulus of the ma-
terial, and e,J is the magnetostrictive tensor components.
The elastic energy term containing the shear-strain corn-
ponents for an isotropic medium is'

B. Inhomogeneous shear strain

As shown, the application of a saturating field Hy in
conjunction with an axial field H, results in a pure shear
strain. In order to generate a torsional deflection a shear
strain increasing with x and opposite in either half of the
ribbon must be induced. This can be achieved by making
a current I flow through the sample which produces a
transverse field Hz(x)

H~(x)=(I/4b)x . (6)

H~(x) is opposite in either half of the ribbon. For I= 100
mA the maximum Hy reached at x = 1 is 0.4 Oe accord-
ing to the ribbon width given above.

Since Hy increases linearly with x and changes its
direction at x =0 the magnetization arrangement shall de-
pend on x. Consequently, exchange interactions must be
taken into account. The exchange term is now

C dO

2a dx
(7)

where C is the exchange constant.
Minimization of the Zeeman, anisotropy, and exchange

energies leads to the following equation for 8(x):

C d8 PoMI+ x sin8+K sin(28) —p OM, Hc so=80 .a' dx' 4b

8( —x)=m —8(x) .

This condition shows that a kind of wall centered at the
plane xy is formed by the effect of I, therefore the ade-
quate boundary conditions for 8(x) being a solution of Eq.
(g) are'

8(0)=—or, 8'(+1)=0 .3m

2 2 ' (10)

As a consequence of the symmetry of the problem the
magnetization distribution on the —1&x &0 part of the
ribbon should be the same but inverted with respect to the
one corresponding to the 0&x &1 part. By considering
the positive y axis as the origin of rotated angles it should
be verified that
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According to Eqs. (5) and (9), the shear-strain term can
be written as

Ftor el ~ (12)

where F„, is the elastic energy per unit area stored along
the thickness in a pure torsion which can be calculated
from Eqs. (1) and (4),

l~ f g2~2~2dx (13)
0

I',l is the elastic energy stored per unit area along the
thickness, originated by magnetostriction, which accord-
ing to Eq. (4) may be written as

e~, (x)= —,A, sin[28(x)] = —e~, ( —x ),
where e~z is opposite in both halves of the ribbon as it is
required to~induce a twist.

Generally, eyz should not behave linearly along x, there-
fore the torsion angle per unit length cannot be obtained
from Eq. (I). Although different types of approximations
can be attempted, the following is preferred. If one as-
sumes that the total elastic energy due to the magneto-
strictive strain e~, is employed to generate a pure torsion,
then

pends on x, a new source of exchange energy could ap-
pear. The maximum 0 variation between x =0 and 1 is
vr/2. By considering that a change of n. /2 requires a
dec=0. 01 to minimize exchange inAuences, it may be
concluded that the magnetization rotation outside the
wall, i.e., between x =+0.01 and +1, is only governed by
the Zeeman and anisotropy energies. In these intervals
the exchange term of Eq. (8) can be disregarded. More-
over, the exchange, just as 8„tends to magnetize the rib-
bon along the z axis, but for a H, =0.1 Oe the ratio be-
tween Zeeman and exchange-energy densities becomes 10,
consequently the exchange contribution is negligible in
comparing it with the 8, contribution.

Figure 2(a) shows the dependence on x of sin 28.
Curves were numerically calculated from Eq. (8) by
neglecting the exchange energy for H~(x=1)=1.5 Oe.
However, also shown is a complete solution of Eq. (8)
which was obtained by the finite difference method; see
Fig. 2(b). Note that only in a small region close to x =0
must exchange influences be taken into account.

The torsion angle per unit length as a function of H„
for H~(x = 1)=2.5, 1.5, and 0.75 Oe, is plotted in Fig. 3.
Integration indicated by Eq. (15) was numerically per-
formed to obtain these curves.

Calculations predict that g reaches a maximum, g,„,
for H, :

j' l—
2

eygdx . (14)
H, = (Hy +Hk )0.6, (17)

From Eq. (11) it is finally found that

1 '1/2f e,',dx (15)

where Hk =2k/poM, is the anisotropy field which in this
calculation takes a value of 0.7 Oe, K being 60 Jm and
poM, =1.7 T.

We then must find a solution for 8(x). The influence of
the exchange term in Eq. (8) may be analyzed as follows.
The uniaxial anisotropy tends to align the magnetization
along the y axis, whereas Hz tends to align it along the
same axis but in opposite directions on either half. Before
applying H„minimization of Fk and F~ leads to 8(x)=0
or m for 1&x &0 and 8(x)=n or 0 for O~x ~ —1,
respectively. But such solutions give rise to the appear-
ance of a large exchange energy at x =0, where the mag-
netization presents a shift of 180. It is known that in or-
der to reduce the exchange energy the inhomogeneity of
the magnetization extends along the thickness of the rib-
bon. The extent of the magnetization inhomogeneities in
the vicinity of defects is characterized by the exchange
length. At the remanent state, after removing the current,
the exchange length is' Lk ——(C/K)'~ which takes a
value of 0.3 pm by taking' C=4&&10 " Jm ' and
%=60 Jm . Then, between x=0 and +0.01, the ex-
change interaction must be considered to find the magnet-
ization arrangement, but it can be neglected between
x =+0.01 and +1, where the magnetization is uniform.
Since the transverse field is superimposed on the anisotro-
pic one, the exchange length should decrease when some
current is flowing through the ribbon. The decreasing
rate of Lk as a function of Hz is given by

Lk(~~ )=[C/(K+p~, H~ )(x =0.01)]'~ . (16)

When an axial field H, is applied the magnetization tends
to rotate toward the z axis. Since the rotated angle de-
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FIG. 2. (a) sin2t9 as a function of x. Exchange term has been
disregarded in Eq. (3). H~(x =1}=1.5 Oe. H, is the parame-
ter. (b) sin20 as a function of x when the exchange interaction
is considered. H„(x =1)=0.5 Oe. Dashed lines indicate the re-
sults without considering the exchange term.
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x and d is the mean spacing between adjacent walls at the
demagnetized state, which according to Livingston' is
typically of the order of 4S pm.

The reduced macroscopic transverse magnetization in
the half thickness becomes

1 ' 25x
mz —— " ——I ~

S+(x)—S (x)
~
dx = f dx .

+S (x)sin I 2[m.+0 (x)]I ), (22)

where 0+ and 0 are the rotated angles from the initial
position corresponding to the magnetization parallel and
opposite to H~. Note that initial position means before
applying H, .

As 0 is negative, Eq. (22) can be written as

If an axial field H, is applied the magnetization will ro-
tate from width toward the z direction in both kinds of
domains, as shown by Fig. 6.

The total shear strain at x should now be

e~, (x)= —,
'

A,( S+(x)sin[20+(x)]

tend to increase 0+ and decrease
~

0 ~, therefore smooth-
ing the difference expected from the Stoner-Wohlfarth
model. The relative strength of both opposite tendencies
can approximately be analyzed from the energy terms in-
volved in them. The magnetic fields H~, H„and Hk are
typically of the order of 1 Oe whereas, according to the
domain dimensions, 2b, Za, and d, the demagnetizing
field along the z axis in a domain can approach 0.5 o.
Taking into account the value of M, given above, it is
concluded that in order to obtain comparable energy den-
sities (sin

~

0
~

—sin0+) must be about 10 . Conse-
quently no great error would be expected by considering
0+ =

~

0
~

=0.
Note that 0 must be between the two values given for

0+ and
~

0
~

from the Stoner-Wohlfarth model. It can
be seen, however, that as a consequence of the domain-
wall motion 0 should be closer to 0+. When Hy is low, in
comparing it with Hk, the pure rotation model predicts
that 0+=

~

0 ~. As Hz is increased, wall motion in-
creases and the demagnetizing field damping

~

0
~

be-
comes (d+25/d —25) times 0+; see Fig. 6. Thus, if we
assume that the domain-wall motion occurs, in a substan-
tial amount, for H~ lower than Hx, then 0 can be substi-
tuted by 8+. Under this assumption Eq. (23) gives

ey, (x)= —,
'

A, I S+(x)sin[20+(x)] ez, ———,A [S+(x)—S (x)]sin[20+(x)], (25)

—S (x)sin[2
~

0
~

(x)] I . (23)

o =M, (sin
~

0
~

—sin0+), (24)

which will generate demagnetizing fields. Those fields

+ + + +

/(
d

cb 2b(x)

+ +++
d-26(x)

FIG. 6. A yz sheet of the ribbon is shown. H~ acting along
the positive y axis produces a domain-wa11 displacement 5(x).
When H, is applied, the magnetization tends to rotate different
angles for each kind of domain toward the z axis, 0 being neg-
ative. The opposite direction as we11 as the different strength of
the demagnetized fields inside the domains are illustrated.

In order to evaluate e„,(x) some approximations must
be attempted. When the magnetostatic interactions be-
tween adjacent domains are neglected, the Stoner-
Wohlfarth model ' predicts that

~

0
~

becomes larger
than 0+ as H~ is increased. If ~0

~

is larger than 0+
there will be an effective pole density cr on the wall:

which is an equivalent expression to that given by Eq.
(11), both being identical when the transverse saturation
has been reached, i.e., ~

S+(x)—S (x)
~

=1, everywhere.
0+ is a solution of Eq. (8).

One important implication arising from this formula is
that the dc current exerts two different contributions on
the shear strain and thus on the torsion angle. The first
contribution consists of the transverse magnetizing effect,
thus increasing S (x)—S (x) by domain-wall motion.
The second one is related to the torque exerted by Hy on
the magnetization which originates the 8+ dependence on
H~ given by Eq. (8).

It is clear from Eq. (25) that the dependence on H~ of
S+(x)—S (x) must be known in order to obtain e~, as a
function of Hz. As is well established, the wall motion
depends on the energy terms involved, which are the mag-
netostatic energy and the energy coming from the ar-
rangement of defects interacting with walls. Therefore
the S+(x)—S (x) dependence on H~ becomes quite diffi-
cult to predict. It can be seen, however, that the experi-
ment can elucidate some details of the transverse magneti-
zation process.

The influence of the wall motion on the torsion angle
may be analyzed by considering a fixed value of I and as-
suming different states of the transverse magnetization.
For each m„, a g H~ curve can be c-alculated as was done
at the previous section for my 1.

The numerical integration indicated in Eq. (15) can be
performed after determining a suitable dependence on x
of S+(x)—S (x). It is to be observed in Fig. 5 that not
considering the curvature of the wall, along the thickness
of the ribbon, leads to a nearly linear behavior of
S+(x)—S (x) with x. With this approximation, two
cases must be considered: (a) 5(x = 1) & d /2, then
S+(x)—S (x)=[25(x=1)/d]x; (b) 5(x=1)&d/2, then
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FIG. 7. g'a/A, as a function of H, for two values of the
transversal fields, (a) H~(x =1)=1.2 Oe and (b) H~(x =1)=0.6
Oe. The parameter is m~. Curves were obtained by considering
in Eq. (15) the yz values given from Eq. (25). The relation be-
tween S+(x)—S (x) in Eq. (25), which is the parameter, and
m„, is given from Eqs. (20) and (21).

Q
max

2.0

there will be a xo satisfying S+(x)—S (x)=1 for x &xo
and S+(x)—S (x)=x/xo for x &xo. According to Eq.
(21), m~ should be (a) mz ——5(x= 1)/d, (b) m~= 1 —xo/2.

Figure 7 shows the torsion angle per unit length as a
function of H, for a constant I. Two different current
values have been considered. Different curves were calcu-
lated for different m~.

g,„as a function of m~ has been plotted in Fig. 8,
where a linear dependence is shown. It is a remarkable re-
sult because it-means that the experimental determination

of g~,„as a function of I provides direct information
about the m~-H~ magnetization curve.

Finally it is to be expected that for a constant H„ the
dependence on I of g,„should be quite complex. If
H, &Hk, cyclical changes of I will produce hysteresis for
g as a consequence of the domain-wall motion. The hys-
teresis should decrease as H, is increased, and it will van-
ish for H, =HK, since in this case the domain structure
would be destroyed. It is the superposition of both contri-
butions from I to g which yields the complexity of this
kind of measurement. Nevertheless, it is easy to see that
extrapolation to H, =0 of the coercive force correspond-
ing to the g-H~ curves furnishes the coercive force of the
m~-H~ hysteresis loops.

III. EXPERIMENTAL

A. Experimental procedure

The sample was fixed by its upper end to a copper
clamp. A thin copper wire 40 pm in diameter was care-
fully cemented at the lower end of the ribbon by using a
conducting silver solution, thus allowing dc current to
flow through the sample. The system was placed vertical-
ly along the axis of a 25-cm-diam Helmholtz coil. Both
coils had an additional winding to compensate for the
vertical field of the laboratory. Two dc courses were used
to produce the longitudinal (H, ) and transverse (H„) mag-

)„,( rod m-')

5.0—

1.0 2.5—

0.0

0.0
QO 1.0

FYl „
FIG. 8. g', „a/iL as a function of m~. There is a remarkable

linear behavior to allow one to obtain m~ from the g,„mea-
surements.

-400 —300 - 200 - 100 0 100 200 300 400
I (mA)

FIG. 10. g,„as a function of I. The saturation of g,„
reaches a value of 5 rad m
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FIG. 12. g Ihy-steresis loop is shown for H, constant.

0,=0.4 Oe.

netic fields. The current passing through the ribbon never
was above 500 mA.

Torsional deflection was measured by using a horizon-
tal laser beam incident on the ribbon 7 cm below the
upper end. The reflected spot was displayed on a calibrat-
ed screen placed 43 cm from the ribbon. Consequently a
1 mm displacement of the screen spot corresponded to a
torsion angle per unit length /=0. 03 radm '. Measure-
ments were repeated for different positions of the thin
copper wire in order to avoid its possible influence on the
ribbon displacement.

B. Experimental results

The torsion angle per unit length was measured as a
function of H, by keeping I constant. The general
behavior can be seen in Fig. 9. Cyclical changes of H, do
not produce hysteresis effects. Determination of these
curves for different I values provides the g,„dependence
on I which is plotted in Fig. 10. The axial field generat-
ing g~,„, H, (g,„), is a function of I as is illustrated by
Fig. 11.

According to the theoretical model developed above the
saturation magnetostriction constant as well as the shape
of the switching transverse magnetization curve can be in-
ferred from Fig. 10. Since g,„reaches a saturation value
of 2.2A, /a, from its experimental value of 5 radm ' we
obtain A, =2.8&&10, which is in good agreement with
the values 2.7)& 10 and 3X 10 given by Modzelewski
et al. and Livingston, ' respectively, for this sample.
The shape of the curve indicates that transverse saturation
is approached for I=200 rnA. As shown by Fig. 11,
from I=200 mA and for higher values of I the
H, (g,„) Icurve has a l-inear behavior, extrapolation of
this straight line to I=0 provides Hk through Eq. (17).
The value of Hk ——0.66 Oe is consistent with that given by
Modzelewski et a/. , Hk =0.7 Oe. A typical g Ihys--
teresis loop at constant H, is shown in Fig. 12.

In order to test the suitability of the torsion-angle mea-
surements to find the magnetostriction constant, some ex-
periments were carried out on the glass alloy Metglas
2826 from Allied Chemical Corp.' with nominal composi-
tion Fe4ONi4OP &4B6.

Note that quenched ribbons cannot be studied with the
experimental technique reported here. By measuring the

torsional deflection in as-cast ribbons, a value of g,„of
10 ' rad m ' was obtained. Since the saturation magne-
tostriction constant of this alloy is 10 the surprisingly
low value of g,„only can be explained as a consequence
of the lack of transverse magnetization. In other words,
the dc current I is not high enough to produce transverse
magnetization in the amount required to measure
There is a true limitation of the method, imposed by the
Joule effect; I cannot be increased indefinitely. Neverthe-
less, as the stress anisotropy is relaxed, after suitable an-
nealing treatments, the transverse susceptibility is in-
creased, thus allowing the measurement of A, .

g,„as a function of I is plotted iri Fig. 13 for a fully
relaxed ribbon of Metglas 2826. The annealing condi-
tions were T, =320'C and t, =2 h. Neither stress nor
field has been applied during the heat treatment. The
value obtained for A. was 1.2X10 since a=24 pm in
this ribbon.

IV. CONCLUSIONS

( rad rn-')
max

1.0

0.5

0.0
0 100 200 300
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FIG. 13. g,„as a function of I for a fully relaxed Metglas
2826 ribbon after annealing 2 h at 320'C. Saturation of g,„ is
1.3 radm

A theoretical basis has been established for understand-
ing the magnetostrictive induction of torsional strains in
amorphous ribbons. In this framework, the excitation of
magnetoelastic torsional waves, such as those discussed in
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Ref. 7, should be explained. Theory predicts and experi-
ment confirms the appearance of large values for the mag-
netostrictively induced torsional angle. A set of several
reasonable approximations leads to direct relations among
the experimental data a,nd magnetic parameters: (I) The
magnetostriction constant is roughly given by
A, =g,„a/2, (2) the anisotropy field can be obtained from
the extrapolation, at I=0, of the H, (g,„)-Ilines, and (3)
the transverse magnetization curve is obtained from the

I-curve.
Quenched ribbons generally exhibit local anisotropies,

originated by microstresses, too high to be transversely
magnetized under the action of I. However, g,„ in-
creases for the allowed I values as the structural relaxa-
tion is going on. Measurements of g,„as a function of I,
after successive annealing treatments, have been shown to
be a quite simple experimental method for monitoring the
structural relaxation of amorphous ribbons.
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