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Propagation of 1000 MHz longitudinal and transverse elastic waves in yttrium iron garnet crystals is 
investigated as a function of the magnetic field strength. The measurements were carried out under 
conditions of a uniform internal magnetic field. The properties of the propagation of elastic waves 
are studied for various propagation directions with respect to the crystallographic axes and with 
respect to the magnetic field. The magnetoelastic constants are determined from the acoustic Fara­
day and birefringence effects. The values obtained are in agreement with those obtained by other 
methods. It is shown that the experimental results are in good agreement with the predictions of the 
phenomenological theory of magnetoelastic interaction. 

THE elastic state of a magnetically ordered crystal is 
related to its magnetic state. Dynamically this rela­
tionship manifests itself as the interaction of elastic 
oscillations with spin waves.£11 As a result of such a 
relationship the propagation of elastic waves in a mag­
netically ordered crystal is accompanied by peculiar 
effects: magnetoelastic resonance, rotation of the 
plane of polarization, and acoustic birefringence. [ 1• 21 

After the first theoretical papers on the magneto­
elastic interaction, [3- 51 a series of experiments was 
carried out investigating the propagation of elastic 
waves in cubic crystals of yttrium iron garnet. [a-u] 

However, all these experiments were carried out un­
der conditions of a nonuniform internal magnetic field, 
and the most detailed of them£ 7 • 81 were carried out at 
relatively low frequencies (200 MHz), i.e., with the 
magnetic domain structure of the crystals preserved. 
In addition, only some of the most interesting cases of 
the propagation of elastic waves were studied in these 
papers. 

In this paper we have set ourselves the following 
problems. 

1. To carry out an investigation of the propagation 
of longitudinal and transverse elastic waves with fre­
quencies of about 1000 MHz in yttrium iron garnet 
crystals under the conditions of a uniform internal 
magnetic field. 

2. To study the properties of the propagation of 
elastic waves as a function of the magnitude of the 
magnetic field and as a function of the direction of 
propagation relative to the crystallographic axes and 
relative to the magnetic field. 

3. To compare the predictions of the phenomeno­
logical theory of the magnetoelastic interaction with 
the experimental results. 

1. EQUATIONS OF MOTION FOR THE ELASTIC 
DISPLACEMENTS AND FOR THE MAGNETIZATION 

The total energy of a magnetically ordered crystal 
is written in the following form [21: 

E=E,+Ee+Eme, 

where Ez, Ee, and Erne are the Zeeman, elastic, and 
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magnetoelastic energies equal to£ 12• 131 
E,.= -M,(a,H,), Ee= 1/zC;;>IIl;J8>h Erne= b, .. ,a,a,£.:. 

Here M0 is the saturation magnetization, Hi and c:li 
are the components of the internal magnetic field and 
of the unit vector of the magnetization, and Ekz are the 
components of the strain tensor. 

For a cubic crystal the fourth-rank tensors Cijkl 
and bijkl have three and two independence components 
respectively[l2 131 : 

b=- bxxvv = B,, 2b, ... = B,. 

The exchange energy has not been included in the 
expression for the total energy, since at our frequen­
cies its contribution is small.£ 21 

The equations of motion for the elastic displace­
ments and magnetizations are derived from the ex­
pression for the energy[l2• 13l: 

.. {) [ 1 + 1),. fJE ] . y 
put=axk -2--0eu~. ' a~~[a, Vc£]. 

The linearized equations of motion which are of in­
terest to us are obtained when one retains only terms 
of first order in the displacement and magnetization 
variables. The solutions of these equations are sought 
in the form of plane waves and the eigenfrequencies 
and dispersion relations are obtained from the vanish­
ing of the determinant of the system of homogeneous 
equations for the plane-wave amplitudes.£ 1• 21 

Longitudinal Waves 

In investigating the propagation of longitudinal waves 
the only question of interest is whether these waves do 
or do not interact with the spin waves. In order to 
clarify this question, it is sufficient to obtain the equa­
tions of motion for the elastic displacements withal­
lowance for the magnetoelastic coupling. 

Making use of the above expression for the energy 
and the usual formulas for transforming tensor com­
ponents under rotation of the coordinate axes, one can 
obtain the equations of motion for elastic waves propa­
gating along various directions. Let us consider the 
( 100), ( 111), and ( 110) directions for which we have 
carried out experimental investigations. 
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The following general form of the equations for 
longitudinal elastic displacements is obtained: 

.. a2ux Berr aMx' 
PUx = c eff. ~+--sin 2a--

ax2 M0 ax . 
(1) 

Here xis the direction of propagation; M~ is the com­
ponent of the magnetization perpendicular to the mag­
netic field and lying in the plane containing the mag­
netic field and the direction of propagation; at is the 
angle between the magnetic field and the direction of 
propagation; Ceff and Beff are the effective elastic 
and magnetoelastic constants. 

For the ( 100), ( 111), and ( 110) directions the con­
stant Ceff is c 11, 7'3 ( c 11 + 4c44 + 2c 12 ), and ?'2 ( c 11 
+ 2c44 + c 12) respectively. 

The effective magnetoelastic constant is B 1 for 
propagation along the ( 100) direction and B2 for 
propagation along the ( 111). It follows from Eq. (1) 
that in these cases there is no magnetoelastic coupling 
for a magnetic field parallel and perpendicular to the 
direction of propagation, and that it differs from zero 
for all other directions of the field. 

The case in which the wave is directed along the 
[110] is interesting in that Beff depends on the plane 
in which the magnetic field lies and in that the mag­
netoelastic contribution to the equation of motion can 
differ from zero even for a field perpendicular to the 
direction of propagation. The effective magnetoelastic 
constant in Eq. (1) is (B1 + B2 )/3 for a field in the 
(liO) plane and B2 for a field in the (001) plane. 

However, if the magnetic field is directed perpen­
dicular to the [110] direction of propagation, then the 
equation of motion is of the form 

.. a2ux Bt- B2 . aMy' 
pux=Corr--+---sm2~--, 

ax2 2M0 ax 
(2) 

where {3 is the angle between the field direction and 
the [001] direction, and My is the magnetization com­
ponent perpendicular to the magnetic field and lying in 
the (110) plane. 

Thus, for all the three directions considered the 
longitudinal waves are in general coupled with the 
spin waves. This coupling will be specially strong at 
resonance when the frequency of the elastic waves w 
is equal to the frequency of the spin waves[I]: 

oo = y[H(H +4nM,sin'a))'t.. 

Transverse Waves 

The propagation of transverse waves in the presence 
of magnetoelastic interaction is accompanied not only 
by resonance absorption but also by effects connected 
with the difference in the interaction of the various 
displacement components in the transverse elastic 
wave with the spin wavesYl 

As for longitudinal waves, let us consider three 
directions of propagation: ( 100), ( 111), and ( 110). 

In the propagation of elastic waves along the ( 100), 
when the magnetic field is directed at an arbitrary 
angle at to the direction of propagation, the equations 
of motion obtained for the elastic displacements and 
magnetizations are the same as the equations cited 
earlier[14l for the case of magnetoelastic isotropy (in 
applying them to our case one must set in these equa­
tions b = B2 ). We shall not present these equations 

here but will restrict ourselves to pointing out the 
most interesting features which follow from them. 

For at = 0°, i.e., with the magnetic field parallel to 
the direction of propagation, the solutions of the equa­
tions are in the form of plane waves with circular 
polarization and with opposite directions of rotation, 
and with one of these waves· practically not interacting 
with the spin wavesY•2l 

For at = 45° the magnetoelastic coupling exists only 
for the transverse wave polarized perpendicular to the 
plane containing the magnetic field and the direction of 
propagation, and for a = 90° -only for the transverse 
wave polarized in that plane. 

For propagation along the [111] we shall consider 
the case of a field parallel to the direction of propaga­
tion. Choosing the coordinate axes x, y, and z along 
the [111], [1IO], and [112], we have the following equa­
tions of motion: 

. au, 
Mv =-M,ooo- yB err a;-, 

. M B auv 
M,= yooo+'V effax 

ii = v2 a2uv + Berr aMv 
v ax2 pMo ax ' 

ii, = v2 a2u, + Berr aM, . 
ax2 pMo ax 

Here in accordance with the expression for the energy 
in the coordinate system under consideration Beff 
= (2BI + B2)/3 and v2 = (c11 + C44- ci2)/3p. wo de­
notes the resonance frequency wo = ,.,H. 

Writing the solutions of these equations in the form 
of circularly polarized plane waves, we obtain the 
following dispersion relations for components with dif­
ferent directions of rotation: 

(k+-)2= ool [v2 yB.rr ]-: 
pMo(ooo- oo) (3) 

[ 
B2 1 

(k-)2={1)2 v2- 'V off 1- . 
pMo(ooo+ oo) 

Thus, as for the (100) direction, for at = 0° one of 
the circularly polarized components of the elastic wave 
turns out practically not to be coupled with the spin 
waves. 

For the [110] direction we consider the cases when 
the magnetic field is parallel and perpendicular to the 
direction of propagation. We shall direct the x, y, and 
z axes along the [110], [IlO], and [001]. In a field 
parallel to the direction of propagation the equations 
of motion are of the form 

where 

. M au, 
Mv=- ,ooo-yB2ax' 

' M BaUv M,= vooo+'V lax' 

.. 2 a2uv Bt aMv 
Uy=Vt --+----ax2 pM0 ax ' 

.. 2 a•u, + B, aM, 
u,=v2 ax2 pM0 ax' 

v.'=(cu-cu)/2p, v,'=cu/p, OOo=yH,. 

This system leads to the following dispersion equation: 

(oo'- oo,') (v.'k'- ro') (v,'k'- ro')+ oooyB12 k'(v,'k' 
pMo 

- ro2)+ rooyB22 k2(vt2k2-ro2)- y2(BtB2)2 k4=0. 
pMo p2M 02 
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Hence, setting v1 Rj v2 = v, we obtain 
k ~ _!'!_ {i + yruo (BI2+B22)±[(BI2-B22)2+(2B1B2ru/ru 0 ) 2]'i•} 

v ru2- ru 02 4pMov2 

(4) 
In a field perpendicular to the direction of propaga­

tion, we have 
Mx= -yHMy', 

., [ . au, a~J.] 
M, =y (H+4l'IM,)M.+B,sm~a;-+B,cos~a;- , 

.. ,a2uy B1 . aMx 
u,=v1 --+--sm~-, ax2 pM0 ax 

where {3 is the angle between the magnetic field and 
the [001] direction, and the y' axis is perpendicular 
to the magnetic field and to the direction of propaga­
tion. 

It follows from the equations of motion that for a 
field along [ 001] 

(5) 

and for a field along [IlO] 

ru' 
k,'=~. 

v,' 

In formulas (5) and (6) w0 is the resonance frequency 

ru, = y[H(H + 4l'!Mo)]'i•. 

2. EXPERIMENTAL METHOD 

The measurements were carried out on the setup 
used inr 15l. Elastic waves with frequencies of about 
1000 MHz were excited and recorded by means of the 
piezoelectric effect with X and AC-cut quartz plate­
lets. The fundamental resonance frequency on the 
plates was 30 and 20 MHz respectively. The elastic 
waves were excited by pulses 0.3 to 1.0 J.l.Sec long. 
The microwave power in the pulse amounted to about 
0.5 watt. A superheterodyne receiver was used to 
record the signals. 

The yttrium iron garnet samples were in the form 
of cylinders 3-4 mm in diameter and 5-15 mm long. 
One of the samples was prepared in the form of a 
sphere 8 mm in diameter with a small flat section for 
attaching the piezoelectric transducer plates. In such 
a practically spherical sample one obtains a suffic­
iently uniform internal magnetic field.r 151 In order to 
obtain a uniform magnetic field, cylindrical samples 
were placed inside spheres of polycrystalline yttrium 
iron garnet. A part of the measurements was carried 
out using samples in the form of thin platelets 5 mm 
in diameter and 0.25 mm thick. In order to resolve the 
elastic pulses use was made of auxiliary "buffer" rods 
of topaz and corundum crystals. 

The piezoelectric transducer plates were attached 
to the samples by means of an optical contact or by 
gluing with ceresin. 

In order to obtain transverse waves with circular 
polarization, used the well-known method of quarter­
wave platesY6 • 17l As such plates we used yttrium 
aluminum garnet about 0.5 mm thick, cut perpendicular 
to the ( 110) direction. 

A, dB/em 

FIG. l 

A, dB/em 
ta 

FIG. 2 

FIG. l. Polar diagram of the dependence of resonance absorption 
of longitudinal elastic waves on the angle (J between the field and the 
[001] direction for elastic waves propagating perpendicular to the field 
along the [ ll 0] direction. The frequency was 14 70 MHz. The solid 
lines are drawn under the assumption that the damping is proportional 
to sin2 2(1. 

FIG. 2. Resonance absorption lines for longitudinal elastic waves at 
frequencies of 1110 (curve l), 1290 (curve 2), and 1470 MHz (curve 3). 
The conditions are the same as in Fig. l, (J = 45°. 

3. EXPERIMENTAL RESULTS AND DISCUSSION 

The interaction of elastic and spin waves was in­
vestigated for the propagation of elastic waves along 
the (100), (111), and (110) directions. Investigations 
of the peculiarities of the interaction as a function of 
the magnetic field and the angle between the field and 
the direction of propagation yielded the following re­
sults. 

Longitudinal waves. In (100) and (111) samples 
for elastic waves propagating parallel and perpendicu­
lar to the field there is no magnetoelastic interaction 
and the damping of the elastic waves does not depend 
on the magnetic field. For all other values of the 
angle between the field and the direction of propaga­
tion one observes resonance absorption peaks whose 
height increases rapidly as the field deviates from the 
parallel and perpendicular direction. The obtained 
results are in agreement with formula (1). 

For the (110) sample, as the experiment show, the 
magnetoelastic interaction vanishes for a field parallel 
to the direction of propagation and, as in the (100) and 
( 111) samples, increases rapidly for a deviation of the 
field from this direction. However, when the field is 
perpendicular to the (110) direction of propagation the 
magnetoelastic interaction differs from zero for defi­
nite angles between the field and the crystallographic 
directions. In Fig. 1 we present a polar diagram of the 
dependence of the damping of elastic waves at reso­
nance on the angle between the field and the [ 001] 
direction. The elastic waves propagate along the [110] 
perpendicular to the field. In a field parallel to the 
[001] or [IlO] directions the damping is small and does 
not depend on the field, i.e., there is no resonance ab­
sorption. If, on the other hand, the field is at an angle 
of 45° to the indicated directions, then the resonance 
is deepest. The continuous curve in Fig. 1 is plotted 
under the assumption that the damping at resonance is 
proportional to sin2 2{3, as follows from Eq. (2). It is 
seen from the Figure that experiment is in good agree­
ment with the theory. We note that we succeeded in 
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measuring such a large damping of the elastic waves 
by using samples in the form of thin platelets. 

The resonance absorption lines of longitudinal waves 
at three different frequencies are presented in Fig. 2. 

Transverse waves. In propagating along the (100) 
and ( 111) directions in a field parallel to the direction 
of propagation, a change in the field leads to oscilla­
tions of the amplitude of the elastic pulses when the 
source and detector of the elastic waves is a usual 
piezoelectric transducer yielding linearly polarized 
elastic waves. This phenomenon is explained by the 
fact that a linearly polarized elastic wave decomposes 
into two circularly polarized components, one of which 
interacts with the spin waves. The speed of the inter­
acting component changes with changing field, and as 
a result of this a definite phase shift is produced be­
tween both components; this is equivalent to a rotation 
of the plane of polarization of the resulting linearly 
polarized wave. This effect is analogous to the Fara­
day effect in optics and was observed in yttrium iron 
garnet for the propagation of elastic waves along the 
(100) in[ 6 l, and under uniform field conditions inl 15 l. 

Let us consider the case of propagation along the 
(111) direction which has not been investigated previ­
ously. 

In this case, as in the propagation along the ( 100) psJ 
we observed periodic variations of the pulse amplitudes 
when the magnetic field changed; this is connected with 
the rotation of the plane of polarization whose specific 
magnitude in rad/cm is cp = (k+- k-)/2. Using formula 
(3), we obtain 

rtv2B~rr [ H 2 ( v ) 2]-t 2B, + B, cp=--- - - , Berr= . 
pM,yv' v 3 

Here, as in the subsequent formulas, y = 2.8 MHz/Oe. 
With the aid of this formula we obtained from the 

experimental magnetic field dependences of the pulse 
amplitudes the value Beff = 4.2 x 106 erg/cm 3 • 

We thought it interesting to obtain a direct experi­
mental confirmation of the fact that in propagating 
along the (100) and (111) only one circularly polarized 
component of the elastic waves with a given sign of the 
rotation interacts with the spin waves. 

In order to produce a circularly polarized elastic 
wave, we used, as already noted, a plate of aluminum 
yttrium garnet cut perpendicular to the [110] direction 
(schematic diagram of Fig. 3). Transverse waves with 
two directions of polarization [001] and [IlO] were 
simultaneously excited in this plate. At certain fre­
quencies the plate operates as a quarter-wave plate 
and transforms the linearly polarized wave produced 
by the piezoelectric transducer into a circularly 
polarized wave. 

The magnetic field dependence of the pulse ampli­
tude of transverse waves at two frequencies is shown 
in Fig. 3. At one frequency the resulting wave which 
enters the yttrium iron garnet sample is linearly 
polarized (Figs. 3a), at the other-it is circularly 
polarized. As is seen from the figure, in the first case 
one observes pulse oscillations (the acoustic Faraday 
effect), in the second case such oscillations are prac­
tically absent and only a decrease in the pulse ampli­
tude takes place at resonance. A reversal of the field 
direction leads to a change in the direction of preces-

A, rel. un. 

H,Oe 

FIG. 3. Dependence of the pulse amplitude of transverse elastic 
waves propagating along the [I 00] direction on the magnitude of the 
magnetic field: a-frequency of 1340 MHz, linearly polarized waves; 
b-1500 MHz, circularly polarized waves. 0-field parallel to the direc­
tion of propagation, •-field anti parallel to the direction of propaga­
tion, !-sample, 2-piezoelectric transducers, 3-yttrium aluminum 
garnet plate. 

A, rei. un. 

:: -----W'( 
H, Oe 

b 

k-~~=-----~~--~ 
1500 2500 H, Oe .!500 

FIG. 4 FIG. 5 

FIG. 4. Dependence of the resonance depth (A0 -Ares)/ A0 where 
A0 and Ares are the pulse amplitudes far from resonance and at reso­
nance, on the angle between the [I 00] direction of propagation of the 
transverse waves and the magnetic field; •-elastic waves polarized in 
the plane containing the direction of propagation and the direction of 
the magnetic field; 0-elastic waves polarized perpendicular to this 
plane. Frequency of 1100 MHz. 

FIG. 5. Dependence of the pulse amplitude of transverse waves pro­
pagating along the [ 110] parallel to the magnetic field on the magni­
tude of the magnetic field: a-the direction of polarization of the elas­
tic waves makes an angle of 45° with the [001]; b-the direction of 
polarization is parallel to the [001] direction. Dashes indicate there­
gion of rapid pulse oscillations and the resonance region. Frequency of 
1500 MHz. 

sian of the spins. For the linearly polarized wave one 
observes, as before, pulse oscillations, whereas the 
pulse amplitude of the circularly polarized wave ceases 
to depend on the field. 

This experiment shows that indeed only the cir­
cularly polarized elastic wave with a direction of rota­
tion determined by the direction of spin precession in 
the magnetic field interacts with the spin waves. 

For the (100) sample we also carried out an inves­
tigation of the propagation of linearly polarized elastic 
waves as a function of the angle a between the field 
and the direction of propagation. The data on the 
angular dependence of the resonance depth ( A0 

- Ares)/ Ao, where Ao and Ares are the amplitudes 
of the elastic pulses far from resonance and at reso­
nance, presented in Fig. 4, fully confirm the conclu­
sions of the theory on the nature of the interaction of 
transverse waves polarized perpendicular and parallel 
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FIG. 6. The same as in Fig. Sa but the magnetic field is perpendic­
ular to the direction of propagation. 0-field parallel to the n 10) di­
rection, •-field parallel to the [ 001) direction. 

to the plane containing the direction of the magnetic 
field and the direction of propagation. 

For the (110) sample the investigations were car­
ried out in a magnetic field parallel and perpendicular 
to the direction of propagation. 

The experimental results on the magnetic field de­
pendence of the pulse amplitude when the magnetic field 
is parallel to the [110] direction of propagation are 
shown in Fig. 5. The oscillations of the pulse ampli­
tudes in the figure are connected with the fact that the 
simultaneously excited transverse components with the 
polarization along the [IlO] and [001] directions inter­
act differently with spin waves, and consequently their 
velocity changes differently as a function of the mag­
netic field. The phase-shift angle between the com­
ponents in rad/ em is a = k 1 - k2 which yields with the 
use of the dispersion relation (4) 

a= -=-=,...:..::rt..:..:vH:;:_....,..,..·Y(BI2- B22) 2 +(2B1B2v/yH) 2 

[H2 -(v/y) 2] pMov3 

From this formula and from the experimental re­
sults in Fig. 5 it follows that the best correspondence 
between theory and experiment is obtained with B 1 
= 3.5 and B2 = 6.5 X 106 erg/ems. 

When only one of the transverse components is ex­
cited the pulse oscillations are, as one would have ex­
pected, absent (Fig. 5b). 

The dependence of the elastic pulse amplitudes on 
the field in the case in which the field is perpendicular 
to the dir~ction of propagation [110] and parallel to the 
[001] or [110] direction is shown in Fig. 6. In these 
instances oscillations of the pulses are also observed. 
The corresponding dispersion relations are given by 
formulas (5) and (6) which lead to the following expres­
sion for the phase-shift angle between the components: 

a= ;;~3 B!rr [H(H +4:rtM0)-(~ n-1
, 

where ~r the field along [001] Beff = B2, for the field 
along [110] Beff = B1, and v1 ~ v2 = v. 

Using these formulas and the experimental results 
of Fig. 6, we find B1 = 3.8 and B2 = 6.7 x 106 erg/ems. 

Thus, the values of the magnetoelastic constants B1 

and B2 determined from different effects are in satis­
factory agreement with one another, as well as with the 
values obtained by other methods ,£21 

The results of all the investigations carried out in 
this work show that the predictions of the phenomeno­
logical theory of the magnetoelastic interaction are 
well confirmed by experiments for different directions 
of propagation of elastic waves with respect to the 
crystallographic axes and the magnetic field. 

The authors thank G. A. Smolenskit for a discussion 
of the results. 

1A. I. Akhiezer, V. G. Bar'yakhtar, and S. V. 
Peletminskii, Spinovye volny (Spin Waves), Nauka, 
1967, Engl. Transl., North-Holland, 1968. 

2R. C. LeCraw and R. Comstock, Physical Acoustics 
3B, Mir, 1968. ' 

sE. A. Turov and Yu. P. Irkhin, Fiz. Metal. 
Metaloved. 3, 15 (1956). 

4 A. I. Akh1ezer, V. B. Bar'yakhtar, and S. V. 
Peletminskii, Zh. Eksp. Teor. Fiz. 35, 228 (1958) 
(Sov. Phys.-JETP 8, 157 (1959)]. 

5C. Kittel, Phys. Rev. 110, 836 (1958). 
6 H. Matthews and R. Le Craw, Phys. Rev. Letters 

8, 397 (1962). 
7B. Luthi, Phys. Letters 3, 285 (1963). 
8 B. Liithi and F. Oertle, Phys. Kondens. Materie 2, 

99 (1964). 
9 G. A. Smolenski'l and A. Nasyrov, Fiz. Tverd. Tela 

7, 3704 (1965) [Sov. Phys.-Solid State 7, 3002 (1966)]. 
1°K. V. Goncharov, V. A. Krasil'nikov, and V. M. 

Uchastkin, Fiz. Tverd. Tela 9, 3384 (1967) [Sov. Phys.­
Solid State 9, 2671 (1968)]. 

11 M. F. Lewis and D. G. Scotter, Phys. Rev. Letters 
28A, 309 (1968). 

12 L. D. Landau and E. M. Lifshitz, Teoriya uprugosti 
(Theory of Elasticity), Nauka, 1965, Engl. Transl. 
Pergamon, 1970. 

1sL_ D. Landau and E. M. Lifshitz, E:lektrodinamika 
sploshnykh sred (Electrodynamics of Continuous Media) 
Gostekhizdat, 1957, Engl. Transl. Pergamon 1960. ' 

14 .. ' E. Schlomann, J. Appl. Phys. 31, 1647 (1960). 
15 A. V. Pavlenko, Yu. M. Yakovlev, and V. V. 

Lemanov, Fiz. Tverd. Tela 11, 3300 (1969) [Sov. Phys.­
Solid State 11, 2673 (1970)]. 

16 B. A. Auld, C. F. Quate, H. J. Shaw, and D. K. 
Winslow, Appl. Phys. Letters 9, 436 (1966). 

17 H. van de Vaart and H. I. Smith, Appl. Phys. 
Letters 9, 439 (1966). 

Translated by Z. Barnea 
83 


