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‘MAGNETO-ACOUSTIC MARKER FOR
ELECTRONIC ARTICLE SURVEILLANCE
HAVING REDUCED SIZE AND HIGH
SIGNAL AMPLITUDE’

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention is directed to a magneto-acoustic
marker for use in an electronic article surveillance system,
as well as to an electronic article surveillance system
employing such a magneto-acoustic marker, and to a method
for making such a magneto-acoustic marker.

2. Description of the Prior Art and Related Applications

Magneto-acoustic markers for electronic article surveil-
lance (EAS) typically include an elongated trip of a mag-
netostrictive amorphous alloy which is magnetically biased
by an adjacent strip of a magnetically semi-hard metal strip.

The typical requirements for such EAS markers are: a
consistent resonant frequency at a given bias field which is
primarily determined by appropriate choice of the length of
the resonator, a linear hysteresis loop in order to avoid
interference with harmonic systems, which is achieved by
annealing the amorphous ribbon in a magnetic field perpen-
dicular to the long axis of the resonator, a low sensitivity of
the resonant frequency to the bias field, a reliable deactiva-
bility of the marker when the bias field is removed, and a
(preferably) high resonant amplitude which persists for a
sufficient time when the exciting drive field is removed.

Such resonators can be realized by choosing an amor-
phous Fe-Co-Ni-Si-B alloy which has been annealed in the
presence of a magnetic field applied perpendicularly to the
ribbon axis and/or a tensile stress applied along the ribbon
axis. The annealing is preferably done reel to reel with
typical annealing times of a few seconds at temperatures
between about 300° C. and 420° C. Thereafter the ribbon is
cut to oblong pieces which form the resonators. Such
resonators, and a general background description of the
physics and prior art relating to magneto-acoustic markers,
are described in co-pending U.S. application Ser. No.
08/890,612 (“ Amorphous Magnetostrictive Alloy with Low
Cobalt Content and Method for Annealing Same,” G.
Herzer), filed Jul. 9, 1997 and co-pending U.S. application
Ser. No. 08/968,653 (“Method of Annealing Amorphous
Ribbons and Marker for Electronic Article Surveillance,” G.
Herzer) filed Nov. 2, 1997. Both of these co-pending appli-
cations as assigned to the same assignee (Vacuumschmelze
GmbH) as the present application, and the teachings of both
of these co-pending applications are incorporated herein by
reference.

Typical markers for EAS use a single resonator which is
about 38 mm long, about 25 ym and about 12.7 mm or 6 mm
wide. The wider marker generally produces about twice the
signal amplitude of the narrower marker, however, the
narrower marker is more desirable because of its smaller
size. A magnetostrictive marker employing two or more
elongated strips of magnetostrictive ferromagnetic material,
however, is described in U.S. Pat. No. 4,510,490. In the
marker described therein, the strips are disposed side-by-
side in a housing. The reason for using multiple resonator
strips in this known marker is stated in the reference to be
for the purpose of allowing the marker (i.e., the respective
multiple strips thereof) to resonate at different frequencies,
thereby providing the marker with a particular signal iden-
tity.

SUMMARY OF THE INVENTION

It is an object of the present invention is to provide a
magneto-acoustic marker having reduced dimensions with-
out degradation in performance.
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More specifically it is an object of the present invention
to provide a magnetostrictive amorphous metal alloy for
incorporation in such a marker in a magnetomechanical
surveillance system which can be cut into oblong, ductile,
magnetostrictive strips which can be activated and deacti-
vated by applying or removing a pre-magnetization field H
and which in the activated condition can be excited by an
alternating magnetic field so as to exhibit longitudinal,
mechanical resonance oscillations at a resonance frequency
F, which, after excitation, are of high signal amplitude.

It is a further object of the present invention to provide
such an alloy wherein only a slight change in the resonant
frequency occurs given a change in the bias field, but
wherein the resonant frequency changes significantly when
the marker resonator is switched from an activated condition
to a deactivated condition.

Another object of the present invention is to provide such
an alloy which, when incorporated in a marker for magne-
tomechanical surveillance system, does not trigger an alarm
in a harmonic surveillance system.

It is also an object of the present invention to provide a
marker embodying such a resonator, and a method for
making a marker suitable for use in a magnetomechanical
surveillance system.

It is finally an object of the present invention to provide
a magnetomechanical electronic article surveillance system
which is operable with a marker having a resonator com-
posed of such an amorphous magnetostrictive alloy.

The above objects are achieved in a method for making a
magneto-acoustic EAS marker wherein two (or more) short
oblong pieces of a narrow amorphous ribbon are disposed in
registration in a housing to form a dual (multiple) resonator,
with the respective resonant frequencies of the individual
resonator pieces coinciding to within about +/-500 Hz and
preferably within +/-300 Hz. This can be achieved by giving
these pieces the same length and width, the same composi-
tion and the same annealing treatment. As a consequence it
is advantageous to put two (or more) consecutively cut
pieces (cut to the same length) together. Such an inventive
magnetoelastic marker is capable of producing a resonant
signal amplitude comparable to a conventional magnetoelas-
tic marker of the prior art of about twice the width.

As used herein, placing the pieces “in registration” means
that the pieces are disposed one over the other with a
substantial overlap, if not exact congruency. In any event,
the term is intended to preclude a side-by-side arrangement
as in the prior art.

For a dual resonator it is advantageous to choose an
Fe-Ni-Co-base alloy with an iron content of more than about
15 at % and less than about 30 at % which is annealed in the
presence of a magnetic field perpendicular to the ribbon axis
and/or with a tensile stress applied along the ribbon axis. A
generalized formula for the alloy compositions which, when
annealed as described above, produces a dual resonator
having suitable properties for use in a marker in a electronic
article surveillance or identification system, is as follows:

Fe,Co,Ni.Si,B,M,

wherein a, b, ¢, X, y and z are in at %, wherein M is one or
more glass formation promoting elements such as C, P, Ge,
Nb, Ta and/or Mo and/or one or more transition metals such
as Cr and/or Mn and wherein

15Za=30

6=b=18
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27=c=55

0=x=10

10=y=25

0=z=5

14=x+y+z=25
such that a+b+c+x+y+z=100.

In a preferred embodiment the resonator assembly con-
sists of two ribbon pieces in registration, each ribbon piece
having a thickness between about 20 ym and 30 ym, a width
of about 4 to 8 mm and a length between about 35 mm to 40
mm.

The objects of the invention can then be realized in a
particularly advantageous way by using the following
refined ranges in the above formula

20=a=28

6=b=14

40=c=55

0.5=x=5

12=y=18

0=z=2

15<x+y+z<20
such that a+b+c+x+y+z=100.

Examples for such alloys which are particularly suitable
for a dual resonator which is about 6 mm wide and in a range
between 35 mm to 40 mm in length are as follows. Suitable
alloys which have been tested are represented by alloys Nos.
3 through 9 in Table I, namely Fe,,Co,, sNi 5 Si,B,
Fe,,Co,, sNiy, sSi,By;, Fey,Co 3Niys 5Si; 5By,
Fe,4C01,Ni g 551, 5By, Fe,,Coy4 5By,
Fe,,Co,;Ni ¢Si, B, and Fe,,Co,,Ni,Si,B, . Various fur-
ther compositions were tested in order to optimize the
silicon and boron content in compositions having an iron
content of 24 at %. Examples of these further compositions
are Fe;,Coy, sNiysSiy 5By, FeyyCoyy sNiysSipBie s,
Fe,,Coy, sNiysSiy sByg, FeyyCoyy sNiye sSiy sBig s,
Fe,,Co1; sNiys sSi,B1s and Fe,,Coyqq sNiys 5515 5B1s 5.
Similar compositions were also tested wherein the boron
content was modified by about +/-1 at % (starting from one
of the above various further alloys) at the expense of the
nickel content. If annealing is performed without tensile
stress, a composition with a boron content which is lower by
about 0.5 to 1 at % is more suitable.

Based on the above investigations, a preferred composi-
tion is Fe,,Co,; sNi s sSi; 5B, 5, with J =0.86T.

If the iron content is not held at 24 at %, other particularly
suited compositions are Fe,sCo,(Ni,,Si,B,;, and
Fe,,Co,Nis,Si, B . Lastly, from a mathematical analysis
of the above samples and other experimental data, the
following (and similar) alloy compositions are expected to
be particularly suitable as well: Fe,,Co,, sNi,, Si, By,
Fe,,Coyq sNigSiBys 5, Fey Cog sNiyo sSiy sBys s and
Fe,,Cog Ni5;Si;B,5 5. These alloys would be particularly
suited because the cobalt content is further reduced, cobalt
being the most expensive component of these alloys.

Based on the above investigations, an even further refined
formula can be empirically deduced, which still falls within
the above-cited, more general formulae. This further refined
formula is as follows:

Fezy ,Coips WNigsi i1 swShrBiss wvos

wherein r=4 to 4 at %, u=-1to 1, v=—1to 1 and w=-1to 4
at %.

With such alloy compositions, suitable magneto-acoustic
properties can, for example, be achieved by continuously
annealing (reel to reel process) in the presence of a magnetic
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field of at least about 800 Oe oriented perpendicularly to the
ribbon axis and a tensile stress of about 50 MPa to 150 MPa
with an annealing speed of about 15 m/min to 50 m/min and
a annealing temperature ranging from about 300° C. to about
400° C. The annealing process results in a hysteresis loop
which is linear up to the magnetic field where the magnetic
alloy is saturated ferromagnetically. As a consequence, when
excited in an alternating field the material produces virtually
no harmonics and, thus, does not trigger alarm in a harmonic
surveillance system.

Preferably the magnetic field during annealing is applied
substantially perpendicular to the ribbon plane and has a
strength of at least about 2000 Oe. This results in a fine
domain structure with domain width smaller than the ribbon
thickness and a resonant amplitude which is at least 10%
higher than that of conventionally (transverse field) annealed
ribbons.

Particular suitable alloy compositions have a saturation
magnetostriction between about 8 ppm and 14 ppm and
when annealed as described above, the hysteresis loop of the
pieces put together to form the resonator assembly has an
effective anisotropy field H, between about 8 Oe and 12 Oe.
Such anisotropy field strengths are low enough to provide
the advantage that the maximum resonant amplitude occurs
at a bias field smaller than about 8 Oe which e.g. reduces the
material cost for the bias magnet and avoids magnetic
clamping. On the other hand such anisotropy fields are high
enough such that the active resonators exhibit only a rela-
tively slight change in the resonant frequency F, given a
change in the magnetization field strength i.e. [dF/ dH|<750
Hz/Oe but at the same time the resonant frequency F,
changes significantly, by at least about 1.6 kHz, when the
marker resonator is switched from an activated condition to
a deactivated condition.

Usually an alloy ribbon optimized for a multiple resonator
tag is unsuitable for a single resonator marker, and vice
versa. By appropriate choice of alloy composition and heat
treatment, however it is possible to provide an annealed
alloy ribbon which is suitable for both a single and a dual
resonator. Particular suitable alloys for this purpose have a
saturation magnetostriction of about 10 ppm to 12 ppm and
are annealed such that the anisotropy field H, of the dual
resonator is about 9 to 11 Oe. This object can be realized in
a particularly advantageous way by applying the following
ranges to the above formula:

22=a=26

8=b=14

44=c=52

0.5=x=5

12=y=18

0=z=2

15<x+y+z<20

Examples of alloys which are particularly suitable for
single and/or dual resonator having a width of about 6 mm
and a length in a range between 35 mm to 40 mm are as
follows. These alloys include alloy nos. 3 through 8 from
Table I, namely Fe,,Co,, sNi,s 5sSi,B,q,
Fe,,C015 5N, sS1,By;, FeyyCoi3Niys sSI; 5By,
Fe,4C04,Ni 6 551, sB1s, FeyyCoqy sNiy;Si; 5By and
Fe,,Co,;Ni,gSi;B,s. The following further compositions
are also particularly suited for a dual and/or single resonator:
Fe,,C015Ni, 5 551, sBys, FepyCoqy sNiysSIiy sBys,
Fe,,Coy, sNiysSiByg s, Fey Coyp sNiysSip, By,
Fe,4Coyq 5Niy6 5S1; sBy6s, FesuCoyq sNiye sSi:By,
Fe,,C011. 5Nl 6 5515 sBys.s, FepyCoyiNi,;S1;,By,
Fe,,C010 5NI sS1,Bys 5, Fey Cop sNiyo sSI; sBs s,
Fe,,Cog sNis,;Si,B;5 5 and Fe,sCo,,Ni,,Si,B,.
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A more refined formula based on the above examples for
an alloy particularly suited for a dual and/or single resonator
is

Fez, ,Coip s wNigsi i1 swSorBiss wvosw

wherein r=-1to 1 at %, u=-1to 1, v=-1 to 1 and w=-1 to
4 at %.

In order to obtain consistent properties along the ribbon
length it is advantageous to perform the annealing with a
feedback control. For this purpose the magnetic properties
(e.g. the hysteresis loop) are measured after the ribbon has
exited the furnace and the annealing parameters are adjusted
if the resulting test parameter deviates from a predetermined
value. This is preferably done by adjusting the level of the
applied tensile stress, i.e. the tension is increased or
decreased to yield the desired magnetic properties. This
feedback system is capable of effectively compensating the
influence of composition fluctuations, thickness fluctuations
and deviations in the annealing time and temperature on the
magnetic and magnetoelastic properties. The result are
extremely consistent and reproducible properties of the
annealed ribbon, which otherwise are subject to relatively
strong fluctuations due to the afore-mentioned influences.

In order to correlate the measurement on a continuous
ribbon with the resonator properties it is essential to correct
the parameters for demagnetizing effects as they occur on
the short resonator assembly. As an example, consistent
resonator properties for a dual resonator are achieved when
the sum of the anisotropy field of the continuous ribbon plus
twice the demagnetizing field of a single resonator piece is
kept at a constant, predetermined value, which preferably
lies between about 8 Oe to 12 Oe.

In another embodiment of the present invention, more
than two ribbon pieces are arranged in registration to form
a multiple resonator, e.g. a triple resonator. Such a multiple
resonator has the advantage that it produces even higher
signal amplitudes. A generalized formula for the alloy com-
positions which, when annealed as described above, produce
a multiple (i.e. at least triple) resonator having suitable
properties for use in a marker in a electronic article identi-
fication system, is as follows:

Fe,Co,Ni.Si,B,M,

wherein a, b, ¢, X, y and z are in at %, wherein M is one or
more glass formation promoting element such as C, P, Ge,
Nb, Ta and/or Mo and/or one or more transition metals such
as Cr and/or Mn and wherein

30=a=65

0=b=6

25=c=50

0=x=10

10=y=25

0=z=5

15=x+y+z=25.
such that a+b+c+x+y+z=100.

In a preferred embodiment the anisotropy of the amor-
phous alloy ribbon is controlled by applying a tensile stress

during annealing with the following refined ranges in the
above formula:

4552565
0=b=6
255¢=50
0=x£10
10Sy=25

10

15

20

25

30

35

40

45

50

55

60

65

0=z=5

15=x+y+z=25

Examples for such alloys particularly suited for a 6 mm
wide and a 35 mm to 40 mm long triple resonator are:

Fe ,5Co,Ni;sSi;Bys 5Co s and Feg;Co,NizSiyBys sCos

A particularly suited example for a 6 mm wide resonator
assembly consisting of 4 resonator pieces (about 35 to 40
mm long) is given by the composition Fes;Ni;,Si;B55Cq 5.

In general, the following compositions are preferred with
respect to optimization of the silicon and boron content, and
are also optimal for manufacturing ovens used by the
Assignee (Vacuumschmelze GmbH) using an annealing
process making simultaneous use of a perpendicular field
and tensile stress, and these alloys are also the most prom-
ising candidates for further reducing the cobalt content.
These preferred compositions are Fe,,Co,;Ni, 5 sSi; 5By,
Fe,,C015 5Niy5 sS1,Byg, FepyCoqp sNiysSIByg s,
Fe,4Co4q 5Niys 5511 5B16.s, Fey Copg sNiygSiBys s,
Fe,5Co,Ni;S1,B 4, Fe,,Cog sNiyo 5Si; sBys s and
Fe,,Cog sNis Si; B 5 5.

Lastly, it should be noted that typically as a result of ingot
preparation, the resulting alloy in practice will contain
carbon in an amount of up to about 0.5 at %, and corre-
spondingly less boron.

DESCRIPTION OF THE DRAWINGS

FIG. 1A is a graph showing the resonant frequency F,
versus the bias field H for a single resonator marker and a
marker having two combined resonators in accordance with
the invention, made of the same ribbon having a composi-
tion of Fe,,Co,, sNi,s sSi,B,, annealed at a speed of 25
m/min. at 355° C. and a tensile strength of about 80 MPa.

FIG. 1B is a graph showing the resonant amplitude Al
versus the bias field H for a single resonator marker and a
marker having two combined resonators in accordance with
the invention, made of the same ribbon having a composi-
tion of Fe,,Co,, sNi,s sSi,B,, annealed at a speed of 25
m/min. at 355° C. and a tensile strength of about 80 MPa.

FIG. 2 shows respective hysteresis loops for a 38 mm long
dual resonator, a 38 mm long single resonator, and a long
ribbon, having the same composition and annealed under the
same conditions as the example shown in FIG. 1.

FIG. 3A is an exploded view of the components of a
magneto-acoustic marker constructed and manufactured in
accordance with the principles of the present invention,
having narrow (6 mm wide) resonator pieces.

FIG. 3B is an end view of the inventive magneto-acoustic
marker shown in FIG. 3A.

FIG. 4A is an exploded view of a conventional magneto-
acoustic marker having a wide (12.7 mm) resonator piece.

FIG. 4B is an end view of the conventional magneto-
acoustic marker shown in FIG. 4A.

FIG. 5 is a graph showing the resonant amplitude Al as
a function of the difference between the frequency F of the
exciting AC field and the resonant frequency F, of the
resonator assembly, in a magneto-acoustic marker con-
structed and manufactured in accordance with the principles
of the present invention.

FIG. 6 is a graph showing amplitude versus exciting
frequency for a dual resonator consisting of two narrow (6
mm wide) resonator pieces having respectively different
alloy compositions, and thus respectively different indi-
vidual resonant frequencies at a given bias field, in a
side-by-side arrangement and in an arrangement wherein the
resonator pieces are in registration.



US 6,359,563 B1

7

FIG. 7 is a graph showing amplitude versus exciting
frequency for a dual resonator consisting of two narrow (6
mm wide) resonator pieces of the same alloy composition
(alloy no. 2 of Table I herein), and thus with identical
individual resonant frequencies at a given bias field, in a
side-by-side configuration, and in a configuration wherein
the resonator pieces are in registration and, for reference,
showing the individual curve of a single resonator of this
alloy.

FIG. 8 is a graph showing amplitude versus exciting
frequency for a dual resonator consisting of two narrow (6
mm wide) resonator pieces of the same alloy composition
(alloy no. 3 of Table I herein), and thus with identical
individual resonant frequencies at a given bias field, in a
side-by-side configuration, and in a configuration wherein
the resonator pieces are in registration and, for reference,
showing the individual curve of a single resonator of this
alloy.

FIG. 9 is a graph showing respective curves for the
resonant frequency F, versus the bias field H for two alloys
(single resonator piece) annealed in accordance with the
principles of the present invention for use in a dual resonator
assembly, but having respectively different saturation mag-
netostriction constants A

FIG. 10 illustrates amplitude enhancement which is
achieved by annealing a resonator piece having a composi-
tion in accordance with the principles of the present inven-
tion in a magnetic field oriented substantially perpendicu-
larly to the ribbon axis and to the ribbon plane, compared to
conventional transverse annealing in a magnetic field which
is oriented substantially perpendicularly to the ribbon axis
and parallel to the ribbon plane, i.e., across the ribbon width.

PREFERRED EMBODIMENTS OF THE
INVENTION
Alloy Preparation

Amorphous metal alloys within the Fe—Co—Ni—Si—B
system were prepared by rapidly quenching from the melt as
thin ribbons typically 25 um thick. Table I lists typical
examples of the investigated compositions and their basic
magnetic properties. The compositions are nominal only and
the individual concentrations may deviate slightly from this
nominal values and the alloy may contain impurities like
carbon (as for C typically up to about 1 at %) due to the
melting process and the purity of the raw materials.

All casts were prepared from ingots of at least 3 kg using
commercially available raw materials. The ribbons used for
the experiments were 6 mm wide (except for alloy No. 2
where the width was 12.7 mm) and were either directly cast
to their final width or slit from wider ribbons. The ribbons
were strong, hard and ductile and had a shiny top surface and
a somewhat less shiny bottom surface.

Annealing

The ribbons were annealed in a continuous mode by
transporting the alloy ribbon from one reel to another reel
through an oven in which a magnetic field was applied
perpendicularly to the long ribbon axis.

The magnetic field was oriented transverse to the ribbon
axis, i.e. across the ribbon width according to the teachings
of the prior art or, alternatively, the magnetic field was
oriented such that it had a substantial component perpen-
dicular to the ribbon plane. The latter technique is disclosed
in the aforementioned co-pending U.S. application Ser. No.
08/890,612, and provides the advantages of higher signal
amplitudes. In both cases (transverse and perpendicular) the
annealing field is perpendicular to the long ribbon axis.

The magnetic field was produced in a 2.80 m long yoke
by permanent magnets. Its strength was about 2.8 kOe in the
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8

experiments where the field was oriented essentially per-
pendicular to the ribbon plane and about 1 kOe in the set-up
for “transverse” field annealing.

Although the majority of the examples given in the
following were obtained with the annealing field oriented
essentially perpendicular due the ribbon plane, the major
conclusions apply as well to the conventional “transverse”
annealing which also was tested.

The annealing was performed in ambient atmosphere. The
annealing temperature was chosen within the range from
about 300° C. to about 420° C. A lower limit for the
annealing temperature is about 300° C. which is necessary
to relieve part of the production-inherent stresses and to
provide sufficient thermal energy in order to induce a
magnetic anisotropy. An upper limit for the annealing tem-
perature results from the Curie temperature and the crystal-
lization temperature. Another upper limit for the annealing
temperature results from the requirement that the ribbon be
ductile enough after the heat treatment to be cut to short
strips. The highest annealing temperature should be prefer-
ably lower than the lowest of the material characteristic
temperatures. Thus, typically, the upper limit of the anneal-
ing temperature is around 420° C.

The furnace used for the experiments was about 2.40 m
long with a hot zone of about 1.80 m in length wherein the
ribbon was subjected to the aforementioned annealing tem-
perature. The annealing speeds typically ranged from about
5 m/min to about 30 m/min, which correspond to annealing
times from 22 sec down to about 4 sec, respectively.

The ribbon was transported through the oven in a straight
path and was supported by an elongated annealing fixture in
order to avoid bending or twisting of the ribbon due to the
forces and the torque exerted on the ribbon by the magnetic
field.

The annealing was performed with a tension feedback
control which allows the magnetic properties to be set to a
predetermined value (provided a proper choice of the alloy
composition). This technique is disclosed in detail in the
aforementioned co-pending U.S. application Ser. No.
08/968,653.

Testing

The annealed ribbon was cut to short pieces typically 38
mm long. These samples (a “sample” means a single ribbon
piece or several ribbon pieces put together) were used to
measure the hysteresis loop and the magneto-elastic prop-
erties.

The hysteresis loop was measured at a frequency of 60 Hz
in a sinusoidal field of about 30 Oe peak amplitude. The
anisotropy field is defined as the magnetic field H, at which
the magnetization reached its saturation value. For an easy
axis across the ribbon width the transverse anisotropy field
is related to anisotropy constant K, by

H,=2K,/T,

where J, is the saturation magnetization. K, is the energy
needed per volume unit to rotate the magnetization vector
from the direction parallel to the magnetic easy axis to a
direction perpendicular to the easy axis. It should be noted
that H, depends not only on the alloy composition and heat
treatment but, due to demagnetizing effects also depends on
the length, width and thickness of the samples.

The magneto-acoustic properties such as the resonant
frequency Fr and the resonant amplitude Al were deter-
mined as a function of a superimposed dc bias field H along
the ribbon axis by exciting longitudinal resonant vibrations
with tone bursts of a small alternating magnetic field oscil-
lating at the resonant frequency with a peak amplitude of
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about 18 mQOe. The on-time of the burst was about 1.6 ms
with a pause of about 18 ms in between the bursts.

The resonant frequency of the longitudinal mechanical
vibration of an elongated strip is given by

1
—VEyu/p

F,=
2L

where L is the sample length, E,; is Young’s modulus at the
bias field H and p is the mass density. For the 38 mm long
samples the resonant frequency typically was in between
about 50 kHz and 60 kHz depending on the bias field
strength.

The mechanical stress associated with the mechanical
vibration, via magnetoelastic interaction, produces a peri-
odic change of the magnetization J around its average value
J;; determined by the bias field H. The associated change of
magnetic flux induces an electromagnetic force (emf), which
was measured in a close-coupled pickup coil around the
ribbon with about 100 turns.

In EAS systems the magneto-acoustic response of the
marker is advantageously detected in between the tone
bursts which reduces the noise level and, thus, for example
allows for wider gates (the excitation and reception coils
being respectively disposed in the spaced-apart vertical sides
of a gate). The signal decays exponentially after the exci-
tation i.e. when the tone burst is over. The decay time
depends on the alloy composition and the heat treatment and
may range from about a few hundred microseconds up to
several milliseconds. A sufficiently long decay time of at
least about 1 ms is important to provide sufficient signal
identity in between the tone bursts.

Therefore the induced resonant signal amplitude was
measured about 1 ms after the excitation; this resonant
signal amplitude will be referred to as Al in the following.
Ahigh Al amplitude as measured here, thus, is an indication
of both a good magneto-acoustic response and low signal
attenuation.

Results

Conventional markers for EAS use a single resonator
which is about 38 mm long, about 25 ym and about 12.7 mm
or 6 mm wide. Examples 1 and 2a in Table II represent two
such conventional compositions and their magnetic and
resonant properties suitable for EAS applications.

Obviously the wider resonator has about twice the signal
amplitude of the narrow ribbon. Yet, the clear advantage of
the narrow ribbon is that it allows to build a narrower i.c. a
leaner marker. It is highly desirable to combine the advan-
tages of the narrow and the wide resonator, i.e. to provide a
narrow marker with high signal amplitude.

The difference in the signal amplitude between the con-
ventional wide and narrow resonator material (examples 1
and 2a in Table II) obviously is related to the ribbon’s
cross-section in each case. A higher cross-section appears to
give a higher resonant signal amplitude.

In a first experiment the signal amplitude of the narrow
ribbon was attempted to be increased by increasing the
ribbon’s thickness, resulting in a larger cross-section. The
ribbon was annealed in the same manner as in example 2a.
The results of this experiment are listed as example 2b in
Table II. Despite of the larger cross-section, the signal
amplitude decreased, which is interpreted in terms of the
eddy current losses associated with the larger ribbon thick-
ness.

In a second experiment two ribbon pieces of alloy No. 2
were arranged in registration to form a dual resonator. The
ribbon was annealed in the same manner as in example 2a.
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As aresult the resonant amplitude Al significantly increased
(example 2c in Table IT). The surface features of the ribbons
(like e.g. thin oxide layers) guarantee sufficient electrical
insulation between the ribbons so as to suppress the pen-
etration of eddy currents between the two ribbons. Yet, the
amplitude still proved to be significantly lower than for the
12.7 mm wide ribbon piece. Moreover, the frequency shift
AFr upon decreasing the bias from 6.5 Oe to 2 Oe was
reduced to only about 1.2 kHz, which is not sufficient to
guarantee a reliable deactivability of the marker.

In further experiments, the alloy composition was
changed from the conventional compositions by reducing
the Co-content of the alloy. The 6 mm ribbon was then
annealed similarly to the foregoing examples. Again two
pieces of the 6 mm wide ribbon were put together to form
a dual resonator. The results are shown in Table III
(examples 3 through 9) and represent a preferred embodi-
ment of this invention. As an example, the resonant prop-
erties (frequency in FIG. 1A and amplitude in FIG. 1B) and
the hysteresis loop (FIG. 2) of example 3 are shown which
are comparable to the 12.7 mm wide resonator of example
1, in particular the high signal amplitude. The narrower
ribbon, combined to a dual resonator, however, now permits
a much narrower marker to be used.

As can be seen from FIG. 2, the anisotropy (or knee) field
H,, which is defined as the field at which the hysteresis loop
approaches saturation, increases in the following sequence:
H, (long ribbon)<H, (signal resonator of 38 mm length)<H,
(dual resonator of 38 mm length).

FIGS. 3A and 3B illustrate the basic components, and the
structural arrangement of those components, in an embodi-
ment of a dual resonator marker constructed in accordance
with the invention. The inventive marker includes a narrow
housing 1, which contains two resonator pieces 2 each
having a width of 6 mm. The resonator pieces 2 are overlaid
with a first cover 3, on which a bias magnet 4 is placed. The
bias magnet 4 is overlaid with a second cover and adhesive
5, so as to close the housing 1 to contain all components
therein.

The basic structure and components of a conventional
(wide) magneto-acoustic marker are shown in FIGS. 4A and
4B. This conventional marker includes a housing 6, which is
wide enough to accommodate a conventional wide (12.7
mm) resonator piece 7, overlaid by a first cover 8. A bias
magnet 9 is placed on the first cover 8, and is overlaid by a
second cover and adhesive 10.

The inventive marker of FIGS. 3A and 3B and the
conventional wide marker of FIGS. 4A and 4B have the
same performance, however, the inventive marker with the
dual resonator has clear cosmetic and cost advantages due its
smaller width. As also shown in FIGS. 3A and 3B, it is
advantageous that the resonator pieces 2 have a transverse
curl (typically of about 150 um to 320 um) with a top
oriented toward the bias magnet. Such a curl can be annealed
in by an appropriate annealing fixture (cf. the aforemen-
tioned co-pending U.S. application Ser. No. 08/968,653.

It should be added that the required properties can also be
achieved e.g. with alloy No. 2 by annealing it at higher
temperatures of about 420° C. Since this is not far from the
upper limit of annealing temperatures, Alloys Nos. 3 through
9 are preferred since they allow lower annealing tempera-
tures (typically 350° C. to 380° C.) which reduces the risk
of embrittlement and/or crystallization.

In order to explain the above findings, it should first be
noted that the resonant frequency F, can be described
reasonably well as a function of the bias field H by
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where A is the saturation magnetostriction constant, J_is the
saturation magnetization, E_ is Young’s modulus in the
ferromagnetically saturated state, Hy is the knee field of the
hysteresis loop, p is the mass density and L is the resonator
length.

One crucial parameter which determines the resonator
properties thus is the knee field H,- of the hysteresis loop. It
is important to recognize that the knee field H,- relevant to
the above relation not only depends on the thermally
induced anisotropy field (a widespread common belief) but
also essentially on the geometry (length, width, thickness) of
the ribbon pieces and the number of ribbon pieces which
form the actual resonator assembly. Accordingly H,- can be
approximately described by

H=H,+p N /o

where H, is the thermally induced anisotropy field (=the
knee field, Hy, recorded on a very long piece of ribbon), p
is the number of ribbon pieces for the resonator assembly
and N is the demagnetizing factor of a single ribbon piece
(4o 1s vacuum permeability and J, is the saturation
magnetization).

The mass density @, Young’s modulus E_, the saturation
magnetostriction A, and the saturation magnetization J,
mainly depend on the alloy composition. The induced
anisotropy field H, depends both on alloy composition and
heat treatment. The effective resonator knee field Hy addi-
tionally depends on resonator geometry and the number of
resonators due to demagnetizing effects. Accordingly, in
order to obtain an optimized resonator for an EAS marker,
a well defined combination of alloy composition, heat treat-
ment and resonator geometry, is required.

Thus, the proper choice of Hy for a given alloy compo-
sition is crucial to give the marker the desired properties i.e.
high amplitude, insensitivity to the fluctuations in the bias
field and good deactivability. A value of Hy, which is too
high e.g. yields a bad deactivability, too low a value of Hy-
which results in a slope of the F, vs. bias curve which is too
high.

As an example, FIG. § illustrates the behavior of the
signal amplitude when the resonant frequency F, shifts away
from the exciting frequency in the interrogating zone due to
a slight offset of the bias field of about 0.5 Oe from its target
value, e.g. due to a different orientation in earth’s magnetic
field. The solid circle 11 indicates |dF,/dH|=200 Hz/Oe, the
solid circle 12 represents |dF,/dH|=600 Hz/Oe, and the solid
circle 13 indicates |dF,/dH|==1,000 Hz/Oe. It can be con-
cluded from FIG. 5 that if the slope [dF,/dH] is too high, i.c.
more than about 750 Hz/Oe the signal amplitude drops by
more than 50%, which reduces the pick-rate (i.e. correct
alarm-producing rate) significantly and the marker loses its
signal identity.

As a result of the above-discussed investigations, a few
conclusions to guide the choice of particular well-suited
alloy compositions as given in Tables I and III can be
positioned as follows

H, should have a value around about 10 Oe, which
ensures that the maximum amplitude occurs at bias fields
below about 8 Oe. In order to obtain suitable resonator
properties (i.e. a low enough slope and a high enough
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F,-shift upon deactivation) appropriate of the resonator
assembly the alloy should then have a magnetostriction
around about 8 to 14 ppm. This is achieved for alloy
compositions with an iron content less than about 30 at %.
The iron content should be at least about 15 at % in order for
the material to have a high enough magnetostriction so as to
be excitable magneto-elastically.

In order to achieve the desired value of H, by typical heat
treatments (i.e. a few seconds at temperatures between about
300° C. and 420° C.), the Co- and Ni-content have to be
chosen correspondingly. This limits the Co and the
Ni-content to the ranges given in the Summary section
above. Thus, e.g., for a 6 mm wide dual resonator, alloys
with Co-content higher than 18 at % produce a value of the
required frequency shift AF, which is too small and alloys
with a Co-content less than about 6 at % exhibit a frequency
slope |dF,/dH| which is too high (too steep).

In order to make use of the tension feedback control, the
anisotropy field must be sufficiently sensitive to the appli-
cation of a tensile stress during annealing. This is only the
case for alloy compositions with an iron content of either
less than about 30 at % or more than about 45 at %.

It is also possible to combine more than two resonator
pieces to achieve even higher amplitudes. Examples are
given in Table IV. For such triple or tertiary resonators it is
advantageous to further reduce the Co-content of the alloy.
Such low Co-content alloys suitable for these multiple
resonators are not suitable for the dual resonator. Dual
resonators made of such alloys always showed an undesir-
ably high slope of round about 1000 Hz/Oe, which makes
the resonator too sensitive to changes in the bias field.

One key point associated with the successful production
of dual and multiple resonators, thus, was to recognize that
for an optimized multiple resonator marker it is essential to
have the effective H, of the total resonator assembly at a well
defined value. Accordingly, given a certain composition, this
effective H, value has to be always about the same, regard-
less of use as a single, dual or multiple resonator, provided
H,, refers in each case to the actual resonator assembly. Yet,
having e.g. an optimized dual resonator, the H, of the
individual ribbon pieces forming this resonator is smaller
(e.g. by about 2 Oe for a 6 mm wide ribbon) than that of the
whole assembly (see FIGS. 3A, 3B and 4A, 4B). As a
consequence, a single resonator made out of the same
material exhibits different magneto-acoustic properties than
the dual resonator (cf. FIGS. 1A, 1B). Thus, generally, an
amorphous alloy ribbon optimally annealed for a dual reso-
nator generally is less suitable or not suitable for a single
resonator, and vice versa.

Principally, a given alloy can be optimized for use as a
single, dual or multiple resonator by different annealing
treatments i.e., for example, by adjusting the annealing
temperature, time and the tension used during annealing.
Yet, in practice the variability of the resonator properties by
annealing is limited. In order to guarantee a robust annealing
treatment, an optimized dual (multiple) resonator, therefore,
will generally require a somewhat different composition
than an optimized single resonator (assuming the same
width and length of the resonator pieces). Thus, compared to
an optimized single resonator, an optimized dual resonator
in general needs a composition with a smaller Co-content
and/or a higher (Si, B, C, Ni)-content (although the differ-
ences may only be 1 at % or less).

FIGS. 6, 7 and 8 demonstrate the advantages which are
obtained by placing multiple resonator pieces in registration,
as opposed to the conventional side-by-side arrangement
exemplified by the aforementioned U.S. Pat. No. 4,510,490.
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As noted above, the primary reason for using two resonators
in the marker described in U.S. Pat. No. 4,510,490 is to be
able to employ resonators with respectively different reso-
nant frequencies at a given bias field, so as to give the
marker a unique identity. FIGS. 6, 7 and 8 demonstrate that
placing two resonator pieces in registration (on top of each
other) is not magnetically equivalent to arranging two reso-
nator pieces side-by-side.

FIG. 6 compares the signal amplitude of a dual resonator
consisting of two resonators of different alloy compositions,
hence having respectively different resonant frequencies at a
given bias field H=6.5 Oe, arranged in a side-by-side rela-
tionship and arranged in registration. The alloy numbers
refer to Table I herein. Alloy no. 2 in that Table has a
composition Fe,,Co, Ni, Si,B,,, and alloy no. 3 from that
Table has a composition Fe,,Co,, sNi s sSi,Bis. As is
clearly evident from FIG. 6, for these types of resonators
which each have different individual resonant frequencies
not in accordance with the present invention, it is advanta-
geous to place the ribbon side-by-side, because the ampli-
tude drops significantly if the ribbons are placed in regis-
tration.

FIG. 7 shows a dual resonator consisting of two individual
resonator pieces, but the individual pieces were optimized
for use as a single resonator, and correspond to alloy no. 2
of Table 1 herein. These two resonator pieces have nomi-
nally identical resonant frequencies at a bias field H=6.5 Oe.
As can be seen from FIG. 7, again the amplitude drops
significantly if these resonators are placed in registration,
instead of side-by-side. Moreover, it can be seen from FIG.
7 that the dual resonator formed by placing the ribbons in
registration shows an insufficient frequency change AF,
when the bias is removed (i.e., when the marker is
deactivated) and additionally has a disadvantageously high
Q. These results are summarized in the following Table Al:

Table Al: Alloy Nr 2 of Table I (prior art and comparative
examples)

Al F, |[dF/dH|  AF,
Resonator Type (mV) Q (kHz)  (Hz/Oe) (kHz)
Single Nr. 1 84 505 57.02 630 2.21
Single Nr. 2 87 495 57.00 663 2.31
Dual side by side 154 628 57.47 569 1.88
Dual on top of each other 115 984 58.08 410 1.32

FIG. 8 shows a dual resonator according to the principles
of the present invention, the properties being summarized in
Table A2 below. As can be seen from FIG. 8, due to the
inventive alloy and heat treatment, the amplitude of the dual
resonator with two resonator pieces in registration shows
only a minor decrease in amplitude, and also fulfills the
other requirements relating to slope, AF,, Q, etc. for a good
marker. Again, a bias field H=6.5 Oe¢ was used.

The resonator pieces for which results are shown in FIGS.
6,7 and 8 were all 6 mm wide, 38 mm long and 25 um thick.

Table A2: Alloy Nr 3 of Table I (inventive example)

Al F, |dF /dH|  AF,
Resonator Type (mV) Q (kHz)  (Hz/Oe) (kHz)
Single Nr. 1 75 223 55.02 193 3.53
Single Nr. 2 75 223 55.04 235 3.56
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-continued

Al F, [dF/dH|  AF,
Resonator Type (mV) Q (kHz)  (Hz/Oe) (kHz)
Dual side by side 176 301 55.67 677 3.03
Dual on top of each other 163 508 56.79 581 2.09

Particular Examples Suitable for Both a Dual and a Single
Resonator

As already demonstrated by the examples in Table II and
as discussed above a resonator alloy optimized for a single
resonator (cf. example 2) in general has inferior properties
if used as a dual (multiple) resonator (cf. example 2¢), and
vice versa.

Thus, typically, an alloy ribbon optimized for a dual
(multiple) resonator, if used as a single resonator has a slope
of about |dF,/dH|=1000 Hz/Oe, which is too high. The latter
means that the sensitivity of the resonant frequency with
respect to accidental fluctuations of the bias field strength
(due to scatter of the bias magnet and/or orientation of the
marker with respect to the earth’s magnetic field) will be too
high, which is unsuitable for a good marker, since the
resonant frequency provides the marker with signal identity.

An example (example 9b) is given in Table V which
shows the single resonator properties of Alloy No. 9 (cf.
Tables I, III) which was optimally annealed for a dual
resonator. The slope |dF,/dH| of this single resonator is
almost 900 Hz/Oe and, thus, is clearly higher than accept-
able. Similarly, Table V illustrates that the triple resonator
examples 10 through 11 have unfavorable single resonator
properties (high slope and low amplitude).

The present inventor has nevertheless found that there are
exceptions from this generalization, which are limited to a
particular compositional range and to a particular heat
treatments, as represented by alloys Nos. 3 through 8 in
Table I and the examples Nos. 3 to 8 in Table III, which
where optimally annealed for a dual resonator. As illustrated
by the examples 3b, 5b and 7b in Table V, these particular
ribbons simultaneously exhibit suitable properties for use as
a single resonator, although having been optimally annealed
for a dual resonator. The properties are not only comparable
to a 6 mm single resonator of the prior art, but even tend to
be advantageous because of the lower slope |dF,/dH]| and the
higher frequency shift AF,.

The significantly lower slope enhances the pick-rate for
the marker because the resonant frequency is less sensitive
to fluctuations of the bias field. This insensitivity is equiva-
lent to a tag with higher amplitude but higher slope, because
the amplitude decreases if the resonant frequency deviates
from frequency of the exciting AC magnetic field. In other
words a marker with a lower slope exhibits a higher signal
amplitude and, thus, is better detected by the interrogating
system if the exciting frequency does not exactly match the
resonant frequency than compared to a marker with a higher
slope (cf. FIG. 5).

Secondly, the significantly higher AF, provides even more
assurance that there will be no false alarms if the deactiva-
tion of the marker is poor due to an imperfect degaussing of
the bias magnet.

Accordingly these particular single resonators are even
more suitable for a marker than single resonator of the prior
art such as e.g. example 2a in Table II.

The fact that these particular annealed alloy ribbons
(examples 3 through 8 in Tables I and III ) can be used for
a dual as well as for a single resonator tag is a further
advantage since this circumstance facilitates the logistics in
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producing both types of markers if required. Thus, examples
3 to 8 in Tables I and III are a most preferred embodiment
of this invention.

Another key point of this invention, thus, is the discovery
that it is possible to make a particular choice of alloy
composition and/or annealing treatment to provide narrow
amorphous alloy ribbon suitable both for a single resonator
and dual resonator.

This finding is illustrated in FIG. 9. FIG. 9 is a graph of
the resonant frequency versus bias field curve for two alloys
optimally annealed for use as a dual resonator but with
different saturation magnetostriction constants A, More
precisely, FIG. 9 shows the resonant frequency curve for a
single ribbon pieces, i.e. for a single resonator. The dashed
vertical lines show the range of a typical bias field produced
by the magnet 4 (and 9).

The alloy with the higher magnetostriction (».,=15 ppm)
requires a higher anisotropy field H, than the alloy with the
lower magnetostriction (h,=11 ppm) in order to have the
same performance as a dual resonator. As a consequence the
minimum of the resonant frequency for the high magneto-
strictive alloy is located at a higher bias field of about 9 Oe,
whereas the minimum of the resonant frequency for the
lower magnetostrictive alloy is located at lower bias field of
about 7 Oe, which coincides with the typical bias fields
suitable for application.

Abias field which is too high is unsuitable because of the
magnetic attractive force between the bias magnet and the
resonator which leads to undesirable clamping and, thus,
loss in signal. Thus, a bias field of less then about 8 Oe is
preferred.

Consequently, at typical bias fields of 6 to 7 Oe, the high
magnetostrictive single resonator has a slope of about 1000
Hz/Oe which is unsuitable, while the lower magnetostrictive
alloy has a rather low slope because the magnetic bias field
almost coincides with the minimum of the resonant fre-
quency curve, ie. with |[d.,/dH[=0.

Accordingly, it is preferable to have an alloy composition
with a saturation magnetostriction of less then about 15 ppm,
which is achievable if the iron content of the alloy is less
than about 30 at %. Thus, for example, alloys with an iron
content of about 24 at % typically exhibit a saturation
magnetostriction constant A, of about 10 ppm to 12 ppm,
which is suitable to have the minimum of the resonant
frequency close to a bias field of about 6 Oe to 7 Oe.

This explains why alloy 9 (27 at % Fe, . .~13 ppm) due
to its higher magnetostriction is less suited as a single
resonator than alloys No. 3 through 8 (24 at % Fe, h ~11-12
ppm) if the bias is about 6 to 7 Oe and if the annealed ribbon
should simultaneously be suitable for a dual resonator
marker. Correspondingly, the situation becomes worse for
the higher magnetostrictive alloys (cf. alloys 10-12 with
L,>20 ppm) where the ribbons optimized for a multiple
resonator exhibit a slope far over 1000 Hz/O¢ and a low
amplitude if used as a single resonator.

Accordingly, some guidelines derived from the above
investigation, for an annealed alloy ribbon which is suitable
both for a dual resonator and a single resonator are as
follows.

The bias field where the resonant frequency of the single
resonator has a minimum should almost coincide with the
magnetic bias field produced by the bias magnet which
typically should be less than about 8 Oe and preferably be
about 6 to 7 Oe. Simultaneously the bias field where the
amplitude A1 of the dual resonator has its maximum should
be close to this bias field where the resonant frequency of the
single resonator has a minimum.
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Accordingly, the annealing treatment has to be chosen
such that the knee field H, of the single resonator is
somewhat (i.e. by about 10-30%) above the applied bias
field. This is achieved by annealing the alloy at a tempera-
ture between about 300° C. and 400° C. for a time period of
a few seconds in the presence of a magnetic field oriented
essentially perpendicularly to the ribbon axis and, as an
option, with the simultaneous application of a tensile stress
up to about 200 MPa. The applied magnetic field must be
oriented also essentially perpendicular to the ribbon plane,
such that annealing produces a fine domain structure ori-
ented across the ribbon width with an average domain width
which is smaller than (approximately) the ribbon thickness.

The alloy composition has to be chosen such that the
induced anisotropy field is capable of producing suitable
resonator properties for a dual resonator.

The latter is achieved by choosing e.g. an alloy compo-
sition which exhibits a magnetostriction close to about
1012 ppm. This is achieved by choosing a Fe—Co—Ni—
Si—B alloy with a iron content between about 22 at % and
about 26 at %, a Co content between about 8 at % and 14 at
%, a Ni-content between about 44 at % and about 52 at %
and a combined content of glass forming elements (Si, B, C,
Nb, Mo, etc) which is at least about 15 at % and less than
20 at %. Such a particular choice is preferable for a marker
operating at a bias of about 6 to 7 Oe.

If the marker operates at lower bias fields than about 6 Oe,
the magnetostriction has to be reduced further and the
composition has to be adjusted accordingly, e.g. toward
lower iron contents down to an admissible lower limit of
about 15 at %. Such modifications also are necessary if the
slope of the dual resonator itself has to be reduced further
without decreasing AF,, which can be done by biasing the
dual resonator at its minimum of the resonant frequency.
Although in the latter case the suitability for simultaneous
use as a single resonator might be lost, such an alternative
dual resonator with an alloy of lower magnetostriction
provides the advantage of a reduced frequency sensitivity to
fluctuations of the bias and is another embodiment of this
invention.

It should be noted that the annealing perpendicular to the
ribbon plane is crucial to achieving a significant amplitude
level at the minimum of the resonant frequency. It also
enhances the maximum amplitude level by at least about
10-20%. Conventional transverse field annealed material
exhibits an almost vanishing signal amplitude at the bias
field where the resonant frequency has a minimum, and
therefore is not suited for these preferred embodiments of
the invention. The situation is illustrated in FIG. 10.

If the simultaneous suitability as a single and dual reso-
nator is not a requirement, the perpendicular field annealing
is a preferable option, but not a necessity. The range of alloy
composition then is somewhat wider, but the iron content
should also be below about 30 at % in order to ensure that
the maximum signal amplitude is located at moderate bias
levels such that a bias field below about 8 Oe produces a
high enough signal amplitude.

Tables
Notations for the Tables:

H,- anisotropy field of the resonator assembly
Al resonator amplitude at a bias of 6.5 Oe

|df,/dH] is the slope, i.e. sensitivity of the resonant fre-
quency F, to changes of the bias field (which is at 6.5
Oe in these examples)

AF, is the frequency shift, i.e. the difference of the
resonant frequency between bias fields of 2 Oe and 6.5
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Oe, which is a measure for the change of frequency
required for deactivation of the marker

TABLE 1

Tested alloy compositions. J; is the saturation magnetization,
A, is the saturation magnetostriction constant.

Composition in at % T A
Alloy Nr  Fe Co Ni Si B (D (ppm)
1 24 16 42.5 1.5 16 0.93 11.7
2 24 18 40 2 16 0.95 11.7
3 24 12.5 45.5 2 16 0.86 11.4
4 24 12.5 44.5 2 17 0.84 11.0
5 24 13 45.5 1.5 16 0.89 11.4
6 24 12 46.5 1.5 16 0.87 11.2
7 24 11.5 47 1.5 16 0.88 11.3
8 24 11 48 1 16 0.88 11.4
9 27 10 45 2 16 0.91 12.9
10 46 2 35 1 16 1.22 242
11 51 2 30 1 16 1.32 28.0
12 0 53 30 1 16 1.33 28.6
TABLE II

State of the art (example 1 and 2a) and comparative examples.
(Typical annealing parameters: several seconds at an annealing
temperatures of about 390° C., tensile stress between about
80 and 120 MPa)

Alloy Width Thick H, Al |dFydH| AF,

Example Nr Type (mm) (pm) (Oe) (mV) (Hz/Oe) (kHz)

1 1 single 12.7 25 105 165 601 2.08

2a 2 single 6 25 105 85 605 211

2b 2 single 6 40 11.7 67 466 1.63

2c 2 dual 6 25 123 107 317 1.21
TABLE III

Inventive examples for 6 mm wide, 25 gm thick and 35 mm to 40 mm
long dual resonators. (Typical annealing parameters: several seconds at
annealing temperatures between about 350° C. and 390° C,, tensile
stress between about 80 and 120 MPa)

Alloy H, Al |dFydH|  DF,

Example Nr  Type (Oe) (mV)  (Hz/Oe) (kHz)
3 3 dual 9.9 167 622 232

4 4 dual 10.0 160 581 2.15

5 5 dual 9.5 162 597 217

6 6 dual 9.6 158 629 224

7 7 dual 9.9 166 620 221

8 8 dual 10.0 150 555 1.98

9 9 dual 10.5 161 667 2.30

TABLE IV

Inventive examples for 6 mm wide, 25 gm thick and 35 mm to 40 mm

long multiple (>2) resonators. (Typical annealing parameters: about 6s

at annealing temperatures between about 350° C. and 390° C,, tensile
stress between about 80 and 120 MPa)

Alloy H, Al |dFydH|  DF,

Example Nr  Type (Oe) (mV)  (Hz/Oe) (kHz)
10 10 triple 15.2 181 597 1.90

11 11 triple 16.3 191 599 1.99
12 12 4 17.8 212 515 1.89
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TABLE V

Typical resonator properties of single resonators using the material
optimized for a dual (or multiple) resonator (c.f. examples
Tables II and IV).

Alloy H, Al |dFydH|  DF,

Example Nr  Type (Oe) (mV)  (Hz/Oe) (kHz)
3b 3 single 8.0 78 214 3.73
5b 5 single 7.7 72 281 3.46

o 7  single 7.8 70 42 3.61

9b 9 single 8.7 83 894 3.90
10b 10  single 11.4 49 1386 5.52
11b 11 single 12.4 55 1448 5.80

Although various changes and modifications to the pres-
ently preferred embodiments described herein will be appar-
ent to those skilled in the art, such changes and modifica-
tions can be made without departing from the spirit and
scope of the present invention and without diminishing its
attendant advantages. Therefore, the appended claims are
intended to cover such changes and modifications.
I claim:
1. A method for making a resonator for use in a marker
containing a bias element, which produces a bias magnetic
field, in a magnetomechanical electronic article surveillance
system, said method comprising the steps of:
providing a planar ferromagnetic ribbon comprising an
alloy with an iron content of at least about 15 at %, said
ferromagnetic ribbon having a ribbon axis extending
along a longest dimension of ferromagnetic ribbon;

annealing said ferromagnetic ribbon while subjecting said
ferromagnetic ribbon to at least one of a magnetic field
oriented perpendicularly to said ribbon axis and a
tensile stress applied along said ribbon axis, to produce
an annealed ferromagnetic ribbon;

cutting pieces from said ferromagnetic ribbon respec-

tively having substantially equal lengths and substan-
tially equal widths, said pieces respectively having
individual resonant frequencies in said magnetic field
coinciding to within +/-500 Hz; and

disposing at least two of said pieces in registration to form

a multiple resonator.

2. A method as claimed in claim 1 wherein the step of
providing a planar ferromagnetic ribbon comprises provid-
ing a ferromagnetic ribbon having a cobalt content of less
than about 18 at % and a nickel content of at least about 25
at %.

3. A method as claimed in claim 1 wherein said ferro-
magnetic ribbon has a ribbon plane containing said ribbon
axis, and wherein the step of annealing said ferromagnetic
ribbon comprises annealing said ferromagnetic ribbon in a
magnetic field having a substantial component normal to
said plane.

4. A method as claimed in claim 3 wherein the step of
annealing said ferromagnetic ribbon comprises annealing
said ferromagnetic ribbon in a magnetic field having, in
addition to said substantial component normal to said plane,
a component in said plane and transverse to said ribbon axis
and a smallest component along said ferromagnetic ribbon
for producing a fine domain structure in said ferromagnetic
ribbon regularly oriented transversely to said ribbon axis.

5. A method as claimed in claim 1 wherein the step of
annealing said ferromagnetic ribbon comprises annealing
said ferromagnetic ribbon in a magnetic field having a
strength of at least about 800 Oe while applying a tensile
strength to said ferromagnetic ribbon in a range between



US 6,359,563 B1

19

about 50 to about 150 MPa, with an annealing speed of said
ferromagnetic ribbon in a range between about 15 to about
50 m/min, and at an annealing temperature in a range
between about 300° C. to about 400° C.

6. A method as claimed in claim 5 wherein the step of
annealing said ferromagnetic ribbon comprises annealing
said ferromagnetic ribbon in a magnetic field having a
strength of at least about 2,000 Oe.

7. A method as claimed in claim 1 wherein step the of
annealing said ferromagnetic ribbon comprises annealing
said ferromagnetic ribbon to produce a hysteresis loop in
said pieces, when cut from said annealed ferromagnetic
ribbon, which is linear up to a magnetic field at which said
alloy is ferromagnetically saturated.

8. A method as claimed in claim 1 wherein said ferro-
magnetic ribbon has a ribbon thickness and wherein the step
of annealing said ferromagnetic ribbon comprises annealing
said ferromagnetic ribbon to produce a fine domain structure
in said ferromagnetic ribbon having a domain width which
is less than said ribbon thickness.

9. A method as claimed in claim 1 comprising selecting a
composition of said alloy to produce, in each of said pieces,
a saturation magnetostriction in a range between about 8 and
about 14 ppm and an anisotropy field H, of said multiple
resonator in a range between about 8 and about 12 Oe.

10. A method as claimed in claim 9 comprising selecting
said composition of said alloy to give said multiple resonator
a stable resonant frequency F_ wherein |dF,/dH|<750 Hz/Oe,
wherein H represents said bias magnetic field, and wherein
F, changes by at least 1.6 kHz when said bias magnetic field
is removed.

11. A method as claimed in claim 1 wherein the step of
providing a planar ferromagnetic ribbon comprises provid-
ing an amorphous ribbon having a composition
Fe,Co,Ni_Si,B M_, wherein a, b, ¢, x, y and z are in at %,
wherein M is at least one glass formation promoting element
selected from the group consisting of C, P, Ge, Nb, Ta and
Mo and/or at least one transition metal selected from the
group consisting of Cr and Mn, and wherein

15=a=30

6=b=18

27=c=55

0=x=10

10=y=25

0=z=5

14=x+y+2=25
such that a+b+c+x+y+z=100.

12. A method as claimed in claim 11 wherein the step of
providing a planar ferromagnetic ribbon comprises provid-
ing said planar amorphous ribbon wherein

20=a=28

6=b=14

40=c=55

0.5=x=5

12=y=18

0=z=2

15<x+y+z<20.

13. A method as claimed in claim 1 wherein the step of
cutting pieces from said annealed ferromagnetic ribbon
comprises cutting pieces from said ferromagnetic ribbon
each having a width in a range between about 4 to about 8
mm, a length in a range between about 35 to about 40 mm,
and a thickness in a range between about 20 to about 30.

14. A method as claimed in claim 13 wherein the step of
providing a planar ferromagnetic ribbon comprises provid-
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ing an amorphous ferromagnetic ribbon having a composi-
tion selected from the group of compositions consisting of
Fe,,Co,(Nis;Si, B4, FeypCoyp sNiy, 5Si,B,
Fe,,Co,3Niys 581 5By, FeyuCoyy sNiys 581y 5B,
Fe,4Co,, sNiys sSi,B6, FeyyCoyp sNiy, 5Si,By 5,
Fe,,Co,, sNiysSi,B 6, Fe,yyCoyy sNiysSi, 5B,
Fe,,Co,, 5Ni, 581, 5B, Fe,,Coyy sNiyg sSiy 5B s,
Fe,,Coy sNiyg sSi,B 15, FeyyCoyyq sNiyg sSis sBys s,
Fe,,Co,;yNi,,Si;B4, Fe,,Co,5 5Ni, 3S1,B,5 5,
Fe,,Cog 5Niyo 5Si; 5B;5.s, F624C08.5N151Si1B15.5,
Fe,sCo,Ni,,Si, B, and Fe,,Co,Ni sSi,B,,.

15. A method as claimed in claim 13 wherein the step of
providing a planar ferromagnetic ribbon comprises provid-
ing a planar ferromagnetic amorphous ribbon having a
composition according to the formula

Fezy [ Coips wNigsirivs1swSiorBiss wvosw

wherein r=-4 to 4 at %, u=-1to 1, v=-1to 1 and w=-1 to
4 at %.

16. A method as claimed in claim 1 wherein the step of
cutting pieces from said annealed ferromagnetic ribbon
comprises cutting a plurality of consecutive pieces along
said ribbon axis from said ferromagnetic ribbon and wherein
the step of disposing at least two of said pieces in registra-
tion comprises disposing at least two of said consecutively
cut pieces in registration to form said multiple resonator.

17. A method as claimed in claim 1 wherein the step of
disposing at least two of said pieces in registration com-
prises disposing at least three of said pieces in registration,
and wherein the step of providing a planar ferromagnetic
ribbon comprises providing a planar amorphous ribbon
having a composition Fe,Co,Ni Si,B,M_, wherein a, b, c, X,
y and z are in at %, wherein M is at least one glass formation
promoting element selected from the group consisting of C,
P, Ge, Nb, Ta and Mo and/or at least one transition metal
selected from the group consisting of Cr and Mn, and
wherein

30=az=65

0=b=6

25=c=50

0=x=10

10=y=25

0=z=5

15=x+y+z=25
such that a+b+c+x+y+z=100.

18. A method as claimed in claim 17 wherein the step of
providing a planar ferromagnetic ribbon comprises provid-
ing a planar amorphous ribbon wherein

45=a=65

0=b=6

25=c=50

0=x=10

10=y=25

0=z=5

15 =x+y+z=25.

19. A method as claimed in claim 17 wherein the step of
cutting said pieces from said annealed ferromagnetic ribbon
comprises cutting pieces from said ferromagnetic ribbon
each having a width of about 6 mm and a length in a range
between about 35 to about 40 mm, and wherein the step of
providing a planar amorphous ribbon comprises providing a
planar amorphous ribbon having a composition
Fe,sCo,NizsS81;Bys 5Co s

20. A method as claimed in claim 17 wherein the step of
cutting said pieces from said annealed ferromagnetic ribbon
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comprises cutting pieces from said ferromagnetic ribbon
each having a width of about 6 mm and a length in a range
between about 35 to about 40 mm, and wherein the step of
providing a planar amorphous ribbon comprises providing a
planar amorphous ribbon having a composition
Fes1C0,Niz0S81;B,15 5C0 5.

21. A method as claimed in claim 1 wherein the step of
disposing at least two of said pieces in registration com-
prises disposing four of said pieces in registration to form
said multiple resonator, and wherein the step of providing a
planar ferromagnetic ribbon comprises providing a planar
amorphous ribbon having a composition
Fes3NizoS1;Bys 5Co 5.

22. A method for making a resonator for use in a marker
containing a bias element, which produces a bias magnetic
field, in a magnetomechanical electronic article surveillance
system, said method comprising the steps of:

providing a planar ferromagnetic amorphous ribbon hav-
ing a ribbon axis extending along a longest dimension
of said ferromagnetic amorphous ribbon and having a
composition Fe,Co,Ni Si,B,M, wherein a, b, ¢, X, y
and z are in at %, wherein M is at least one glass
formation promoting element selected from the group
consisting of C, P, Ge, Nb, Ta and Mo and/or at least
one transition metal selected from the group consisting
of Cr and Mn, and wherein

22=a=26

8=b=14

44=c=52

0.5=x=5

12=y=18

0=z=2

15<x+y+z<20

such that a+b+c+x+y+z=100;

annealing said ferromagnetic amorphous ribbon while
subjecting said ferromagnetic amorphous ribbon to at
least one of a magnetic field oriented perpendicularly to
said ribbon axis and a tensile stress applied along said
ribbon axis, to produce an annealed ferromagnetic
amorphous ribbon;

cutting pieces from said ferromagnetic amorphous ribbon

respectively having substantially equal lengths and
substantially each widths, said pieces respectively hav-
ing individual resonant frequencies in said magnetic
field coinciding to within +/-500 Hz; and

disposing a number of said pieces in registration selected

from the group consisting of one piece and two pieces,
to form a resonator.

23. A method as claimed in claim 22 wherein the step of
cutting pieces from said annealed ferromagnetic amorphous
ribbon comprises cutting pieces from said annealed ferro-
magnetic amorphous ribbon each having a width in a range
between about 4 to about 8 mm and a length in a range
between about 35 to about 40 mm.

24. A method as claimed in claim 23 wherein the step of
providing a planar ferromagnetic amorphous ribbon com-
prises providing a planar ferromagnetic amorphous ribbon
having a composition selected from the group of composi-
tions consisting of:

Fe,,C015Ni, 5 551, sBygs, FepyCoqp sNiysSiy sBys,
Fe,,Co,, sNiys Si,Byg, Fey Coyy sNiy, SipBy s,
Fe,,C015 5NiusS1,B 6.5, Fep Coyp sNiysSi; 5By,
Fe,,Co,; sNi ;Si; By, Fe24C011.SNi46.SSi1.5B16.5,
Fe,4Coyq sNiys sSiB1g, Fey Coqp 5Niys 551, sBys s,
Fe,4,C0,1Ni,;81;Bs, Fe,,C0,0 sNiysSI:Bys 5,
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Fe,,Coq sNiyo 5815 5B15.5, FeyuCog sNis;Si;Bys s,
Fe,;Co,(Ni,,Si,B,.

25. A method as claimed in claim 23 wherein the step of
providing a planar ferromagnetic amorphous ribbon com-
prises providing a planar ferromagnetic amorphous ribbon
comprising an alloy having the formula

Fezy [ Coips wNigsirivs1swSiorBiss wvosw

wherein r=-1to 1 at %, u=-1to 1, v=-1to 1 and w=-1 to
4 at %.

26. A multiple resonator for use in a marker containing a
bias element, which produces a bias magnetic field, in a
magnetomechanical electronic article surveillance system,
said resonator comprising:

at least two ferromagnetic elements disposed in registra-
tion each having a length and a width and the respective
widths of said at least two ferromagnetic elements
being substantially equal and the respective lengths of
said at least two ferromagnetic elements being substan-
tially equal, and each of said at least two ferromagnetic
elements having a ribbon axis oriented perpendicularly
to, and in a plane with, said width, and having a
thickness;

each of said ferromagnetic elements comprising an alloy

with an iron content of at least about 15 at %;

all of said ferromagnetic elements having respective reso-

nant frequencies in said magnetic field which coincide
to within +/-500 Hz, a hysteresis loop which is linear
up to a magnetic field at which said alloy is ferromag-
netically saturated, and a fine domain structure having
a domain width which is less than said thickness.

27. A multiple resonator as claimed in claim 26 wherein
each of said ferromagnetic elements comprises an alloy with
a cobalt content of less than about 18 at % and a nickel
content of at least about 25 at %.

28. A multiple resonator as claimed in claim 26 wherein
each of said ferromagnetic elements has a saturation mag-
netostriction in a range between about 8 and about 14 ppm
and wherein said multiple resonator has an anisotropy field
H, in a range between about 8 and about 12 Oe.

29. A multiple resonator as claimed in claim 26 having a
stable resonant frequency F, wherein |dF,/dH|<750 Hz/Oe,
wherein H represents said bias magnetic field, and wherein
F, changes by at least 1.6 kHz when said bias magnetic field
is removed.

30. A multiple resonator as claimed in claim 26 wherein
each of said ferromagnetic elements comprises providing an
amorphous ribbon having a composition
Fe,Co,Ni Si,B,M_, wherein a, b, ¢, x, y and z are in at %,
wherein M is at least one glass formation promoting element
selected from the group consisting of C, P, Ge, Nb, Ta and
Mo and/or at least one transition metal selected from the
group consisting of Cr and Mn, and wherein

15=a=30

6=b=18

27=c=55

0=x=10

10=y=25

0=z=5

14=x+y+2=25
such that a+b+c+x+y+z=100.

31. A multiple resonator as claimed in claim 30 wherein
each of said ferromagnetic elements comprises an amor-
phous element wherein
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15<x+y+z<20.

32. A multiple resonator as claimed in claim 26 wherein
each of said ferromagnetic elements has said width in a
range between about 4 to about 8 mm, a length along said
element axis in a range between about 35 to about 40 mm,
and said thickness in a range between about 20 to about 30
Hm.

33. A multiple resonator as claimed in claim 26 wherein
each of said ferromagnetic elements has a composition
selected from the group of compositions consisting of:
Fe,,C0,0NisoSi,Bs, Fe,,C07, sNiy; 5Si,Bys,
Fe,,Co,3Niys sSi; 5By, Fey,Coyy sNiys 5Siy 5By,
Fe,,C015 5Niy5 5S1,B1g, FepyCoqp sNiyy sSiBy5,
Fe,,Co04, 5NiysSi; B, Fey Coypy sNiysSi, 5By,
Fe,,Coyy sNiy;Si; sBig, FeyyCoyy sNiyg 5Siy sByg s,
Fe,4Coyq sNiye sSi,B1g, Fey,Coqp 5Niys 551 sBys s,
Fe,,Co,1Ni,;Si,B g, Fey Coyg sNiygSi,Bys s,
Fe,,Cog sNiyo sSI1; sB1ss, Fey Cog sNis SiiBys 5,
Fe,;Co,(Ni,,Si,B, and Fe,,Co (Ni,Si,B.

34. A multiple resonator as claimed in claim 26 wherein
each of said ferromagnetic elements has a composition
according to the formula

=

N
[\

Fez, ,Coip s wNigsi i1 swSorBiss wvosw

wherein r=-4 to 4 at %, u=-1to 1, v=-1 to 1 and w=-1 to
4 at %.

35. A multiple resonator as claimed in claim 32 wherein
each of said ferromagnetic elements has a composition
selected from the group of compositions consisting of
Fe,,C015Ni, 5 551, sBygs, FepyCoqp sNiysSiy sBys,
Fe,,Co,, sNiys sSi,Byg, Fey,Coyp sNiy, sSi,B, 5,
Fe,,C015 5NiysS1,B 6.5, Fep Coqp sNiysSi; 5By,
Fe,,Coyy sNiy;Si; sByg, FeyyCoyy sNiyg sSiy sByg s,
Fe,4Coyq sNiys sSiB1g, Fey Coqp 5Niys 551, sBys s,
Fe,4C0,:Ni,;81;B4, Fe,,C0,0 sNiysSI:Bs 5,
Fe,,Cog sNiyo 5811 5B1s.5, FeyuCog sNis;SIiBys s,
Fe,sCo,Ni,,Si,By,.

36. A multiple resonator as claimed in claim 32 wherein
each of said ferromagnetic elements has a composition
according to the formula

Fez, ,Coip s wNigsi i1 swSorBiss wvosw

wherein r=-1to 1 at %, u=-1to 1, v=-1 to 1 and w=-1 to
4 at %.

37. A multiple resonator as claimed in claim 26 compris-
ing two and only two of said elements in registration.

38. A multiple resonator as claimed in claim 26 compris-
ing at least three of said elements in registration, and
wherein each of said ferromagnetic elements has a compo-
sition Fe,Co,Ni Si,B,M_, wherein a, b, c, X, y and z are in
at %, wherein M is at least one glass formation promoting
element selected from the group consisting of C, P, Ge, Nb,
Ta and Mo and/or at least one transition metal selected from
the group consisting of Cr and Mn, and wherein

30=a=65
0=b=6
25=c=50
0=x=10

10

15

20

25

30

35

40

45

50

55

60

65

24

10=y=25

0=z=5

15=x+y+z=25
such that a+b+c+x+y+z=100.

39. A multiple resonator as claimed in claim 38 wherein
each of said ferromagnetic elements comprises an amor-
phous element wherein

45=a=65

0=b=6

25=c=50

0=x=10

10=y=25

0=z=5

15 =x+y+z=25.

40. A multiple resonator as claimed in claim 39 compris-
ing three and only three of said ferromagnetic elements and
wherein each of said amorphous elements has a width of
about 6 mm and a length in a range between about 35 to
about 40 mm, and wherein each of said amorphous elements
has a composition Fe,;Co,NiysSi;B,5 Cq 5.

41. A multiple resonator as claimed in claim 39 compris-
ing three and only three of said ferromagnetic elements and
wherein each of said amorphous elements has a width of
about 6 mm and a length in a range between about 35 to
about 40 mm, and wherein each of said amorphous elements
has a composition Fes;Co,Niy Si;B,5 Cq 5.

42. A multiple resonator as claimed in claim 26 compris-
ing four and only four of said ferromagnetic elements in
registration, and wherein each of said ferromagnetic ele-
ments comprises an amorphous element having a composi-
tion Fey;Ni  Si;B, 5 sCy 5.

43. A dual resonator for use in a marker containing a bias
element, which produces a bias magnetic field, in a magne-
tomechanical electronic article surveillance system, said
resonator comprising:

two and only two ferromagnetic elements disposed in

registration, each of said two ferromagnetic elements
having a width and a length, with the respective widths
of said two ferromagnetic elements being substantially
equal and the respective lengths of said two ferromag-
netic elements being substantially equal, and each of
said two ferromagnetic elements having a ribbon axis
oriented perpendicularly to, and in a plane with, said
width, and each of said two ferromagnetic elements
having a thickness;

each of said two ferromagnetic elements having a com-

position Fe,Co,Ni Si,B,M, wherein a, b, ¢, x, y and z
are in at %, wherein M is at least one glass formation
promoting element selected from the group consisting
of C, P, Ge, Nb, Ta and Mo and/or at least one transition
metal selected from the group consisting of Cr and Mn,
and wherein

22=a=26

8=b=14

44=c=52

0.5=x=5

12=y 18

0=z=2

15<x+y+z<20
such that a+b+c+x+y+z=100;

all of said ferromagnetic elements having respective reso-

nant frequencies in said magnetic field which coincide
to within +/-500 Hz, a hysteresis loop which is linear
up to a magnetic field at which said ferromagnetic
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element is ferromagnetically saturated, and a fine
domain structure having a domain width which is less
than said thickness.

44. A dual resonator as claimed in claim 43 wherein each
of said ferromagnetic elements has said width in a range
between about 4 to about 8 mm, a length along said element
axis in a range between about 35 to about 40 mm, and said
thickness in a range between about 20 to about 30 um.

45. A dual resonator as claimed in claim 44 wherein each
of said ferromagnetic elements has a composition selected
from the group of compositions consisting of
Fe,,Co,3Niy5 5Si; sBys, Fey Coyp sNiysSiy 5By,
Fe,,C015 5Niy5 sS1,B16, FepyCoqp sNiyy sSIB
Fe,,Co,, sNiy sSi B4 5, FeyyCopp sNiysSiy 5By,
Fe,,Coy; sNiy;S1; sBys, Fey5Coqq sNiys sSi; 5By s,
Fe,,Coyy sNiye sSioB16, FeyyCoyy sNiyg sSis sBys 5,
Fe,4,C0,1Ni,;81;B s, Fe,,C0,0 sNiysSIBs 5,
Fe,,Coo sNiyo sSiy sBys 5, Fey Cog sNis;SiyBys 5,
Fe,sCo,Ni,,Si,By,.

46. A dual resonator as claimed in claim 44 wherein each
of said ferromagnetic elements has a composition according
to the formula

17>

Fez, ,Coip s wNigsi i1 swSorBiss wvosw

wherein r=-1 to at %, u=-1to 1, v=-1 to 1 and w=-1to 4
at %.

47. Asingle resonator for use in a marker containing a bias
element, which produces a bias magnetic field, in a magne-
tomechanical electronic article surveillance system, said
resonator comprising:

a single ferromagnetic element having a width of less than
about 13 mm and a ribbon axis oriented perpendicu-
larly to, and in a plane with, said width, and having a
thickness;

said single ferromagnetic element having a composition
Fe,Co,Ni Si, B M_ wherein a, b, ¢, x, y and z are in at
%, wherein M is at least one glass formation promoting
element selected from the group consisting of C, P, Ge,
Nb, Ta and Mo and/or at least one transition metal
selected from the group consisting of Cr and Mn, and
wherein
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15<x+y+z<20
such that a+b+c+x+y+z=100;

said single ferromagnetic element having respective reso-
nant frequencies in said magnetic field which coincide
to within +/-500 Hz, a hysteresis loop which is linear
up to a magnetic field at which said ferromagnet
element is ferromagnetically saturated, and a fine
domain structure having a domain width which is less
than said thickness.

48. A single resonator as claimed in claim 47 wherein said
single ferromagnetic element comprises a planar ferromag-
netic element has a composition selected from the group of
compositions consisting of: Fe,,Co,;Ni s sSi; ;B
Fe,,C01, 5N, 581, sBy7, FepyCoqy sNiys sS1:By,
Fe,,C015 5N, sS1,By7, FepyCoqy sNiysSLB 6 s,
Fe,,Coy, sNiysSi; 5By, Fey Coyy sNiy;Siy 5By,
Fe,4Coyq sNiye sSi; 5B1ss, FeyyCoypy sNiye sS1:Bys,
Fe,,C011.5Ni 6 5515 sByss, FeyyCoyiNiy;S1;,By,
Fe,,Coyo sNiygSi,Bys 5, FeyyCoo sNiyo 5Siy sBys s,
Fe,,Cog sNisiSi;Bys 5, Fe,5C010Niy,SLBy 6.

49. A single resonator as claimed in claim 47 wherein said
single ferromagnetic element comprises a planar ferromag-
netic element comprising an alloy having the formula

Fezy [ Coips wNigsirivs1swSiorBiss wvosw

wherein r=-1to 1 at %, u=-1to 1, v=-1to 1 and w=-1 to
4 at %.



