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Résumé - Des possibilités d'application, autres que pour 1'enregistrement, des
couches amorphes d'alliages terres rares~-métaux de transition et métal de
transition-métalloide sont présentdes. On considére en particulier les dispo-
sitifs générateurs d'ondes acoustiques de surface dans lesquels les films
amorphes peuvent servir 3 l'accord des paramdtres du dispositif. Une utili-
sation possible des films comme senseurs thermiques est aussi présentée.

Abstract - Possible non-storage applications of amorphous films of the rare

earth-transition metal and transition metal-metalloid alloys are presented.

Particular attention is given to the surface acoustic wave devices in which

amorphous films can serve to tune the device parameters. A possible utiliza-
tion of these films as thermal sensors is also presented.

1. INTRODUCTION

Research on amorphous magnetic films has been triggered by the paper of Chaudhari
et.al. [1], published in 1973, showing that sputtered films of the Gd-Co alloys can
exhibit perpendicular anisotropy and that magnetic bubbles with submicron diameters
can be created in these films. ’

Since this discovery, intense research on amorphous films of rare earth-3d
transition metal (RE-TM) alloys has been discernible. However, this activity was
mainly oriented towards applications of the RE-TM films as storage media for thermo-
magnetic beam addressable memories, since some technological limitations made it
rather questionable to utilize these films in bubble memories.

Though the main effort has been concentrated on the above-mentioned applicationms,
there are,nevertheless, other possible ways of utilizing the amorphous RE-TM fiims,
e.g. in the surface acoustic wave (SAW) devices, as Hall sensors, etc.

The rapid development of metallic glasses, which took place during the last decade
has, despite being concentrated on ribbons, also induced an interest in amorphous
™-M films (where M-metalloid). At the beginning, research on these films was con-
centrated on their fundamental physical properties, but shortly afterwards it has
been shown that the TM-M amorphous films can also be utilized in devices, e.g. as
thermal sensors, magnetic mirrors in ring-laser gyroscopes, etc,

A survey of the possible non-storage applications of both the RE-TM and TM-M
amorphous films will be given in this paper. Attention will be focused on the
utilization of these films in the SAW-devices. However, other possible applications
will also be briefly indicated, in particular, those which have been developed by
the authors' colleagues from collaborating institutions.

2. MAGNETICALLY TUNED SAW-DEVICES

SAW-devices are at present widely used for signal processing in the frequency
band of 30 MHz up to 1.5 GHz, giving a cheap and efficient solution in this field
of application.

Deposition of a magnetostrictive film onto the surface of a piezoelectric sub-
strate {usually LiNbOz, LiTa03 or quartz, though Bij;Ge0yp also seems to be a
potential candidate for this application, owing to its good piezoelectric pro-
perties) between the interdigital transducers in a SA¥W-device (its geometry is

Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jphyscol:1985631



http://www.edpsciences.org
http://dx.doi.org/10.1051/jphyscol:1985631

C6-182 JOURNAL DE PHYSIQUE

interdigital _transducers

signal input magnetostrictive film

. Fig. 1 - Magnetically variable SAW-delay line (after ref. [2]).

shown in Fig 1) is a technique which gives a possibility of changing the velocity
of the propagating SAW by application of an external d.c.-magnetic field. These
changes are due to the magnetoelastic interaction within the film and mechanical
coupling between the film and the piezoelectric substrate.

The possibility of varying the SAW-velocity is desirable because of the correction
of the technological scatter (after fabrication the electrical parameters of the
device are fixed, since they depend solely on the geometry and spacing of the
transducers, and on the electric, elastic, and piezoelectric properties of the sub-
strate and the electrodes). Because of ageing effects (ageing rates of (1+10)x10-6
per year are common [2]) a possibility of periodic trimming of the device parameters
to their nominal values is also required. The possibility of tuning can alsc be
desirable to compensate for the temperature variation of the device parameters.

On the other hand, there are applications of the SAW-devices where some degree of
tuning is required, usually rapid and unpredictable.

Though there are well known methods of tuning the SAW-devices, for example by
means of a controlled variation of the electric charge on the surface of the semi-
conducting layer located on the piezoelectric substrate, the use of a magneto-
strictive film seems to be a very promising technique, mainly because of its
technological simplicity. '

2.1. Requirements for films

Historically, a polycrystalline Ni-film was one of the first materials evaluated
for magnetic tuning of a SAW-device [3]. The changes of SAW-velocity obtained for
Ni-films are in the range of 0.02%0.07% but the intensity of the bias field neces-
sary for obtaining these changes is within the lkOe range.

The dependence of the velocity variation upon the film parameters is rather
complex. Theoretical approaches, simple and more rigorous, have been developed to
predict the dependence of the SAW-velocity on the applied magnetic field (see e.g.
{41{5)). The common result obtained is that most of the variation of the velocity
occurs in the range of field values in which a uniform rotation of the film
magnetization takes place and these changes are due to the change of the
elastic moduli of the magnetostrictive film (the so-called AE-effect;.

This result is not surprlslng since the velocity of bulk acoustic waves is given
by V = (Ce /p)1 , where p is the density of the material in which an acoustic
wave is propagating and C®IT is the effective elastic stiffness constant, dependent
on the acoustic wave mode and the structural symmetry of the material.

An analysis of the magnetoelastic wave excitation in an amorphous film, performed
by Fujii et al. [6] on the basis of a simple one—dimensional’ string model, has
shown that the maximum change of the sound velocity is obtained when the direction
of magnetization forms an angle of 450 with the direction of sound propagation. To
achieve this effect, changes of the film magnetization should occur as a result of
the rotation. This could be the case if one creates in the film an anisotropy
(possibly a low one) with the in-plane easy axis perpendicular to the external
field direction. Such anisotropy can be induced by means of a thermomagnetic
treatment. However, care should be taken when using this procedure since,
according to the authors' experience, thé induced anisotropy can have a rotational
character (see e.g. [7]) with the time constant in the range of 5:100 sec.

A relation,linking the AE-effect with the magnetic and elastic parameters of the
material, was given by Kersten [8] half a century ago
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winere Eg and E are the Young's modulus at the saturated and at the given field,
respectively, p - magnetic permeability, Ag - saturation magnetostriction, Mg - satu-
ration magnetization.

Although not universally applicable, eq. (1) gives a reasonable approximation of
the experimental results. Fukamichi et al. [9] have shown that in the case of un-
annealed samples of the FegzPy7 and FeggBy, metallic glasses, the observed and cal-
culated (using eq. (1)) values of the AE-effect are in reasonable agreement, as can
be seen in Table 1. For selection of the type of film to be used in a SAW-device,

Table 1 - Calculated and measured values of AE/Ep (after ref. [9])

AE AE
Alloy Ag Eg Wo &) &)
(x10-6) (X1014dyn/cm2) ED calc. ED meas.
FegsP17 30 1.35 670 0.09 0.11
FegeB14g 31 1.78 3500 0.40 0.43

where Ep is the Young's modulus at zero field (demagnetizing state).

the material with the most favourable parameters can be found by using eq. (1),
looking for the material exhibiting the largest AE-effect possible. As can easily be
noticed by considering this equation, films with large magnetostriction and low
magnetization would be the best choice if we want to fulfil the requirements for
the maximum possible AE-effect. -6

The Tb-Fe amorphous alloys show relatively large magnetostriction (Ag = 310x10
for amorphous TbFep [10], while for a crystalline compound of the same composition
this value is almost six times larger). Since these alloys behave like ferrimagnets
(their magnetic structure is of the sperimagnetic type), conditions for a low
magnetization can easily be achieved by a proper selection of the film composition
(see Fig.7). Though Yamaguchi et al. [11] have shown that the use of the TbFej
amorphous film in the SAW-device makes it possible to achieve the largest ever
reported change of the SAW-velocity, AV/V = -0.27%, this variation is obtainable for
relatively high intensities of the magnetic field (of the order of 4k0Oe) because
of the giant anisotropy, of single-ion origin, present in these films. Application
of a field of so high an intensity is unacceptable from the standpoint of construc-
tion of tuned SAW-devices, because of the over-sized magnetic bias field circuitry
which should be designed for the minimum power consumption and fast switching.

Therefore,the effort has concentrated on searching for the materials which are
much softer magnetically.

It is well known that ferromagnetic metallic glasses of the Fe-based alloys show,
if properly annealed, an extraordinarily low anisotropy. Typical values of magneto-
striction for these alloys are of the order of 30x107° (see e.g. Table 1). Use of
the evaporated Fe-B amorphous films in the SAW-device has shown that the tuning
effect is obtainable within 10 Oe of the bias field, but that its maximum value
does not exceed 0.03% [2]. Though AV/V is an order of magnitude lower than in the
case of the Tb-Fe film, this value is nevertheless adequate for many applications.
It therefore seems that amorphous films of the Fe-based alloys are the
best candidates for the materials to be utilized for magnetic tuning of the
SAW-devices.

Both thermal evaporation and sputtering techniques can be applied to produce a
magnetostrictive layer on the surface of the piezoelectric substrate of the
SAW-device. However, application of sputtered films gives better results since this
technique introduces lower intrinsic stresses. The stress gives rise to effective
anisotropy via the magnetoelastic interactions, which results in the easy axis of
magnetization being in the film plane or perpendicular to it, depending on the sign
of both the stress and the magnetostriction. Some good evidence for the presence of
this effect is shown by the results of annealing of a Fe-B amorphous film sputtered
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onto a LiNbO3-substrate, shown in Fig. 2 in the form of the SAW-velocity dependence
on the bias field for different temperatures of the annealing performed in an argon
atmosphere (using the measuring configuration shown in Fig.3). Note that the indivi-
dual curves follow the shape of the AE/E dependence on the magnetic field {see e.g.
[12]). As can be seen in Fig.2Z, the field at which the velocity change achieves its
maximum value shifts with an increase of the annealing temperature to lower intensi-
ties, as can be expected, whereas the maximum value of AV/V is rather weakly depen-
dent on this temperature.

AV |
T[%]

50 100 150 ‘//,,—""
. { : : 2c:)o . H[0e]

-0.005 12h

FeryB23

on LiNbOg as_sputtered

-0.0101—

Fig. 2 - SAW-velocity change vs. applied magnetic field for different annealing
temperature for a 0.7 um amorphous Fe-B film on YZ-LiNbOz. The frequency
is 69 MHz.

An increase of the film thickness gives a greater velocity variation since a larger
fraction of the acoustic energy is carried within the film. A disadvantage of such
a procedure is an increase of attenuation and dispersion. Therefore, the optimum
film thickness is adjusted by a compromise and is usually of the order of 1 um.

To get the best performances the film parameters have to be known ,
in particular, those appearing in eq. (1). Since Young's modulus does not change
significantly with the film composition for the Fe-based alloys, the important para-
meters are Mg, u and Ag.

However, care should be taken when the magnetostriction of the film has to
be measured. As a general rule for this purpose one uses the experimental methods
which make it possible to determine just one magnetostriction comstant, namely Ag.
This parameter properly describes the magnetostrictive properties of the film only
if the medium is isotropic. As has been shown earlier, the amorphous films to be
utilized in the SAW-devices have to exhibit an anisotropy in the film plane. By con-
sidering an anisotropic amorphous film, Szymczak [13] has shown that the magneto-
elastic tensor Bjjx) for such a material has the form (written in the Voigt notation)
determined by «/min point symmetry

311 Big B30 0 0
32820 o o
12 B11 B3
Bs1 B3y Bz 0 0 0
[B] = 0*l 0% 0B, 0 0 , 23
o o o o8, 0
0 0 0 0 0 B66

where le = —Bll-Blz, 36() = 1/2(B11~B12), 533 = —2B13.

In this case, the magnetoelastic interactions are determined by four independent
parameters instead of the one sufficient for an isotropic medium. The first indirect
indication that linear magnetostriction could have an anisotropic character was
given by Twarowski et al. [14] for the case of amorphous r.f.-sputtered Gd-Co films.
Experimental evidence for this behaviour has been given by Zuberek et al., [15], who
investigated the Fej_xBy amorphous films by means of the strain modulated ferro-
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magnetic resonance (SMFMR) method, which allows one to calculate more than one
magnetostriction constant. The results obtained in this experiment (shown in Table

2) indicate a considerable departure of the magnetostriction from isotropic behavior,
since for isotropic magnetostriction the following relation should be fulfilled:
B31/By1y = -2.

Table 2 - Measured values of B;;/Bj)
for Fej_ 4By amorphous films (after ref.[15]).

The SMFMR method is rather incon-
venient for standard measurements.
Though other methods allow one to
determine only one magnetostriction

X 0.47 | 0.50 | 0.50 [ 0.55 | 0.60 constant - Xg, they should neverthe-
less be used to estimate the magneto-
B11/B1p | -2.96 |-2.23 |-2.09 |-2.82 |-2.57 strictive behaviour of the filmg of
interest.

Among the known methods, the cantilever-capacitance one, developed by Klokholm
[16], seems to be the most suitable (see e.g. L17]). However, it has recently
been shown that the so-called small-angle magnetization rotation method [18] can be
used successfully if the film is deposited onto a polyester substrate.

To determine the change of sound velocity in a magnetically tuned SAW-device one
should use the circuit shown in Fig.3. This change is calculated as a function of

[~ 7 7 "—}_investigated SAW-delay line
]

——DP+

|
| |
l Smrte L vector rY X-Y

—— voltmeter % recorder

frequency
synthetizer

x|

d.c.
power

supply g O

Fig. 3 - Measuring configuration of SAW-velocity change.

the external magnetic field from the measured phase difference between the signals
obtained at the outputs of two symmetric SAW-delay lines, one of them with the depo-
sited film, both placed on the same piezoelectric substrate. As a result of this
design, the influence of the temperature is cancelled. The details of the measuring
set-up are described elsewhere [19].

2.2. An application of magnetically tuned SAW-devices

As has been said earlier, tuning of the SAW-devices is desired in order to correct
the technological inaccuracies, the changes of parameters resulting from the ageing
effects and to control the temperature variation.

The first two of these requirements can easily be fulfilled by applying a permanent
magnet of sufficient intensity, which will influence the sound velocity via the
deposited film. A proper placing of this magnet gives the required amount of tuning.
Control of the temperature variation of the SAW-device parameters can be realized
by using an electromagnet in conjunction with a thermocouple sensor. This solution
seems to be a good alternative to keeping the SAW-device in a thermostat.

Magnetically tuned SAW-devices can be used in systems in which a small, but rapid
and unpredictable amount of tuning is necessary. A good example of these applications
is the adaptive antenna array where the direction of the beam is guided by means
of magnetically tuned SAW-delay lines [2]. An attractive alternative to conventional
approaches seems to be a magnetically tuned SAW-oscillator capable of tracking a
high speed Doppler target [2].

Since the SAW-device can act as a filter with a very narrow frequency band, if
only the pattern of the interdigital transducer.is properly designed, the device can
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be utilized in an oscillating circuit, shown in Fig. 4. A laboratory design of a

69 MHz oscillator based on this idea has shown a behaviour which seems promising
from the point of view of the possible utilization of these devices in frequency
synthetizers. The generated signal, as displayed on a wobbulator screen, is shown in
Fig. 5. Use of the harmonics of the fundamental frequency, possible in the case of

8
output
—_H— —

rE N
wide-band l
amplifier |
iezoelectric —_— _.I ]
_substrate

i T
Fig.4 Fig5 69.01 6902 MHz

Fig. 4 - SAW-oscillator circuit.
Fig. 5 - Generated signal in circuit designed as in Fig. 4.

a special design of interdigital transducer patterns, makes it possible, according to
the authors' estimate, to generate frequencies of up to 1.5 GHz. However, fabrica-
tion of the pattern requires a very high accuracy (of the order of 0.1 umj}, which
can only be achieved by means of electron or x-ray lithography. Application of an
amorphous film in this device allows one to tune the frequency and/or to compensate
for the temperature variation of the frequency.

3. THERMAL SENSORS

A simple experiment performed [20] on the domain structure of the RE-TM amorphous
films has shown that in a ferrimagnetic film with perpendicular anisotropy, a sudden
reversal of magnetization, whicn could be expected when the temperature passes
through the compensation point, occurs only if the external applied field H, is of
sufficient intensity. This intensity 1is given by IMRE‘MTM"H3>E3’ where Mpp and Myy
are the magnetizations of the RE, and TM-subnetworks, respectively, Ey-the energy,
directly related to the perpendicular anisotropy energy.

This phenomenon manifests itself clearly if one studies the temperature dependence
of the Hall voltage. It is well known that this voltage changes its sign when the
temperature of the film passes through the compensation point (see e.g. [20]). Since
this effect is usually observed under conditioms of a high applied field, the
thermal hysteresis which can be predicted by analyzing the inequality given above
has not been noticed. More detailed investigations performed on the Ho-Co amorphous
films [21] have shown the existence of thermal hysteresis of the Hall voltage.
(Fig.6). The width of the hysteresis loops is field-dependent, as could be expected

up !

Fig. 6 - Thermal hysteresis loops of the
Hall voltage (after ref. {21]).
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when one considers the inequality discussed above and the known temperature
dependence of the net-magnetization of the ferrimagnetic film (Fig. 7).
The effect described above can be utilized

[Gs] Ms in sensors as a safety catch for switching
| off a device which may be damaged on over-
500+ heating and switching it on after it has
400k cooled down to a safe temperature, as has
been suggested in [21]. The temperature
300k range required can easily be adjusted
by selecting the film composition and/or
2001~ the magnetizing field.
100l It has been shown that the Fe-B and
Fe-P amorphous alloys exhibit Invar beha-
-~ viour in a wide temperature range below
0 065 0.75 085 x the Curie temperature [9]. Invar materials

have extraordinarily small thermal expan-
sion coefficients; e.g. o = 2.3x10-6
(0:40°C) in the case of FeggBys [9], whereas
for crystalline Fe, for example,

o = 11.7x10-6 (20°C). This behaviour,
along with their excellent mechanical properties, provides a unique opportunity to
utilize amorphous films in bimetallic structures. In addition, use of sputtering
or evaporation techniques can easily solve the problem of combining amorphous and
crystalline layers. Since sensitivity of bimetallic sensors is proportional to the
difference of thermal expansion coefficients of the component used, one can expect
a significant improvement of this parameter when utilizing amorphous films instead
of conventional materials.

The idea described above has recently been realized (Stobiecki and Stobiecki, to
be published) in the form of a bimetallic structure composed of a Fe-B amorphous
film sputtered onto a crystalline Al-foil (a = 25x10-63. The very high sensitivity
of this structure to small temperature changes has been confirmed.

This result allows us to expect that bimetallic structures utilizing amorphous
TM-M films will find their way into various precise control instruments.

Fig.7 - Saturation magnetization vs.
Co-concentration for Gd;_,Coy amor-
phous films (room temperature}.

4. OTHER POSSIBILITIES OF APPLICATION

Amorphous films of both types, RE-TM and TM-M, can be utilized as magnetic mirrors
in ring-laser gyroscopes [22], giving protection against the undesirable effect
which manifests itself as the lock-in of the two light beams to a common frequency.

Since amorphous films exhibit an extraordinarily large spontaneous Hall effect
they can be applied as sensitive Hall detectors.

More sophisticated use of these films has also been reported, e.g. the
propagation of bubbles created in the films, using the so-called "domain~drag
effect’ {23].
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