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Three different mechanisms of spontaneous crystallization of pure amorphous metals (Bi, Yb, 
and Ga) were observed in the course of their condensation on substrates cooled with liquid helium 
or hydrogen. The first is the usual mechanism of homogeneous nucleation and growth of the 
crystal phase in an amorphous matrix. It is realized during the film condensation if the film 
thickness reaches the value for which the crystallization temperature becomes equal to the sub- 
strate temperature. The second and third mechanisms are connected with undamped and damped 
avalanche (explosive) crystallization. The avalanche crystallization sets in spontaneously when 
the film reaches a critical thickness in the course of condensation. The mechanism of undamped 
avalanche crystallization is characterized by motion of the crystallization front over the volume 
at a speed 10-20 m/sec. The results are discussed in the framework of the theory of thermal 
instability of the front of the phase transition in the decay of "frozen-in'' metastable states. 

1. INTRODUCTION 

One of the most effective methods of obtaining amor- 
phous metallic alloys is vapor condensation on substrates 
cooled by liquid helium or hydrogen. This method, first pro- 
posed by Shal'nikov,' is the only one that made it possible to 
obtain certain pure metals (Bi, Ga, Yb, V, Co, Fe, Nb, and 
others) in the amorphous state.' Amorphous metals and al- 
loys are metastable and undergo an irreversible transition in 
the crystalline state (a-k transition) when heated above a 
certain temperature T,,, . There is also another parameter 
that limits the region of existence of the amorphous phase in 
the condensed layers. This is the critical thickness D,, of the 
amorphous film, which when exceeded a jumplike crystalli- 
zation of the sample occurs. The critical thickness was first 
found3 and exhaustively investigated4 in amorphous Sb 
films. It was later observed also in films of many amorphous 
metals and alloys.' For amorphous Sb films there was 
found,4 besides the critical thickness, one other characteris- 
tic thickness (which we donote D,,,). Amorphous films 
thicker than D,,, are stable at room temperature. In the 
interval D,,, < D < D,, a slow crystallization of the Sb films 
(in contrast to the "explosive" one at D = D,,) takes place 
during the condensation, whereby spherulites of stable 
phase grow by diffusion. The crystallization rate increases 
with increasing film thickness. It was shown4 that the values 
of D,,, and D,, depend substantially on the condensation 
rate and on the substrate material and temperature. 

There is one other known method of crystallization of 
amorphous substances. Local initiation of the a-+k transi- 
tion in films of Ge (Ref. 5), Si (Ref. 6), (In, Ga) Sb (Ref. 7), 
Fe,, Ni,, (Ref. 8) and Bi and Yb (Ref. 9) can lead to avalan- 
chelike propagation of the phase transition through the en- 
tire sample. Self-maintaining avalanche crystallization is 
due to intense release of the latent heat of the transition at the 
phase interface, which leads to a substantial self-heating of 
the crystallization front. The front velocity is in this case 1- 
20 m/sec. It was suggested that the mechanisms of spontane- 
ous crystallization of critical-thickness films and of ava- 
lanche crystallization are identical. So far, however, this 

suggestion is supported by a single experimental study.I0 It 
has shown that spontaneous crystallization of amorphous Sb 
films that reached critical thickness in the course of conden- 
sation propagates from one center through the entire sample 
at a front velocity =: 32 m/sec. The dynamics of the jumplike 
crystallization of amorphous films of other metals and alloys 
that have reached critical thickness in the course of conden- 
sation' has not been investigated before. 

The present paper is devoted to the study of the mecha- 
nisms of spontaneous crystallization of amorphous films of 
Yb, Bi, and Ga during their condensation at various sub- 
strate temperatures. 

2. PROCEDURE 

The procedure used by us to obtain amorphous films in 
ultrahigh vacuum ( -  10-lo Pa before the start of evapora- 
tion) was described in detail earlier.2 

We investigated Yb, Bi, and Ga films condensed on pol- 
ished glass surfaces cooled with liquid helium or hydrogen. 
During the condensation the average film temperature T'O 
did not exceed the coolant temperature by more than 1-2 
degrees.' The phase composition of the films was determined 
from the electric resistivity. The resistivitiesp of the investi- 
gated amorphous films thicker than 20 nm are (in pf2.cm) 
140 f 20, 120 + 20, and 26 + 3 for Bi, Yb, and Ga, respec- 
tively. In the a-+k transition, the values ofp of Yb and Ga 
films decrease by a factor 5-10, and that of Bi increases by 
approximately a decade. Thus, crystallization of amorphous 
Bi, Ga, and Yb films is accompanied by a resistance jump, 
which can serve as an indicator of the phase transition. 

Besides resistivity, the superconducting properties of 
the Bi and Ga films can be used to determine their phase 
composition. The transition of these metals from the amor- 
phous to the crystalline state is accompanied by the vanish- 
ing of the superconductivity of Bi films and by a substantial 
lowering of the superconducting transition temperature T, 
in the case of Ga." 

The connection between the electronic properties and 
the structure of Bi, Yb, and Ga was established by many 
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workers."-l3 Knowing this connection, it is possible to as- 
sess unambiguously the structure of the investigated films 
from the change of their electronic properties. This method, 
while not determining directly the structure states, never- 
theless identifies without fail the film state (amorphous, 
crystalline, or mixed). To avoid erroneous assessments of the 
structural states of a film, attention must be paid to its shape. 
The usually employed film ribbons are cut using a mask 
placed on the substrate. Since the mask does not make per- 
fect contact with the substrate surface, the condensed film 
always has wedge-shaped edges. This is immaterial for the 
detection of a phase transition by resistance if the sample is 
not superconducting during the condensation. If, however, 
at the temperature of the film during the condensation, the 
metal of the film is superconducting in the amorphous state 
but not in the crystalline (as is, e.g., Bi), the presence of the 
edges is undesirable. The thinner edge sections do not crys- 
tallize and remain superconducting while the main part of 
the film, having reached critical thickness, undergoes an 
a-tk transition. This masks the change of the resistance dur- 
ing the transition. Therefore to investigate Bi and Ga films 
condensed on substrates cooled to liquid helium tempera- 
ture a disk geometry of the films was used.14,'' The film had 
the shape of a disk, and electrodes for the measurement of 
the resistance were attached to its center and edge. In our 
case the edge effect is minimal. In contrast to Bi, the crystal- 
lization of amorphous Ga films (even disk-shaped) cannot be 
detected during condensation by the vanishing of the super- 
conductivity. The point is that amorphous Ga, whose 
Tc = 8.6 K, crystallizes with formation of metastablep-Ga, 
for which Tc = 6.5 K .  Since the film temperature during 
condensation is lower than 6.5 K, the superconductivity is 
not destroyed in the a+k transition. Ga was therefore con- 
densed in a magnetic field of intensity 16 kOe, which de- 
stroys completely the superconductivity of amorphous and 
0-gallium thicker than 50 nm.16 Under this condition the 
start of the crystallization was identified by the resistance 
jump. 

All the films condensed on substrates cooled with liquid 
hydrogen were ribbon-shaped.' The change of the film resis- 
tance during the time of condensation was monitored and 
recorded with a KSP-4 automatic recording potentiometer. 
The time of the jumplike crystallization of the critical-thick- 
ness films was determined with an S8-1 memory oscilloscope 
equipped with a special device for triggering the sweep by the 
investigated signal (the change of the voltage across the sam- 
ple at the instant of the transition. " The delay in the trigger- 
ing of the sweep was - 3% of the rise time of the investigated 
signal, and the amplitude loss did not exceed - 1 %. 

3. EXPERIMENTAL RESULTS 

3.1. Condensation on liquid-helium-cooled substrate 

The behavior of the resistance R of Yb and Bi films 
during condensation, monitored with a KSP-4 automatic re- 
cording potentiometer, has the following features. From the 
instant when a Yb film becomes continuous, its resistance 
decreases smoothly with increasing thickness. When the 
film reaches critical thickness2' R decreases jumpwise by 75- 

I '  
I,, min 

FIG. 1. Change of the resistance in the course of condensation of Yb and 
Bi films on substrates cooled with liquid helium: a-Yb film, D,, = 110 
nm, condensation rate u,,,, -60 nm/min; b--Bi film, D,, -36 nm, 
u,,, :: 10 nm/min. 

80% (Fig. la). Further condensation is accompanied by a 
smooth decrease of the resistance on account of the in- 
creased thickness of the layer, which is now already metallic. 
Increasing the thickness of an amorphous Bi film from 2 to 
10 nm is accompanied by an increase of its superconducting- 
transition temperature from 2 to 6 K.18 Since the average 
film temperature TA during the condensation is about 5 K, 
the film is not superconducting until its thickness reaches 
-6 nm, corresponding to Tc z5 K. Up to that instant the 
resistance decreases smoothly with increasing layer thick- 
ness. The resistance then becomes equal to zero and remains 
so until the critical film thickness is reached. At D = D,, a 
jumplike appearance of resistance is observed (Fig. lb), since 
the a+k transition of Bi is accompanied by loss of supercon- 
ductivity. Further increase of the thickness of the Bi layer 
(which is now crystalline) is characterized by smooth de- 
crease of R . 

The phase-transition times, to which correspond the 
vertical sections of the curves of Fig. 1, were determined 
from oscillograms, typical examples of which are shown in 
Fig. 2. The time t,,, of the complete a+k transition of 
amorphous Yb films ( - 10 mm long) is 500 to 1000psec. The 
crystallization time of amorphous Bi films (disk of radius 
-3.5 mm) is 120-180psec. 

Certain experiments, in which the resistances of sepa- 
rate film sections insulated beforehand from one another 
were monitored in the course of the condensation, have 
shown that the different sections do not crystallize simulta- 
neously. The time intervals A t  between the transitions of 
different sections of one and the same film depend on the 
condensation rate, but at any rate they exceed by three to five 
orders the times fa - , .  This is evidence that, under ordinary 
experimental conditions, a spontaneous a-k transition of 
some local section of the film takes place when the critical 
thickness is reached during the condensation of an amor- 
phous Yb or Bi film. The crystallization process propagates 
next avalanchelike through the entire sample. Indeed, the 
values of t,,, obtained in the present study are approxi- 
mately equa13'(within a factor of two) to the transition times 
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FIG. 2 .  Oscillograms of spontaneous crystallization of amorphous Yb (a) 
and Bi (b) films when they reach critical thickness in the course of conden- 
sation. The inclined sections of the oscillograms correspond to the vertical 
sections of the corresponding curves in Fig. 1 .  

in the avalanche crystallization of amorphous Yb and Bi 
films.9 Thus, in both cases the transition proceeds via linear 
motion of the crystallization front with equal velocity ( -  10- 
20 m/sec), i.e., the transition mechanism is one and the 
same. 

We note that in contrast to Sb (Ref. 4) the critical thick- 
ness of Yb or Bi films condensed at a substrate temperature 
To = 4.2 K is practically independent of the condensation 
rate in the interval 0.35-60 nm/min. It is possible that this 
dependence is masked by the influence of stronger factors, 
for example impurities. 

A behavior different from that described above for Yb 
and Bi films is observed when an amorphous gallium film is 
condensed on a liquid-helium-cooled substrate. Figure 3 
shows the variation of the resistance for Ga film condensa- 
tion in the critical-thickness region. Up to the curve section 
marked by the arrow (where D = D,,), the resistance de- 
creases smoothly with increasing thickness of the amor- 
phous layer. At the instant when the film reaches the value 
D = D,,, a small jump of the resistance is observed. Next, 

FIG. 3 .  Variation of resistance during the time of condensation of a Ga 
film on a substrate cooled with liquid helium. The arrow shows the instant 
when the film reaches critical thickness. D,, -1210 nm; v,,,, -133 nm/ 
min. 

jumps of this kind, differing in size, repeat at unequal time 
intervals up to values D&D,, . These jumps correspond to 
a-tk transitions of small volumes of the amorphous Ga 
phase into the metastablefl-Ga phase. Evidence of this is, in 
particular, the shape of the superconducting-transition 
curve of layers with thickness larger than critical.19 The 
steplike character of this curve indicates that both low-tem- 
perature modifications of Ga (amorphous andfl-gallium) ex- 
ist simultaneously in the film and their T, values are 8.6 and 
6.5 K, respectively. If the Ga condensation is stopped at the 
instant of the first jump on the R ( t  ) curve, the film resistance 
at To = 4.2 K will practically remain unchanged with time. 
A noticeable change of R, corresponding to further crystalli- 
zation of the sample, begins only after it is heated to 
To = T,,, =. 15 K .  This result indicates that in the intervals 
between the resistance jumps (see Fig. 3) there is no crystalli- 
zation, and the observed change of R is due only to the in- 
crease of the layer thickness. 

3.2. Condensation on liquid-hydrogen-cooled substrate 

When Bi, Ga, or Yb vapor is condensed on a substrate 
cooled with liquid hydrogen, amorphous modifications of 
these metals are first produced. This is demonstrated by 
their resistivities, and in the case of Bi or Ga also by the 
values of T,, , which are comparable with the values obtained 
for films of the same thickness obtained at To = 4.2 K .  The 
crystallization activation energies determined for several 
amorphous Bi films are likewise the same at To = 4.2 K as at 
To = 20.4 K .  It can be assumed that the structural state of 
the films is the same in both cases. 

When a certain thickness D,,, is reached in the course 
of the condensation, the films of the investigated metals be- 
gin to crystallize slowly. By way of example, Fig. 4 shows the 
change of the resistance of Bi films in a region of thickness 
D,,, . The behavior of the Bi resistance is clearer, since it 
increases upon crystallization, in contrast to Yb and Ga 
films. Figure 4a describes the behavior of the resistance of a 

0 20 1/11 
t, min 

FIG. 4 .  Time dependence of resistance of Bi film condensed at To = 20.4 
K :  a-in the course of continuous condensation; final film thickness 
0 - 1 2 1  nm, u,,,, -1 1 5  nm/min; b--with the film maintained at To = 20.4 
K .  The arrow shows the instant when condensation stops at 
D-lDa,, -1 10 nm. 
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Bi film during its condensation to a thickness exceeding 
D,,, . Figure 4b shows the behavior of the resistance of a 
film of thickness close to D,,, when it is maintained at 
To = 20.4 K. In both cases the resistance growth is due to the 
a-k transition. It can be seen from Fig. 4 that the crystalli- 
zation is not jumplike but slow, over a long time interval. 
The same holds for the crystallization of amorphous Yb and 
Ga films if in the course of condensation on a liquid-hydro- 
gen-cooled substrate they reach the thickness D,,, . The 
values of D,,, are approximately 10, 12, and 8 nm for Bi, 
Ga, and Yb, respectively (at To = 20.4 K). Films thicker 
than D,,, are crystallized in the entire volume when kept at 
To = 20.4. The thicker the film the shorter the time needed 
to complete the a-tk transition. Bi, Ga, and Yb films of 
respective thickness 20, 25, and 15 nm are completely crys- 
tallized by the instant when their condensation is completed 
at To = 20.4 K. This is attested by the absence of resistance 
jumps on the heating curves, as well as by the absence of 
superconductivity at the corresponding temperatures in the 
case of Bi and Ga. 

The values of T,,, of films of pure amorphous met- 
als2,l8 and of at least a few metallic  alloy^^^,^^ increase sub- 
stantially with decreasing film thickness. Figure 5 shows the 
T,,, (D)  dependence for amorphous Bi films obtained at 
To = 4.2, 14.3, and 20.4 K. It can be seen from Fig. 5 that 
independently of the condensation conditions all the values 
of T,,, are satisfactorily described by one curve. This is 
obviously connected with the action of one and the same 
crystallization mechanism. In particular, the spontaneous 
transition of films condensed at To = 20.4 (or 14.3) K is due 
to the fact that a thickness D,,, corresponding to the value 
T,,, = To is reached during the time of condensation. If the 
temperature rise of the film above the substrate is small 
(AT, = T;, - To is small), the crystallization can continue 
also after the condensation stops. 

An analysis of the behavior of the resistance of individ- 
ual sections of the same films but insulated from one another 
in the course of an isothermal a+k transition shows that the 
transition begins practically simultaneously in all the sec- 
tions. This indicates that the transition mechansim consti- 
tutes homogeneous formation and growth of the crystalline 
phase in the amorphous matrix of the sample. 

FIG. 5. Dependence of crystallization temperature of amorphous Bi films 
on their thickness 0-for To = 4.2 K; - To = 20.4 K; S T o  = 14.3 K .  
The horizontal dashed line corresponds to the average film temperature 
T' ,  in the course of their condensation; the vertical dashed line corre- 
sponds to the critical thickness (both lines are for To = 4.2 K ) .  

One final observation: attempts to initiate avalanche 
crystallization of films condensed at To = 20 or 14.3 K by 
using a local current pulse9 were unsuccessful. It was found 
that no avalanche crystallization is realized in such films all 
the way to DzD,,, . 

4. DISCUSSION OF RESULTS 

Our results can be qualitatively explained within the 
framework of the theory of thermal instability of a phase- 
transition front upon decay of "frozen-in" metastable 
states.22 The expression, known from the classical theory of 
crystallization of a melt, for the front velocity of a diffusion- 
less phase-transition via the normal-growth mechanism, is 
considered in the theory jointly with the heat-transfer equa- 
tion. A graphical solution of the system of these two equa- 
tions made it possible to obtain the dependence of the cry- 
stallization-front velocity V of an amorphous metal on the 
substrate temperature To. It was shown in Ref. 22, in parti- 
cular, that typical of the region of "frozen-in" (amorphous) 
states is the S-shaped V(T,) dependence shown schematical- 
ly in Fig. 6a. As can be seen from the figure, at To < T,im or 
To> T,, this dependence is single-valued. In the case 
T,,, < To < T,, , three values of Vcorrespond to each va1u.e of 
To, and the stable ones are Vl and V3. The value Vl corre- 
sponds to a slow, almost isothermal (Tf = To) motion of the 
crystallization front; V3 corresponds to a fast almost adiaba- 
tic (Tf = To + Q /C ) front motion4' effected by its apprecia- 
ble self-heating. In the latter case, since the crystallization 
front is a moving thermal domain whose cooling length If is 
of the order of several microns,22 the average temperature of 
a sample of length l%lf is close to To. The velocity V, is 
typical of slow heating of amorphous substances, and V, is 
realized in avalanche (explosive) crystallization. An equa- 
tion satisfied by the critical substrate temperature (To = T,, ) 
is obtained in Ref. 22: 

exp (-EIRT,,) = (v/eVo) (RTcrZ/ETQ). (1) 
Here E is the crystallization activation energy (J/mol); 

TQ=Q/C, v = 2  ( ak /DC)  '", V,=S exp (-AHIRT,,,,), 

where a is the effective transparency of the film-substate 
interface for phonons, k is the thermal diffusivity of the film, 

FIG. 6 .  Schematic plots of the crystallization front velocity vs the sub- 
strate temperature (a) and the film thickness (b). 
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S is a pre-exponential factor of the order of the speed of 
sound, AH is the latent heat of the phase transition at the 
melting temperature Tmel,, R is the gas constant, and 
e = 2.718 ... . 

Expression (I),  which is suitable for pure amorphous 
metals, can be regarded also as an equation for the critical 
thickness D,, (at constant To), assuming that at thermal in- 
stability sets in at D > D,, .22 It can be seen that 

4R2To'akC exp (ZEIRT,) 
eVV,'EV2 

We note, however, that the dependence, obtained in our 
experiments, of the critical thickness on the principal pa- 
rameters that characterize the thermophysical properties of 
the film + substrate system can be described by Eq. (2) only 
qualitatively. The theory does not take into account certain 
factors that influence the formation of the condensed films 
and the initiation of the jumplike crystallization in them. For 
example, no account is taken of the heat of condensation and 
of the energy of the radiation from the evaporator. No 
allowance was made also for the influences of the stresses 
that can lead to severalfold change of D,, while the other 
conditions remain ~nchanged.'~ Essential, however, for the 
understanding of the results is that the theory explains the 
very possibility of the appearance of a thermal instability of 
the crystallization front at a definite thickness of the amor- 
phous layer. 

In addition to (1) and (2), it is possible to obtain from the 
equations of Ref. 22 relations for the limiting temperature 
T I , ,  and the limiting thickness D ,i, ,  parameters that restrict 
the possible realization of avalanche crystallization. The de- 
pendence of the crystallization front velocity on D is shown 
schematically in Fig. 6b. If the film thickness is less than 
D,,, ,  only slow motion of the crystallization-front is possi- 
ble. The dependence of the crystallization-front velocity on 
D is shown in Fig. 6b. If the film thickness is less than Dl, ,  , 
oniy slow crystallization-front motion is possible (curve 1). 
This was demonstrated experimentally9 for amorphous Bi 
and Yb films obtained by condensation at To = 4.2 K .  The 
value of Dli ,  was 25-35 nm for Bi and 3 5 4 5  nm for Yb. It 
appears that the absence of avalanche crystallization in Yb 
and Bi films condensed at To = 20.4 K and To = 14.3 K is 
also connected with the fact that their values of D,, are less 
than Dl , ,  at the condensation temperature. 

According to Fig. 6b, both the slow regime (curve 1) and 
the fast one (curve 2) are possible at Dli ,  < D < D,, . The va- 
lidity of this statement was demonstrated experimentally 
earlier9 likewise for amorphous Yb and Bi films. At a thick- 
ness D ,,, < D < D,, they crystallize either by slow isother- 
mal heating (after an arbitrarily long time interval, depend- 
ing on the temperature), or avalanche crystalization can be 
initiated in them. 

Finally, a possibility exists of only a fast avalanchelike 
transition regime, which occurs spontaneously when the 
film reaches the critical thickness during its condensation. 
Such a behavior is typical, for example, of Yb and Bi layers 
condensed at To = 4.2 K (see Figs. 1 and 2). The velocity of 
the crystallization front will be equal in this case to a certain 
value V, corresponding to the upper part of the S-shaped 

curve (Fig. 6a). The maximum values of V, observable for Yb 
and Bi films are - 10 and - 20 m/sec, respectively. 

As shown in the present paper, when the critical thick- 
ness is reached in the course of condensation thea-k transi- 
tion always begins locally, obviously with an onset of a crys- 
talline domain in the amorphous matrix of the film. The 
mechanism of this onset is not clear, and has possibly a fluc- 
tuating character. It is possible that density fluctuations, 
which always occur in an amorphous layer, are significant 
here. Since the heat transfer from the film decreases with 
increasing thickness," the released heat of condensation 
may be sufficient for crystallization of the least stable section 
of the film. The transition latent heat Q released thereby 
initiates then avalanche crystallization of the entire volume 
of the amorphous layer. It can thus be stated that the condi- 
tions for the existence of a critical thickness of condensed 
amorphous films are determined principally by the condi- 
tions under which avalanche crystallizations are realized in 
them. 

Besides cases of undamped avalanche crystallization, 
we have demonstrated in the present paper the feasibility of 
rapid damping of this process. Thus, an avalanche crystalli- 
zation process obviously occurs when a condensed Ga film 
reaches critical thickness, as attested by resistance jump 
shown by the arrow in Fig. 4. The transition, however, is 
damped rapidly. With further condensation, an avalanche 
transition sets in at another point of the sample, is again 
damped, and so forth. It was shown earlier19 that residues of 
the amorphous phase are preserved in Ga films of thickness 
three times critical. The possible cause of the stabilization of 
the amorphous state may be the stresses that occur, for ex- 
ample because of the difference between the specific volumes 
of the amorphous and crystalline  phase^.^ In addition, a ki- 
netic explanation of the damping of the avalanche transition 
is possible in the case of nonstationary motion of the crystal- 
lization front.24 

5. CONCLUSION 

Summarizing the foregoing, we note that there exist at 
least three mechanisms of spontaneous crystallization of 
amorphous metallic films in the course of their condensa- 
tion. 

The first mechansim is the usual homogeneous forma- 
tion and growth of a crystalline phase in the amorphous ma- 
trix of the sample. This mechanism is realized for all amor- 
phous substances, without exception, when they are heated. 
Spontaneously, however, it arises only when the thickness of 
the amorphous region reaches during the condensation time 
a value corresponding to a crystallization temperature equal 
to the temperature of the condensed layer. Such a spontane- 
ous crystallization can be observed if T,,, of the given 
amorphous substance has a D dependence similar to that 
shown in Fig. 5 for Bi. The a-tk transition can then proceed 
both with and without diffusion. 

The second mechansim is undamped avalanche crystal- 
ization, which sets in spontaneously at the instant when the 
condensed film reaches the critical thickness. The realiza- 
tion of this mechanism is determined by the theoretically 
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consideredz2 conditions for the onset of thermal instability 
of the crystallization front. One of the most important condi- 
tions is apparently the feasibility of a diffusionless transition. 

Besides the first two mechanisms, which are character- 
ized by a stationary or quasistationary state of motion of the 
crystallization front, there exists also a third, connected with 
a nonstationary (damped) regime of avalanche crystalliza- 
tion. 

The authors are grateful to V. A. Shklovskii for helpful 
discussions and for an evaluation of the results. 
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