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Abstract. Amorphous semiconductors synthesised by high-
pressure quenching (ASHP) are discussed as a new class of 
materials of potential value in explaining the mechanisms of 
solid-state amorphisation processes and in testing models of an 
effective medium and of the scaling theory and the percolation 
theory. The formation of multicomponent systems, the 
superconductivity induced by amorphisation, the stability 
regions of metastable phases, and the effect of doping on the 
physical properties of tetrahedral amorphous semiconductors 
have been studied by using a wide range of experimental 
methods capable of establishing the inter-relationship and the 
sequence of the phase transformations in A S H P produced by 
changes in the physical parameters. The bibliography contains 
104 references. 
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1. Introduction 

The s tudy of the physical proper t ies of a m o r p h o u s semi­
conduc to r s is one of the main endeavours in the m o d e r n 
physics of the condensed state. A group of n o w classical 
m o n o g r a p h s publ ished abou t 15 years ago effectively defined 
the scope of this field of s tudy (see, for example, Amorphous 
Semiconductors, edited by M Brodsky, Topics in Appl ied 
Physics, Vol. 36, Springer, Berlin 1979). However , at tha t 
t ime (and, indeed, unt i l very recently) a m o r p h o u s semicon­
duc tors such as silicon, ge rmanium, and A m B v c o m p o u n d s 
were available only as films, and bulk a m o r p h o u s mater ia ls 
of this type were effectively u n k n o w n to the scientific 
communi ty : fur thermore , the p repa ra t ion of these mater ia ls 
was widely believed to be impossible in principle. Mater ia l s 
synthesised by solid-state amorph i sa t ion can be considered 
as an al ternat ive to the t rad i t iona l a m o r p h o u s mater ia ls . 
A m o n g the var ious solid-state amorph i sa t ion procedures , we 
shall examine the me thod which solves the ' insoluble ' 
p rob lem of p roduc ing bulk a m o r p h o u s d iamond- l ike 
semiconductors by using high pressures. 

The m e t h o d of synthesising a m o r p h o u s semiconductors 
by using high pressures, which forms (with the s tudy of the 
physical proper t ies of these mater ials) the main topic of the 
present review, is no t entirely new. The first repor t of the 
successful p repa ra t ion of a bulk sample of an a m o r p h o u s 
A m B v semiconductor (GaSb) appeared in 1965 in a paper by 
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M c D o n a l d et al [1], who quenched the metas tab le G a S b II 
high-pressure phase ( H P P ) to l iquid-ni trogen t empera tu re . 
Subsequent hea t ing at p = 1 ba r led to amorph i sa t ion of the 
sample. Later work by Ponya tovsk i i and coworkers [2 - 5] on 
semiconductors of the Z n S b - C d S b system confirmed the 
format ion of bulk a m o r p h o u s mater ia ls under high-pressure 
condi t ions and p roduced the first repor ted measurements of 
their electrophysical characterist ics. Why , then, did the field 
of research suggested by the results [ 1 - 5 ] fail (until quite 
recently) to s t imulate the interest of scientists work ing on the 
physics of a m o r p h o u s semiconductors? One possible 
explanat ion is tha t these studies of amorph i sa t ion effects 
[1 - 5] were aimed exclusively at phase t r ans format ions under 
high-pressure condi t ions , or al ternatively tha t they were only 
a secondary result of a much wider s tudy of phase t rans i t ions 
under pressure. This ' secondary ' s ta tus of the results 
obta ined for amorph i sa t ion under pressure led to their 
being t reated as a scientific curiosity. In the second place, 
rapid developments in solid-state amorph i sa t ion (SSA) 
me thods , which include high-pressure quenching [ 1 - 5 ] , 
began in the early 1980s, and the impor tance of this field of 
s tudy began to be unde r s tood only some 20 years after the 
publ ica t ion of M c D o n a l d ' s p i o n e e r i n g paper [1]. Thirdly, the 
purely exper imental difficulties of combining high pressures 
with cryogenic t empera tu res must also be ment ioned . 

It is n o w becoming accepted tha t SSA in the presence of 
high pressures can serve as a mode l of other SSA m e t h o d s [6], 
and tha t an analysis for the s t ructure and proper t ies of 
a m o r p h o u s semiconductors p repared at high pressures 
(ASHP) can provide an explanat ion of bo th the 
fundamenta l mechanisms of solid-state amorph i sa t ion and 
the special features in the behav iour of complex mul t iphase 
systems. U n d e r these condi t ions , inclusions of submicron size 
formed dur ing the synthesis of metas tab le phases are often 
found to have a control l ing effect not only on the proper t ies 
of the a m o r p h o u s mat r ix bu t also on those of crystalline 
phases of b ina ry and of t e rnary c o m p o u n d s . 

Therefore the present review will be organised as follows. 
In the Section 2 we shall discuss current modif icat ions of the 
scheme used in the synthesis of A S H P and the 
phenomenolog ica l models used in the descript ion of SSA 
p h e n o m e n a . Section 3 is devoted to a theoret ical descript ion 
of the electrophysical characterist ics of he te rogeneous media . 
In Section 4 we analyse the exper imental results obta ined for 
m e t a l - i n s u l a t o r t rans i t ions formed in A S H P dur ing their 
synthesis, doping, amorph isa t ion , and crystall isation. The 
results of this section are widely used as the basis of s tudy 
p r o g r a m m e s on the format ion of mult iple phases in the 
A S H P a -GaSb . This p rob lem is discussed in the next two 
sections, which give an analysis of the crystallisation of 
metas table phases in a -GaSb (Section 5) and of the 
metas table superconduct ivi ty process (Section 6). 

2. Methods of solid-state amorphisation and 
amorphous semiconductors synthesised under 
high pressure 

2.1 Historical survey 
The term solid-state amorph i sa t ion (SSA) refers to a group of 
m e t h o d s which do not require quenching of the liquid phase 
or deposi t ion on a cooled subst ra te in order to p roduce 
a m o r p h o u s mater ia l . Therefore the SSA m e t h o d s offer an 
al ternat ive to the s tandard technologies [ 7 - 9 ] convent ional ly 

used in the p repa ra t ion of a m o r p h o u s semiconductors (for 
example, a-Si). The SSA group includes sol id-phase react ions 
[10, 11], mechanica l melt ing [ 1 2 - 1 4 ] , amorph i sa t ion under 
i r radia t ion or ion implan ta t ion [15, 16], hydrogena t ion [17], 
and phase t rans i t ions at high pressures [ 1 8 - 2 8 ] . 

Publ ished results [10 - 1 4 ] show tha t sol id-phase react ions 
and mechanica l mel t ing can p roduce SSA in b inary metall ic 
alloys and in intermetall ic c o m p o u n d s . Hydrogena t i on is 
also restricted in its appl icat ions to the specific range of 
c o m p o u n d s which can absorb hydrogen effectively [17]. Thus 
the only m e t h o d s available for semiconductors are ion 
implan ta t ion and phase t rans i t ions under high-pressure 
condi t ions . The first of these m e t h o d s is confined to the 
p repa ra t ion of thin-film samples in which the a m o r p h o u s 
layer has a thickness of a few mircometres [15]. 

Since the present review is a imed mainly at the bulk 
t e t rahedra l semiconductors , the high-pressure phase 
t rans i t ions are the only SSA m e t h o d s which can be used to 
solve the exper imental p rob lems met in the synthesis of these 
mater ia ls [ 1 - 5 , 29, 1 8 - 2 8 ] . W e shall also analyse in detail 
the view current ly held on this SSA mechanism. W e no te 
tha t the use of high pressures allows a m o r p h o u s metals as 
well as a m o r p h o u s semiconductors to be synthesised [29, 30]. 
SSA can take place under high-pressure phase t ransi t ion 
condi t ions b o t h dur ing increases in the pressure p and while 
the high-pressure phase is relaxing to the n o r m a l t empera tu re 
T and pressure p. In the former case an increase in p to 
p > ptr at T = const converts the initial ordered phase 
(stable at p = 1 ba r ) into a disordered a m o r p h o u s s t ructure 
with a shor t - range order s t ructure similar to tha t of the H P P 
ra ther t han into an ordered H P P [where ptr(T) is the phase 
t ransi t ion poin t ] [ 3 1 - 3 5 ] . In the latter case the ordered 
crystalline H P P , stable at p > ptr(T), is converted into an 
a m o r p h o u s phase with a shor t - range order s t ructure similar 
to tha t of the initial (p = 1 ba r ) phase dur ing its reversion to 
the n o r m a l condi t ions . The H P P of semiconductors such as 
silicon, ge rmanium, and A m B v c o m p o u n d s is a meta l [6, 19] 
with a coord ina t ion number Z = 6, marked ly different in its 
characterist ics from the initial, t e t rahedra l semiconduct ing 
phase , which has Z = 4. Therefore in order to obta in bulk 
samples of A S H P we mus t use an SSA scheme in which the 
phase t ransi t ion is H P P (metallic) -> a m o r p h o u s semi­
conduc tor . 

Historically, the first observat ions of SSA dur ing the 
relaxat ion of a high-pressure phase (metas table under 
n o r m a l condi t ions) were m a d e by Stishov [36] in 1961 dur ing 
a s tudy of phase t rans format ions in quar tz . H e found tha t 
hea t ing stishovite (the metas tab le H P P ) at/? = 1 bar did no t 
immediately induce the s t i s h o v i t e - q u a r t z t ransi t ion: a 
t ransi t ion to a disordered phase was first observed. 
However , at tha t t ime this line of s tudy (related to SSA) was 
no t followed u p , bu t the s t i s h o v i t e - a m o r p h o u s S 1 O 2 
t ransi t ion was later studied in depth by several workers 
(see, for example, Stishov [36]). In the early work [ 1 - 5 ] the 
SSA p h e n o m e n o n was not always interpreted as the 
achievement of an a m o r p h o u s state. F o r example, the 
amorph i sa t ion of zinc an t imonide was observed even in the 
first s tudy repor ted by Ponyatovsk i i et al. [2], bu t the au tho r s 
interpreted the a m o r p h o u s phase no t as a m o r p h o u s zinc 
an t imonide bu t as an undefined 'fine s t ruc ture ' result ing 
from the dissociation of Z n S b . A correct in terpre ta t ion of 
the SSA p h e n o m e n o n in the Zn - Cd - Sb system was given by 
Belash and Ponyatovsk i i [5], who first measured the 
electrophysical characterist ics of these A S H P . It was found 
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tha t the conduct ivi ty of a-ZnSb is described by the act ivat ion 
law G oc e x p ( — E a / k Q T ) with an act ivat ion energy 
Ea = 0.21 eV, a Ha l l mobil i ty \i no t greater t han 
~ 5 c m 2 V - 1 s _ 1 , and a Seebeck coefficient of sign 
cor responding to p- type conduct ion . 

The 'recent h i s tory ' of the A S H P stable at T = 300 K 
and p = 1 ba r originated from the work of Mish ima et al. 
[31], publ ished in 1984, who p roposed a mode l of SSA based 
on ice and used it to discuss the possibili ty of the 
amorph i sa t ion of var ious mater ia ls including te t rahedra l 
semiconductors . It should be no ted tha t SSA in solid-phase 
react ions and in mechanica l melt ing had been detected a year 
earlier [10, 12]. Mi sh ima ' s paper [31] s t imulated the 
appea rance of a still increasing n u m b e r of publ ica t ions on 
the p rob lem of SSA th rough a high-pressure phase . 

In 1985 P o p o v a et al. [18] discussed the SSA of gall ium 
an t imonide by 'quenching the melt under high pressure ' . 
They suggested the format ion of a metall ic glass with a shor t -
range order s t ructure similar to tha t of the metall ic H P P 
(GaSb II) under condi t ions of fast cooling (10 —103 K s _ 1 ) 
at p = 90 kbar . W h e n the pressure was lowered to 
p = 1 bar at T = 300 K the metall ic glass was converted 
into a t e t rahedra l a m o r p h o u s phase . M o r e recent work [23] 
failed to confirm this hypothesis : as in the original 
publ ica t ion [1] the a m o r p h o u s a -GaSb phase was formed as 
a result of the G a S b II -> a -GaSb phase t ransi t ion. Un l ike 
the other approaches k n o w n at the t ime, the SSA process 
used by P o p o v a [18] did no t require cryogenic t empera tu res 
for quenching the H P P : this simplified the synthesis and 
m a d e samples of a -GaSb m o r e readily available for physical 
investigations. In the same year Demishev and his coworkers 
began their cont inuing s tudy of the electrophysical proper t ies 
of a -GaSb [37]. 

In 1987 Ponyatovsk i i and Barka lov , with their 
coworkers , began publ ishing a series of pape r s [ 2 0 - 2 7 ] on 
the SSA accompany ing phase t rans i t ions in the A l - G e , Z n -
Sb, and C d - S b systems. Special a t tent ion was paid to the 
t he rmodynamics of the H P P -> a m o r p h o u s semiconductor 
t rans format ion , and also to the changes in the electric 
conduct ivi ty of the sample dur ing the SSA. This group of 
studies has been discussed in a recent review [6]. W e can see 
tha t up to the year 1987 the range of k n o w n A S H P had no t 
been extended in compar i son with the work carried out 
dur ing 1 9 6 5 - 1 9 7 7 , and was confined to the G a - S b , 
Z n - S b , C d - S b , and A l - G e systems. However , the progress 
m a d e in the s tudy of these A S H P st imulated a search for new 
te t rahedra l semiconductors p repared by the SSA me thod . 
A paper by Clarke et al. [38] on the p repa ra t ion of a-Ge and 
a-Si by using a d i amond indenter appeared in 1988. The 
thickness of the A S H P samples ob ta ined in this way was 
~ 100 um, and amorph i sa t ion was achieved only near the 
centre of the d i a m o n d needle. Obviously, these samples are 
no m o r e t han a l abo ra to ry curiosity, useless for serious 
studies. A similar state of affairs was repor ted for another 
industr ia l semiconductor : gallium arsenide. Vohra et al. [39] 
a t t empted to synthesise this mater ia l by the d i amond anvil 
me thod , bu t they could no t p roduce reasonably large 
samples. The synthesis of bulk samples of a-Si and a-Ge 
A S H P was repor ted only in 1992, by Brazhkin et al [28]. 

To conclude this brief historical survey we should no te 
tha t the physics of A S H P is n o w a well established science. 
Since 1985 b o t h a range of suitable mater ia ls and some 
fundamenta l concepts on the mechanism of SSA and on the 
genesis of the physical proper t ies of A S H P have been 

developed. The t rend towards a general increase in the 
number of invest igations and towards an expansion of the 
range of exper imental substances is growing steadily. The 
exper iments briefly outl ined in the present section do no t 
a m o u n t to an exhaustive descript ion of the his tory of the 
p rob lem or of the large fund of physical p h e n o m e n a n o w 
k n o w n to be characterist ic of SSA: our aim at this stage was 
merely to identify the key events in the development of this 
field of studies. 

2.2 Amorphisation during phase transitions under high 
pressure 
The p — T phase d iagram shown in Fig. l a is typical of 
substances displaying solid-state amorph i sa t ion th rough a 
high-pressure phase [6]. The line ab defines the equil ibrium of 
the I —> II phase t ransi t ion [ptr (T) ]. The poin t a is the triple 
point , cor responding to the equil ibr ium between phases I 
and II and the melt. F o r the semiconductors discussed in this 
review (Ge, Si, A m B v semiconductors , the Z n S b - C d S b 
system) phase I is the semiconduct ing phase (in the case of 
G a S b , a t e t rahedra l semiconduct ing phase with the zinc 
blend s tructure, Z = 4), and phase II is the metallic H P P 
(for G a S b a s t ructure of the p - S n type, Z = 6) [6, 19]. This 
group of substances melts with a negative change in the 
specific volume, like ice, and their liquid phase has a metall ic 
character , with a shor t - range order s t ructure similar to tha t 
of the H P P [ 4 0 - 4 2 ] . 

The synthesis scheme represented by the line A BCD in 
Fig . l a was p roposed as a means of p repar ing a bulk A S H P 
sample stable at p = 1 bar [ 1 - 5 , 2 0 - 2 8 ] . The high-pressure 
phase (phase II , poin t A) was cooled to l iquid-ni trogen 
t empera tu re at p = const > ptr (point B). The pressure 
was then reduced to a tmospher ic at T = const, br inging the 
H P P to a metas tab le state (point C ) . Lastly, at p = 1 bar , 
the t empera tu re of the sample was raised (along the line CD), 
and amorph i sa t ion was ob ta ined at a t empera tu re T = Tam. 

The phase d iagram of CdSb (obta ined [2] for 
T ^ 250 °C) and the amorph i sa t ion scheme used [ 2 0 - 2 7 ] 
to amorphise the alloy Cd43Sbs7 are shown in Fig. l b . The 
H P P (the y phase in Ponya tovsk i i ' s te rminology [6]) was 
subjected to the t he rmobar i c t rea tment by the scheme 
A -> B -> C. Amorph i sa t i on was induced at Tam ~ 50 °C 
by heat ing the sample a long the line CD; a further increase in 
t empera tu re caused crystall isation of the a m o r p h o u s sample 
in the region of T ^ Tcr « 100 °C. U n d e r these condi t ions 
the excess of an t imony was released in the form of inclusions 
in the semiconduct ing CdSb matr ix . 

D e p a r t u r e s from stoichiometry were in t roduced into the 
Z n S b - C d S b system used by Ponya tovsk i i and coworkers 
[ 2 0 - 2 7 ] because small deviat ions from stoichiometry offer a 
m o r e h o m o g e n e o u s H P P (the y phase) , and therefore they 
p roduce m o r e uniform and perfect a m o r p h o u s samples. 

In a series of studies [20 - 27] by scanning calor imetry and 
d i la tometry the t h e r m o d y n a m i c characterist ics of the SSA 
were measured with respect to the A -> B -> C -> D process 
(Figs 2a and 2b). It was found tha t in the Z n S b - C d S b 
system the SSA produced by the relaxat ion of the H P P is an 
exothermic process (curve 1 of Fig. 2a), accompanied by 
expansion of the sample. A further increase in t empera tu re 
results in crystall isation of the sample and in the appea rance 
of a new exothermic peak (curve 2 of Fig. 2a). The sample is 
also slightly compressed in the region of T > Tcr (Fig. 2b). 

These observat ions were used as evidence for interpret ing 
the SSA as a phase t ransi t ion of the first k ind. Accord ing to 
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Figure 1. Scheme for the synthesis of the ASHP): (a) general case; 
(b) ASHP a -Cd 4 3Sb 5 7 (phase diagram for T > 250 °C taken from 
Ref. [6]). 

Brazhkin et al. [43] the SSA is a phase t ransi t ion of the first 
k ind in which the growth processes are hindered, with bulk 
nucleat ion beginning at T = Tam. As a result of this 
h indrance the nuclei having the characteris t ic size 
L c « 10 A cannot g row further, and the ordered phase I is 
replaced by an a m o r p h o u s s t ructure having the same shor t -
range order as the ordered semiconduct ing phase . 

However , the suggested explanat ion of the results in 
Figs. 2a and 2b cannot be used as a universal mechanism of 
the SSA process. It was shown [17] tha t in the amorph i sa t ion 
of the c o m p o u n d F e 2 E r H 3 4 the specific heat displays a 
singularity typical of phase t rans i t ions of the second kind 
(Fig. 2c). As a result the ' a m o r p h o u s order p a r a m e t e r ' of the 
SSA can be set in the bulk of the sample either smooth ly 
( through nucleation and growth processes) or discontinuously. 

There have been a t t empts to interpret the singularity in 
the specific heat in te rms of the current theories of glass 
t rans i t ion [44]. However , the validity of applying these 
theories , based on the quenching of a liquid phase , in the 
explanat ion of the SSA process is extremely doubtful . 

Since the exper imental da ta n o w available suggest tha t 
the var ious SSA schemes have a c o m m o n physical origin, any 

2 min 4 / w mol" 

H 2 0 

350 400 77K 

10 -

4 -

440 460 480 77 K 

Figure 2. Thermodynamics of the SSA process: (a) heat evolution; 
(b) elongation (CdSb system) [6]; (c) specific heat ( F e 2 E r H 3 . 4 ) [17]. 

theory p roposed for this process must be able to account for 
the da ta in Figs 2a - 2 c from a unified viewpoint , t rea t ing the 
manifes ta t ions of phase t rans i t ions of the first and the second 
kind as different l imiting cases. However , as far as the present 
wri ters are aware , no such theory has so far been pu t forward. 

One of the first models of SSA dur ing phase t rans i t ions 
under high pressure was p roduced by Mish ima et al. [31] on 
the basis of exper imental da ta on the SSA of ice (the 'cold 
mel t ing ' model) . Their app roach was later called [6] the 
concept of the 'absolute instabili ty line' . 

Let us examine the p — T phase d iagram for a substance 
which melts with a negative vo lume discont inui ty and whose 
H P P has a s t ructure similar to tha t of a liquid (Fig. l a ) . 
Fo l lowing Mish ima et al. [31] we shall ex t rapola te the 
melt ing curve of phase I to the pressure region above the 
triple poin t (broken line in Fig. l a ) , and we shall call this the 
'absolute instabili ty l ine ' [6, 31]. The following hypothesis 
was p roposed [31]: if phase I is metas tab le in the vicinity of 
the absolute instabili ty line, its intersection is equivalent to 
'mel t ing ' , which in the solid-phase var iant cor responds to the 
format ion of an a m o r p h o u s phase . 

Clearly, in order to realise a process of this kind the 
phase I -> phase II t ransi t ion mus t be kinetically hindered. 
In actual exper iments this state of affairs is a lmost always 
encountered , since the I —> II t rans i t ion takes place on the ab 
equil ibrium line only when the process responsible for the 
increase in pressure is infinitely slow. 

If the ra te of increase of the pressure is finite the I —> II 
t rans i t ion takes place at high pressures p[x >pix (line ab'). 
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W e no te tha t when the t empera tu re is lowered, p[x mus t 
increase because of the decreased mobil i ty of the a toms . A n 
ana logous nonequi l ib r ium line {ab") appears in a phase 
t rans i t ion of type II -> I at pressures p"T < pix (Fig. l a ) . 

Thus according to Mishima et al. [31] SSA will take place 
on moving along the line EF (Fig. l a ) if the sample intersects 
the absolute instability line before it intersects the ab' line. This 
situation results in a disordered 'metallic ' phase with a short-
range structure similar to that of the H P P or of the liquid. 
Evidently, this behaviour can be reproduced by carrying out 
the phase transi t ion process at sufficiently low temperatures . 

Mi sh ima ' s ideas [31] were tested on var ious systems (in 
par t icular , the molecular crystals SnU, G e U [32], and 
graphi te [ 3 3 - 3 5 ] ) as well as on ice. Typical results on the 
solid-state amorph i sa t ion of graphi te under elevated 
pressure, detected by the R a m a n scattering of light (with 
d i amond anvils used to generate high pressures), are shown in 
Figs 3a and 3b. Increasing the pressure shifts the initial 
n a r r o w line t owards higher frequencies and b r o a d e n s it 
substantial ly, denot ing a disorder ing of the crystal lattice 
(Fig. 3a). It is interest ing to no te tha t the form of the 
' a m o r p h o u s spec t rum' is no t strictly defined and depends 
on the initial sample (Fig. 3b). W e also no te tha t SSA takes 
place at relatively high pressures in graphi te , the 
amorph i sa t ion pressure b e i n g p a m « 230 k b a r ( F i g . 3a). 

Similar ideas [31] were later developed by other workers 
[45, 46]. A slightly different app roach was p roposed by F echt 
and Johnson [47], who t reated the SSA point as an isolated 
critical po in t on the c o n c e n t r a t i o n - t e m p e r a t u r e phase 
d iagram at which the difference between phase t rans i t ions 
of the first and the second kind d isappears [47]. Evidently, 
this t r ea tment assumes tha t the SSA is confined to b ina ry or 
mul t i componen t systems, bu t the observat ions of SSA in 
elemental semiconductors [28, 38] highlight the l imitat ions of 
this app roach . 

A t t e m p t s have been m a d e [6, 19, 43] to extend the 
concept of an absolute instabili ty line to the high-pressure 
phase -> a m o r p h o u s semiconductor t ransi t ion (the process 
ABCD in Fig. l a ) . It was suggested tha t in this case the 
ext rapola t ion of the melt ing curve for phase II (Fig. l a ) 
plays the role of an absolute instabili ty line. As in M i s h i m a ' s 
work [31] amorph i sa t ion was observed when the sample 
intersects the absolute instabili ty line before it intersects the 
nonequi l ibr ium phase t rans format ion line ab', and the 
amorph i sa t ion t empera tu re Tam was defined as the 
intersection of the ext rapola ted melt ing curve with the T 
axis (Fig. l a ) . 

However , unl ike the case of the EF process, this app roach 
to the ABCD process is internally inconsistent . Thus , the 
quasimel t ing at the poin t Tam should cor respond to the 
format ion of a disordered metallic specimen (since a metall ic 
melt is typical of all the c o m p o u n d s considered here), 
whereas in the experiment we observe the format ion of an 
a m o r p h o u s semiconductor ra ther t han an a m o r p h o u s metal . 
To resolve this contradic t ion it was suggested [6] tha t an 
a m o r p h o u s meta l is actually formed at T = Tam, bu t it is 
uns tab le and exists for a very short t ime before rapidly 
decomposing . Clearly, a p roduc t of this type would be 
undetec tab le in pract ice. 

T h u s in the case of the ABCD process there is no physical 
justification for const ruct ing the absolute instabili ty line by 
ext rapola t ing of the melt ing curve. A m o r e fruitful app roach 
to the de terminat ion of the SSA point could be to identify the 
absolute instabili ty with the softening of the p h o n o n modes 
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Figure 3. SSA on increasing the pressure in graphite: (a) transformation 
of the Raman spectra of monocrystalline graphite (curves numbered 
according to the pressure in kbar); (b) Raman spectra of a-C under 
pressure, obtained for different initial samples; (7) a-C (deposition), 
(2) monocrystal, (3) pyrolytic graphite, (4) vitreous carbon [33, 35]. 

[43] or with singularities in the elastic modu l i [48], which can 
be described in te rms of the percola t ion of rigidity [49]. 

Strictly speaking, similar commen t s apply also to the EF 
process, since n o n e of the publ ished discussions of the 
absolute instabili ty line gives a physically sound justif ication 
for the ext rapola t ion of the melt ing curve or defines the 
microscopic character of the lattice instability. F u r t h e r m o r e , 
no experiments under pressure have been repor ted to confirm 
the p roposed [6, 19, 31, 43] behaviour of the instabili ty line, 
especially in the vicinity of the triple poin t (Fig. 6a). 

Thus , in spite of their simplicity and convenience, the 
concept of an absolute instabili ty line and the 'cold mel t ing ' 
mode l still lack adequa te theoret ical foundat ions , and should 
be t reated as possible phenomenolog ica l general isat ions of a 
relatively small number of exper imental facts. 

3. Theoretical aspects of the description of the 
kinetic characteristics of heterogeneous media 
The available results of exper imental studies of the physical 
proper t ies of A S H P and of the features of their synthesis 
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processes [6] suggest tha t mater ia ls of this type are not , in 
general , spatially uni form. Inhomogenei t ies can be p roduced 
by pe r tu rba t ions in the s toichiometry of the sample [6, 19] 
and by changes in its phase composi t ion (for example, by 
varying the synthesis condi t ions [50, 51] or possibly by 
doping) . F u r t h e r m o r e , when examining the solid-state 
amorph i sa t ion or crystallisation processes it should no t be 
forgotten tha t dur ing the in termedia te stages of a phase 
t rans format ion the sample is a mix ture of phases : in the 
case of SSA a mixture of the H P P and of the a m o r p h o u s 
semiconductor , and in the case of crystall isation a mixture of 
a m o r p h o u s and of crystalline semiconductor . 

Theoret ical approaches to the description of the kinetic 
characterist ics of these inhomogeneous media will be 
examined below: they include the conductivi ty, the Hal l 
coefficient, and the Seebeck coefficient. The l i terature 
publ ished on these topics is extensive, and includes var ious 
aspects of the fundamenta l p rob lem of a spatially 
inhomogeneous medium. However , practical ly useful results 
applicable to real three-dimensional media (ie analyt ical 
models capable of describing experiments) are still few. 
U n d e r these condi t ions precise results can be obta ined either 
in the limit of low concent ra t ions of inclusions or for an 
asymptot ic behaviour in the vicinity of the percola t ion 
threshold [ 5 2 - 5 8 ] . 

3.1 Conductivity 
Let us first consider the conduct ivi ty of a med ium conta in ing 
a small concent ra t ion of inclusions. W e k n o w tha t a 
polarisabi l i ty tensor a ana logous to the tensor used in 
electrostatics can be in t roduced into the p rob lem of direct 
current flow. Then, in the limit of small concent ra t ions of 
inclusions (n), we can write [53, 54] 

cr = c r 0 ( l + ^ ? z S p a (i) 

where G is the effective (observed) conductivi ty, and cr0 is the 
conduct ivi ty of the med ium in the absence of inclusions. F o r 
ellipsoidal inclusions [53, 59] 

(2) 
47r.[<70 - (<70 - tflX]' 

In the latter formula a v are the pr incipal values of the 
polarisabi l i ty tensor [v = (x, z)\ nv are the 
depolar isa t ion coefficients [59], 0\ is the conduct ivi ty of the 
inclusions, and cr0 is the conduct ivi ty of the matr ix . F o r 
spherical part icles nv = ^, and from (1) and (2) we obta in 

3 ( ( 7 0 -GI) 
1 - n 

2cr0 + GX 

(3) 

In the limit of low inhomogenei ty \G0 — G\ |/cr0 <̂  1 and 
spherical inclusions we can calculate the next te rm of the 
expansion over concent ra t ions [54]: 

2" 

( 7 0 3 
n(\ — n) (4) 

However , finding the higher correct ions (~?z 3 , n4, ...) 
presents considerable difficulty and has no t yet been 
a t t empted as far as we are aware . The discussion of higher 
concent ra t ions (close to the percola t ion threshold, where the 
topological proper t ies of a two-phase med ium begin to 
change) requires a different physical app roach based on 
percola t ion theory [52, 55]. 

Since the media studied mos t intensively in percola t ion 
theory have either G\ = 0 (dielectric inclusions) or G\ = oo 
(ideally conduct ing inclusions) we shall write expressions for 
G following from formulae (1) and (2) for these limiting cases. 

F o r ideally conduct ing ( ' superconduct ing ' ) inclusions we 
find [53] 

(T = (T 0 (1 + 3 / ? M x M ) , (5) 

where x M = n is the concent ra t ion of the ideally conduct ing 
metal , and 

(6) 

The factor / ? M allows for the shape of the inclusions: for 
spherical inclusions [53] /?M = 1. 

In the case of dielectric inclusions in a conduct ing 
med ium [53] we have 

•G0 

1 - n v 

a0 • M i (7) 

(8) 

In formula (7) we have used the no ta t ion x D = n = 1 — xM. 
The fraction by vo lume of the phase with the highest 
conduct ivi ty cor responds to X M in (5) and (7). As in the case 
of the metal , /?D = 1 for spherical inclusions [but E q n s (6) 
and (8) remain valid for ellipsoidal inclusions]. 

Let us calculate the geometr ic factors for the two limiting 
cases of an obla te and a p ro la te ellipsoid. In the former, 
inclusions such as platelets of diameter d and thickness / are 
modelled, with / <̂  d. By using the expressions [59] for nv we 
find, after some simple algebra, 

R ~ 8
 d R ~ 4 d (9) 

It is interest ing to no te tha t in this case /?M = 2 /? D , i.e. the 
effective conduct ivi ty of the med ium is influenced m o r e 
strongly by the form of the ideally conduct ing inclusions 
t han by the form of the dielectric inclusions. W e also no te 
tha t in this case / > d, i.e. / ? M , fiD 1. If (5) and (7) are used 
to calculate (or to est imate) the concent ra t ions in a two-phase 
inhomogeneous med ium, an inaccurate a l lowance for the 
geometr ic factor can lead to serious errors in the 
de terminat ion of XM or x D - Unfor tuna te ly , this s i tuat ion is 
most often met in experiments , since informat ion on the form 
of the inclusions is no t usually available. 

The other extreme case is used to mode l inclusions in the 
form of needles with a t ransverse diameter satisfying the 
equat ion d <̂  / (where / is the length of the needle). It is easily 
seen tha t the following asymptot ic formulae are valid for 
these relative values of the pa ramete r s : 

i 1 

d2\n(l/d) ' 
10 
~9~ (10) 

Clearly, in the case of acicular inclusions the difference 
between the form effects of ideally conduct ing and of 
dielectric inclusions becomes even m o r e marked : / ? D ~ 1, 
whereas j 5 M > 1. 

As x M is increased in a med ium conta in ing ideally 
conduct ing inclusions the separate inclusions must 
eventually combine into an infinite cluster, i.e. percola t ion 
a long an ideally conduct ing phase becomes possible [52], and 
the effective conduct ivi ty of the med ium mus t tend t owards 
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infinity. The critical concent ra t ion x c at which this 
topological singularity takes place is called the percola t ion 
threshold. As repor ted [55], for xM -> i c we can use the 
asymptot ic formula 

[i-(w*c)r 
: ( 7 0 T (11) 

Similarly, for a conduct ing med ium conta in ing dielectric 
inclusions, increasing the fraction by vo lume of the dielectric 
p roduces a state of affairs (at x D = 1 — x c ) in which an 
infinite cluster of metall ic inclusions connect ing the opposi te 
' shores ' of the two-phase system can no longer exist, and the 
system of conduct ing inclusions b reaks up into separate 
regions [52]. Since the conduct ivi ty of the dielectric is zero 
in our mode l the effective conduct ivi ty of the med ium also 
becomes zero at the poin t x D = l—xcr. Accord ing to the 
percola t ion theory [52] we have in the critical region 

••(T0 1 - x c 

: <7 0 T (12) 

F o r m u l a (12), like formula (11), is asymptot ical ly exact. It is 
assumed tha t the exponents q and t are universal for a system 
of given dimensionali ty, i.e. tha t q and t are only slightly 
dependent on the form of the e lementary inclusions from 
which the infinite cluster is formed. Evidently, the form effect 
of the inclusions should be mos t ma rked in the percola t ion 
threshold xc- However , no reliable da ta on the character of 
this effect are available as far as we are aware . F o r example, it 
has been suggested [52] tha t xc is only slightly influenced by 
the form of the inclusions, and tha t its value should be close 
to tha t of the percola t ion threshold for spherical inclusions 
x c = 0 . 1 5 - 0 . 1 7 [52]. Obviously, this hypothesis is valid for 
dielectric inclusions, bu t not for ' superconduc t ing ' needles or 
filaments, since even for x < x c = 0 . 1 7 we m a y easily find 
tha t the condi t ion a = oo is satisfied by a single filament 
br idging the gap between the ' shores ' . 

In general the pa ramete r x c should depend on the 
statistical dis t r ibut ion function of the characterist ic 
d imensions of the inclusions. The validity of this assert ion 
was recently confirmed by a s tudy of a med ium with two 
characterist ic sizes. It was shown [60] tha t in systems of this 
type we can detect a large shift in x c r as compared with its 
value for spherical inclusions. 

However , even for the simplest (almost spherical) form of 
inclusions all a t t empts at deriving from first principles a 
formula for the effective conduct ivi ty of a med ium which 
includes the asymptot ic expressions (5) and (11) [or (7) and 
(12) ] and the different l imiting cases have been unsuccessful. 
Nevertheless in app rox ima te calculat ions we can use the 
simplest in terpola t ion formulae (as is done , for example, in 
the scaling theory of the m e t a l - i n s u l a t o r t ransi t ion [61]). 
F o r example, in the case of fiD = fiM = 1 we can wri te 

_ _ l + [3-(q/xc)] 
u [ l - ( x M / i c ) f 

for ideally conduct ing inclusions, and 

[ ( x M - x c ) / ( l - xc)]' 
G = Go 

3 

(13) 

(14) 

(1 - * M ) 

for dielectric inclusions. The approx ima t ions (13) and (14) 
are i l lustrated in Fig. 4 as curves 1 and 2 respectively, 
whereas 1' and 2 ' are the linear asympto tes for fiD = fiM = 1. 

Figure 4. (a) Conductivity of a two-phase heterogeneous system: 
(7) ideally conducting inclusions, (2) dielectric inclusions (7 ' and 2 ' are 
the low concentration limits); (b) critical behaviour of the Seebeck 
coefficient; (7) KM $> KD, (2) KM ~KD. The critical exponent values 
q — 1 and t — 1.76 have been used. 

In order to apply the formulae (13) and (14) or the 
asymptot ic expressions (11) and (12) to a spatially i n h o m o ­
geneous med ium we must k n o w the critical exponents q and t. 
In the percola t ion theory the p rob lem of dielectric inclusions 
in a conduct ing mat r ix is examined in detail , and we only 
need to k n o w the critical exponent v for the correlat ion rad ius 
of the infinite cluster in order to calculate t: this gives 
t = 2v w 1.76 for the three-dimensional case [52]. 

At the same t ime the expression for q conta ins an 
addi t iona l independent critical exponent , which charac ­
terises the similarity law in the critical region [55] or the 
fractal dimensional i ty of the superconduct ing inclusions 
[62, 63]. In the p ioneer ing work of Efros and Shklovskii [55] 
it was assumed tha t q = 1 for d = 3 (where d is the 
dimensional i ty of the space). Subsequent ly Coniglio and 
Stanley [63], s tar t ing from the al ternat ive concept of an 
'unscreened per imeter ' of the superconduct ing cluster, 
arrived at the formula 

^ = v [ l _ I ( j _ ^ ) ] = v ( I ^ _ I ) , (15) 

where df is the fractal dimensional i ty of the superconduct ing 
sublatt ice (df ^ 3). By using the values df w 2.54 a n d v = 0.88 
for the percola t ion cluster [64] we obta in q = 0.68. 

Obviously, in the three-dimensional case q cannot be 
found by theory only, and exper imental work is required. 
To the best of our knowledge the pa ramete r q has never been 
determined in real i nhomogeneous media: its value is total ly 
u n k n o w n , unl ike tha t of the critical exponent t, whose value 
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(t « 2v) has been reliable confirmed by exper imental da ta for 
three-dimensional two-phase systems [52]. The exper imental 
de te rminat ion of q will be discussed be low in Section 6. 

3.2 Hal l and Seebeck coefficients 
The critical behaviour of the Seebeck coefficient and of the 
Hal l coefficient in the vicinity of the percola t ion threshold 
has been investigated [ 5 6 - 5 8 ] for the case of an 
inhomogeneous med ium consist ing of a mix ture of 'meta l ' 
and of 'dielectric ' with crM > crD (where cr M and crD are the 
conductivit ies of the 'meta l ' and of the 'dielectric' , 
respectively. 

It was found [56, 57] tha t the behaviour of the Seebeck 
coefficient S ( I M ) near the percola t ion threshold x c depends 
on the relative values of the the rmal conduct ivi ty of the 
'meta l ' KM and of the 'dielectric ' . If KM ^> KD we find tha t 
S ( x M ) is indist inguishable from the Seebeck coefficient S D of 
the 'dielectric ' a lmost up to x c , and in the close proximi ty of 
x c it falls d iscont inuously to a value typical of the 
thermoelectr ic power of metals SM (curve 1 of Fig. 4b). 
W h e n KM w KD we observe a critical behav iour similar to 
tha t of the electric conduct ivi ty [56, 57]: 

Sn(SD-SM)Tq + SM (16) 

(curve 2 of Fig. 4b). In the above formula T = 1 — x M / x c . 
A n asymptot ic expression, valid for x M < x c , was 

obta ined [58] for the Hal l coefficient in the vicinity of the 
percola t ion threshold: 

R(xM) =RD(xc - x M f q + 
R^ 

[ ( * M - x D y + A2] 21V/2 
(17) 

where 7 ? D and RM are the Hal l coefficients of the 'dielectric ' 
and of the 'meta l ' respectively, and A is the size of the critical 
region (the 'b lur red ' region [55]). It follows from 
formula (17) tha t under certain condi t ions the Hal l 
coefficient m a y have a resonance m a x i m u m at the 
percola t ion threshold , bu t this effect is purely topological 
and is not associated with changes in the microscopic 
characterist ics of the componen t s of the mixture . It should 
also be noted tha t for x M > x c the first te rm in formula (17) 
vanishes. 

F or compar i son with exper imental da ta it is convenient to 
convert formula (17) into 

*(*) 

i?(0) 
1 -

(f +1) 
v/2 

A 

(yV + 1 ) 
v/2 ' (18) 

where A = R(xc)/R(0) is the reduced ampl i tude of the 
resonant increase in the Hal l coefficient, and y = xc/A. The 
quant i t ies R(xc) and R(0) are expressed in te rms of the 
cons tan ts a n d / ? M [formula (17)]: 

R(0) 

The dependence R(XM), predicted [58] for different values of 
A and A = 0 . 1 x c , is shown in Fig. 5 (drawn for q = 1). It 
should be noted tha t t hough the expression (18) is formally 
defined for a rb i t ra ry values of X M the validity region of (17) 
and (18) is confined to the vicinity of the percola t ion 
threshold . 

0.3 0.4 

Figure 5. Resonance of the Hall coefficient at the percolation threshold for 
q= l a n d the folio wing values of A: ( 7 ) 0 , ( 2 ) 0 . 2 , ( 3 ) 1.0,(4) 2 . 5 , ( 5 ) 7 . 

3.3 Range of applications of the models of multicomponent 
media 
The theory of the kinetic characterist ics of he te rogeneous 
media discussed above refers to strongly nonun i fo rm media , 
with crM > crD. In a he te rogeneous med ium with crM w crD the 
singularities and special features on the concent ra t ion 
dependences of the kinetic characterist ics (Figs 4 and 5) 
become blurred, and var ious models of weakly i nhomoge ­
neous media could provide a bet ter approx ima t ion [54]. 

Ano the r l imitat ion to the use of the results of the theory 
of he te rogeneous media stems from their classical character . 
The t rea tment of inclusions of different phase composi t ion as 
macroscopic regions having well defined microscopic 
pa rame te r s cr, R, and S assumes tha t the inequali ty L > l0 

applies, where L is the size of the inclusion and IQ is the free 
p a t h of the carriers. Evident ly this is the condi t ion which 
limits the appl icat ion of the theory to crystalline doped 
semiconductors . F o r example, in crystalline gallium 
an t imonide doped with tel lurium and selenium IQ lies in the 
range 200 A ^ l0 ^ 3000 A [65, 66], and the present theory is 
applicable only to relatively crude technological 
imperfections. 

Therefore on the physically interest ing n a n o m e t r e scale 
the q u a n t u m effects will be p r e d o m i n a n t in doped 
semiconductors [ 6 5 - 6 7 ] , and as a result the poin t for the 
anoma ly of the kinetic characterist ics (the mobil i ty 
threshold) will no t be related to the topological singularity 
at x c [65, 66], and the critical exponent for the conduct ivi ty 
(a O C T ' ) i s* « 0.6 [66, 67]. 

On the other hand , in a m o r p h o u s semiconductors the free 
p a t h is much shorter (/0 w L c o r w 10 A) [7 ,61] and the 
restrict ion ment ioned above is removed. W e m a y hope tha t 
the classical theory of he te rogeneous media will p rove to be a 
convenient ' ins t rument ' for the studies of physical 
inhomogenei t ies of widely different sizes, including a lmost 
the whole hierarchy of space scales found in the A S H P . 
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4. Metal-insulator transitions in tetrahedral 
amorphous semiconductors synthesised under 
high pressure 
As was said above, one possible me thod of synthesising 
a m o r p h o u s phases under pressure is solid-state 
amorph i sa t ion by heat ing a high-pressure phase [6]. Since 
the high-pressure phase ( H P P ) is usual ly a denser, metall ic 
phase , the phase t ransi t ion to the a m o r p h o u s semiconduct ing 
modif icat ion is also a m e t a l - i n s u l a t o r t rans i t ion (MIT) . The 
crystall isation of the a m o r p h o u s mat r ix induced by further 
hea t ing leads to the format ion in the bulk of the sample of a 
crystalline phase with a metall ic type of conduct ion , due to 
the presence of impur i ty a toms and of a large number of 
s t ructure defects of var ious types (the case of heavy doping) . 
T h u s the crystall isation of a semiconduct ing a m o r p h o u s 
phase also offers a way of s tudying specific M I T prob lems . 

F u r t h e r m o r e , doping the a m o r p h o u s mat r ix at the 
synthesis stage can itself create condi t ions favourable to 
control led changes in the phase composi t ion of the sample 
in the immedia te vicinity of the M I T . 

Therefore the remainder of this section will be devoted to 
the M I T in C d - S b , Z n - S b , and A l - G e alloys dur ing 
amorphisa t ion (Section 4.1), the effect of the condit ions of 
synthesis ( temperature and pressure) and of crystallisation of 
a m o r p h o u s gallium ant imonide in initiating the M I T 
(Section 4.2), and the doping of a a-GaSb at the synthesis 
stage with Cu and G e additives, which also leads to the m e t a l -
insulator transit ion in this compound (Sections 4.3 and 4.4). 

4.1 The metal - insulator transition in C d - S b , Z n - S b , 
and Al - Ge alloys during amorphisation from a high-
pressure phase 
Since in these systems amorphisa t ion takes place as a result of 
a structural t ransi t ion from a high-pressure phase to a low-
pressure phase, the latter having a higher resistivity than the 
initial H P P , we can expect a M I T in the system: for example, in 
the region of component concentrat ions where the fraction by 
volume of the H P P is close to the percolat ion threshold. At 
present the C d - S b , Z n - S b , and A l - G e systems have been 
most fully investigated [6, 1 9 - 2 7 ] , and some prel iminary 
results on the M I T in the GaSb system have been obtained [68]. 

In the case of C d - S b , the m e t a l - i n s u l a t o r t ransi t ion has 
been studied [26] by the 'stepwise amorph i sa t i on ' me thod , 
which involves heat ing a sample of the high-pressure phase 
(held in a metas tab le state at l iquid-ni trogen tempera ture ) to 
approximate ly r o o m tempera tu re , and then cooling the 
sample once again. By control l ing the heat ing the SSA 
process could be carried out t h rough a sequence of 
in termedia te metas tab le states (from the metas tab le meta l 
t h rough a mixture of meta l and semiconductor to the 
a m o r p h o u s semiconductor [26]. 

Normal i sed t empera tu re dependences of the sample 
resistance p(T )/p(T = 5; 6 K ) , obta ined for different 
h e a t i n g - c o o l i n g cycles of the C d - S b alloy, are shown in 
Figs 6 and 7. The n u m b e r s on the curves of Fig. 6 cor respond 
to the number of the cycle, and those in Fig . 7 give the 
logar i thm of the normal i sa t ion cons tant 

<7o = ^gl0(Ri/R0)T={ 7 = 6 K ' (19) 
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Figure 6. Changes in electric conductance during SSA in the Cd - Sb system. 
The curves are labelled with the number of heat ing-cool ing cycles [26]. 
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where Ro is the resistance of the sample in the initial state, and 
Ri is the resistance after the i-th annea l [26]. It can be seen tha t 
the metall ic type of dependence (q = 0, initial sample), 
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Figure 7. Superconducting transition in a C d - S b alloy on either side of 
the localisation threshold [27]. The parameter q0 is defined in the text. 

typical of the high-pressure phase , is replaced by the 
semiconductor type, and the superconduct ing t ransi t ion 
which takes place dur ing the anneal becomes b lur red as the 
resistance of the sample increases (i.e. as q increases). At some 
poin t q = qCY the m e t a l - i n s u l a t o r t ransi t ion takes place, and 
an act ivat ion-control led a(T) dependence is observed (see 
Figs 6 and 7). The qcr value was defined as the vanishing 
poin t of the pa ramete r cr(0), obta ined by ext rapola t ing o(T) 
to T = 0. This gave [26] qcx w 3.9. T h u s in the vicinity of the 
M I T the resistance of the system at l iquid-helium 
tempera tu res increases by abou t 4 orders of magni tude , and 
if the M I T in the system takes place by the percola t ion 
mechanism, the alloy being amorphised at q = qcr w 3.9 
should be in a deeply critical region for x M w xc [see 
formulae (12) and (14)] . However , the lack of s t ructure 
da ta for these alloys dur ing the SSA makes it impossible to 
est imate directly the extent of agreement between x M and the 
classical percolat ion threshold. 
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Figure 8. R(T, H) magnetoresistance curves at different temperatures, 
normalised to R(T, 0), for a C d - S b alloy characterised by q — 4.9 [27]. 

W e no te tha t t r ans format ions of a similar type were 
observed in the p(T) curves dur ing SSA in the G a S b and 
Z n - S b systems [68, 24]. 

However , the M I T process dur ing SSA is much m o r e 
complex, and cannot be interpreted in te rms of a simple 
percola t ion mode l of the mixture of phases [26]. In the C d ­
Sb alloy with q0 = 4.9, which is reasonably close to qcr, a 
s t rong ( ~ 3 0 % ) negative magnetores is tance ( N M R ) effect 
was detected, its ampl i tude increasing as the t empera tu re was 
lowered (see Fig. 8) [69]. F u r t h e r m o r e in a C d - S b sample in 
this state the t empera tu re dependence of the conduct ivi ty for 
T > 5 K is close to the power- law dependence 

G(T)OCT -1/3 (20) 

whereas for T > 5 K the G(T ) dependence is replaced by the 
act ivat ion law 

(T \ 1 / 4 

l n * ( r ) a - ( - M , (21) 

characterist ic of hopp ing conduct ion with a variable h o p p i n g 
range (see Fig. 9) [69]. 

These changes in the kinetic characterist ics in the vicinity 
of the M I T were first observed in a s tudy [66, 70] of a doped 
crystalline semiconductor G a S b : Se, and it was shown [66] 
tha t the behaviour can be explained adequate ly in te rms of 
the scaling theory of the m e t a l - i n s u l a t o r t ransi t ion, which 
allows for the q u a n t u m effects ra ther t han the classical effects 
(which are considered in the percola t ion theory) . 

Indeed, in the one-parameter scaling mode l the self-
consistent A P t s h u l e r - A r o n o v system of equa t ions [71] 
leads to the asymptot ic relat ion G(T ) oc T _ a , where a = \/d 
id is the dimensional i ty of the space), so tha t in general the 
mobil i ty edge does no t coincide with the percola t ion 
threshold [70]. N e a r the mobi l i ty edge a s t rong N M R was 
observed ( ~ 3 0 % for G a S b : Se at T w 0.5 K ) , increasing by a 
power law as the t empera tu re was lowered [66, 70]. This is 
explained by the increase in the q u a n t u m interference effects 
near the localisation threshold (essentially, these effects 
induce the localisation [70]). 

In addi t ion , the a l ternat ion of the asymptot ic re lat ions 
(20) and (21) can also be explained in te rms of the one -
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Figure 9. Temperature dependences of the conductance for a C d - S b 
alloying characterised by q = 4.9 [27]. 

pa ramete r scaling mode l [71, 66]. On the dielectric side of the 
t ransi t ion the conduct ivi ty is described by the formula 

< x ( r ) = ^ ^ e x p ( - y L r ) , (22) 

where LT is the coherence length of the phase of the wave 
function, limited by inelastic in teract ions with p h o n o n s , and 
y is the reciprocal localisation radius . In the ne ighbourhood 
of the mobil i ty edge y is large, and a t empera tu re range can be 
identified in which yLT <̂  1. Then only the pre-exponent ia l 
factor is significant in formula (22), and since in the critical 
region for the three-dimensional case LTocT~1^3 [71], a 
power- law G(T) dependence will be observed. Lower ing the 
t empera tu re infringes the condi t ion yLT <̂  1, and the 
exponent ia l t e rm in (22) can no longer be neglected. 
Therefore the asymptot ic behaviour lncr oc (T0/T)a should 
be observed, where a is defined either by the t empera tu re 
dependence of the coherence length LT (a = ^ or \, called the 
n o n o p t i m a l h o p p i n g regime [72]) or, if the condi t ion 
Ropt oc r - 1 / 4 < LT is satisfied, by the M o t t h o p p i n g length, 
which leads to formula (21). 

T h u s the C d - S b system is very close to the predic t ions of 
the one-parameter scaling mode l for d = 3, leading to the 
conclusion [26, 69] of a spatially uni form sample s t ructure in 
the vicinity of the m e t a l - i n s u l a t o r t ransi t ion. 

However , this result is difficult to reconcile with current 
views on the mechanisms of SSA, according to which the 
system is marked ly he terogeneous in the in termedia te stages 
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of the process, and also with the results obta ined by the same 
workers [25, 24] in a s tudy of the M I T in the Z n - S b and 
A l - G e systems. A n analysis of the t empera tu re dependences 
of the conduct ivi ty while a l lowance for their evolut ion in the 
SSA process in C d - S b , Z n - S b , and A l - G e alloys showed 
tha t the c(T) da ta can be satisfactorily described in te rms of 
the following mode l [24]. In these c o m p o u n d s the h igh-
resistance a m o r p h o u s phase begins to be formed as thin 
layers ( ' leaves') at the grain boundar ies , with very little 
intersection of the 'growing leaves ' as the vo lume of the 
semiconduct ing phase increases dur ing the phase 
t rans format ion . 

As a result 'cactus-l ike ' fractal s t ructure, which is formed 
from the a m o r p h o u s phase dur ing the in termedia te stages of 
the SSA [24], ' entangles ' and distorts the permi t ted current 
trajectories in the metall ic high-pressure phase . At some 
critical poin t the last current channel in the H P P between 
the sides of the sample is b roken : this completes the m e t a l -
insulator t ransi t ion, and t r anspor t in the dielectric region 
n o w proceeds by tunnel l ing (including thermal ly activated 
tunnell ing) between the isolated metall ic regions (the 
'granular me ta l ' case) [24]. 

It should be no ted tha t some evidence of heterogenei ty 
can also be seen in the C d - S b system: for example, the two 
cont r ibu t ions (positive, and negative) to the m a g n e t o ­
resistance (see Fig. 8) m a y be associated with the presence 
of inclusions having different phase composi t ions . 

Let us n o w consider the types of t empera tu re dependence 
of the conduct ivi ty in the critical region to be expected in the 
strongly inhomogeneous case. W e shall s t ipulate tha t the 
space available for the current carriers is fractal ra ther t han 
three-dimensional (a percola t ion cluster will be assumed in 
order to m a k e the discussion m o r e specific). It is k n o w n tha t 
the diffusion coefficient for a fractal depends on the space 
scale [64, 73, 74] D oc L - ^ , and therefore the conduc tance is 
expressed by the formula g(L) oc Ldf~2~^ [73], where df is the 
dimensional i ty of the fractal. In the diffusion regime of 
t r anspor t on the fractal we have 

percola t ion fractal: In a oc —(T0/T) i/(df+i) . F o r df = 2.54 we 

a oc -hL DF-2 g(LT) # / ( 2 + # ) 

hLh 
(23) 

To determine the t empera tu re dependence we assumed tha t 
LT oc [D(LT)h/T^I2. F o r a percola t ion cluster in three-
dimensional space [74] $ = 1.5 and a oc T 0 A 3 . In the region 
of localised t r anspor t formula (22) becomes 

2 
< 7 o c ^ e x p [ - ( y L r ) H (24) 

where d^ is the ' super local isa t ion ' exponent (1 < < 1.35 in 
the three-dimensional case [74]). W e should stress tha t the 
exact value of dq> in real s i tuat ions is no t know n : for d = 2 or 3 
( two-dimensional or three-dimensional space) it is usual ly 
assumed tha t dq> = \, t hough in some cases this value has 
been modified [66] to al low for spatial nonuniformit ies . At 
the same t ime, if q u a n t u m effects are dominan t in the 
scattering, in the presence of localisation and of only 
modera te ly thick dielectric interlayers ( ' leaves') we should 
expect a weak dependence of the asymptot ic expression for 
the localised wave function on the condi t ions at the m e t a l -
dielectric interface. As a result we have df= 1, in spite of the 
large change in the topology of the system dur ing the SSA. 
W e then find from (24) tha t in the regime of n o n o p t i m a l 
h o p p i n g l n a o c - ( r 0 / r ) a , a = 1/(2 + tf) = 0.28. W e no te 
tha t the same exponent cor responds to M o t t ' s law on the 

[64] find a = 0.28. 
Thus , in a strongly inhomogeneous med ium modelled by 

a percola t ion cluster, where the po in t s for the topological 
t ransi t ion and for the q u a n t u m localisation are close to each 
other , we observe only a modera te ly s t rong modif icat ion of 
the asymptot ic expressions (20) and (21), and the cor respond­
ing critical exponents 0.43 and 0.28 are close to the values ^ 
and \ observed experimental ly [27] (see Fig. 9). In a real 
s i tuat ion with a lower degree of inhomogenei ty the observed 
difference will be even smaller, and whether the system is 
strongly he terogeneous or spatially uni form cannot be 
established unambiguous ly from the evidence of the critical 
exponents of the t empera tu re dependence of the 
conductivi ty. 

Therefore we conclude tha t the case of C d - S b , like tha t 
of Z n - S b and of A l - G e , cor responds to an M I T in a 
spatially inhomogeneous system, bu t (unlike Z n - S b and 
A l - G e ) in the C d - S b system the q u a n t u m effects p lay a 
dominan t role. Evidently, a detailed s t ructure analysis of the 
SSA process would greatly help us to identify the origin of 
these differences in the behaviour of the alloys in the vicinity 
of the M I T . 

F u r t h e r m o r e , the publ ished results [24-27, 68, 69] m a k e 
a new class of p rob lems in the physics of m e t a l - i n s u l a t o r 
t rans i t ions available for exper imental study: t rans i t ions in a 
space of lower dimensionali ty, in which b o t h topological and 
q u a n t u m effects can be impor tan t , and the poin t of the 
topological (percolat ion) t rans i t ion and the localisation 
threshold for the electronic states can cor respond to 
different values of the cont ro l pa ramete r , which greatly 
complicates the pic ture of the physical processes. These 
p rob lems call for the development of suitable theoret ical 
approaches (for example, the validity of the one-paramete r 
scaling p rocedure which has been used in some calculat ions is 
far from being self-evident). W e can expect M I T similar to 
those discussed in this section to become one of the 
'development po in t s ' in the fundamenta l unde r s t and ing of 
the physics of disordered media . 

4.2 M I T in a -GaSb synthesised by quenching under high 
pressure 
The synthesis of a m o r p h o u s bulk gall ium an t imonide under 
pressure has been repor ted [18, 37, 75-82]. In a -GaSb the 
in termedia te high-pressure phase G a S b II (Fig. 10), used in 
the synthesis scheme, has the same stoichiometric 
composi t ion as the a m o r p h o u s G a S b . It has been shown 
[81] tha t the electrophysical proper t ies of a -GaSb are a lmost 
total ly determined by the synthesis t empera tu re of the 
samples. Varying r s y n in the region of r*y n w 800 °C 
marked ly affects the resistivity p and its t empera tu re 
dependence p(T) (see Fig . 11). The quasimetal l ic type of 
conduct ion in samples synthesised at high t empera tu res 
(Tsyn>T*syn) is replaced (at r s y n < T*yn) by the 
semiconductor type, p roduc ing a relative change with 
synthesis t empera tu re of the resistivity (measured at liquid 
hel ium tempera tures ) of ten orders of magni tude . 

T h u s a change in the synthesis t empera tu re r s y n can 
induce the m e t a l - i n s u l a t o r t ransi t ion ( M I T ) in a -GaSb . 

On the dielectric side of the t ransi t ion ( r s y n < 800 °C) the 
t empera tu re dependence of the resistivity at T > 100 K obeys 
the act ivat ion law 

p ~ exp 
k*T 

(25) 
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Figure 10. Scheme for the synthesis of bulk samples of amorphous 
gallium antimonide (a) and structure of the samples of a-GaSb obtained 
[84] at different synthesis temperatures (b, c). During the synthesis the 
initial GaSb sample of stoichiometric composition is transferred by 
pressure through the GaSb I - G a S b II phase transition line and is then 
fixed at psyn. After being held at r s y n (point A) the sample is cooled to 
room temperature (point B), and the pressure is then removed (point C). 

The process A j —> B —> C leads to amorphisation and to the formation of 
a metallic sample, and the process A 2 —> B —> C leads to the synthesis of a 
dielectric (see text). Figures b and c correspond to the metallic and to the 
dielectric sample, respectively. A scale of electric conductivity for the 
dielectric and the metallic samples at T — 4.2 K is provided for com­
parison. The numbers refer to inclusions of different phase composition: 
(7) amorphous a-GaSb phase, (2) c-GaSb crystal, (3) G a x S b i _ x phase. 

The act ivat ion energy stays a lmost cons tant (Ea w 0.2 eV) up 
to T s y n w 750 °C, bu t it falls off rapidly at 
2 ^ = 7 ^ 8 0 0 °C (Fig. 11). 

At low tempera tu res (T ^ 10 K ) the dependence (25) is 
replaced by M o t t ' s law 

l n p c x ^ j , (26) 

which is characteris t ic of var iable-range hopp ing conduct ion 
(Fig. 12). The pa rame te r To, which determines the slope of 
the pa r t s of the p(T) curve which are linear in In p =f(T ~l/A) 
coordinates , decreases when Tsyn —> 800 °C from T0 « 2.9 
x 10 4 K (curves 1 and 2 of Fig . 12) to T0 « 230 K (curve 3 of 
Fig. 12). 

This type of t empera tu re dependence of the resistivity on 
the dielectric side of the M I T is consistent with the current 
views on the energy spectrum and on the charge t r anspor t in 
a m o r p h o u s mater ia ls , which pos tu la te the presence [7] in the 
energy gap of a m o r p h o u s semiconductors of a b a n d of 
localised states which cont r ibu te to the h o p p i n g conduct ion . 

U n d e r these condi t ions a change in T0 cor responds to a 
change in the pa rame te r s of the localised states as the system 
approaches the m e t a l - i n s u l a t o r t ransi t ion. 

W e no te tha t the energy Ea ob ta ined [81] in our 
l abora to ry (see Fig. 11) agrees well with the da ta repor ted 
for a m o r p h o u s films of G a S b synthesised by deposi t ion on a 
cooled subst ra te [83], whose act ivat ion energy lies between 
0.14 and 0.25 eV. At the same t ime the M o t t ' s law pa rame te r 
To for a m o r p h o u s films of G a S b varies in the range 
2 . 8 x l 0 8 - 3 . 1 x l 0 7 K and greatly exceeds the highest values 
of To for bulk samples of a -GaSb (see Fig. 12). This 
discrepancy is apparen t ly p roduced by an increase (by 
abou t an order of magni tude) in the localisation radius for 
a -GaSb samples p repared at high pressures. 

A n analysis of x-ray s t ructura l results [81 ] shows tha t very 
weak lines from the crystal lattice of the initial c-GaSb phase 
are retained even in the most disordered samples of a -GaSb . 
Accord ing to est imates by the correlat ion p rocedure [81] the 
content of low-resistance metallic phase in samples of a-
G a S b cannot be greater t han ~ 5 % - 1 0 % , and therefore 
inclusions of the crystalline phase cannot be the only factor 
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Figure 11. Change in the electrophysical properties of a-GaSb; the p(Tsyn) 
curves were obtained by varying the synthesis temperature. (7) 4.2 K, 
(2) 100 K, (3) 300 K, (4) Ea(Tsyn) dependence [81]. 

p/Q cm 

106 -

105 

10 4 

103 

102 

0.2 0.3 0.4 0.5 0.6 0.7 
r - l / 4 / K - l / . 

Figure 12. Hopping conduction in a-GaSb. (7) Tsyn — 350 °C, 
(2) 450 °C, (3) 670 °C [81]. 

responsible for the M I T induced by var ia t ions in the 
synthesis t empera tu re . 

Detai led studies of the s t ructura l proper t ies , of the 
character-ist ics of the superconduct ing state, of the stability 
region, and of the special features of the phase 
t rans format ion of metas tab le phases in samples of a -GaSb 
showed [81, 84] tha t the main reason for the M I T result ing 
from changes in the condi t ions of a -GaSb synthesis is the 
depar tu re from stoichiometry in the case of t he rmobar i c 
t rea tment of the G a S b . The sub-micron superconduct ing 
inclusions of the metas tab le phase of nons to ich iometr ic 
composi t ion G a ^ S b ^ (x > 0.5), together with the 
submicron inclusions of the crystalline c-GaSb phase , form 

Figure 13. Changes in the hopping conduction parameters during 
annealing of a-GaSb (Tsyn — 350 °C, psyn — 90 kbar): (7) initial state, 
(2) Tan = 70 °C, (3) 80 °C, (4) 90 °C, (5) 100 °C, (6) 110 °C. 

a sublatt ice of metall ic conduct ing channels act as shunts in 
the dielectric a m o r p h o u s mat r ix of a -GaSb . W e shall 
consider these p rob lems in greater depth in Sections 5 and 6. 

The stepwise crystallisation of a -GaSb in samples from 
the dielectric side of the meta l - insulator t ransi t ion leads to a 
ma rked increase in the conduct ivi ty of the med ium (Fig. 13). 
The largest changes in the pa ramete r To of E q n (26) are seen 
in the initial stage of annea l at Tan = 3 4 0 - 3 5 0 K. As in our 
previous work [81] (see Fig. 12) the crystallisation of a -GaSb 
in this range of anneal ing tempera tures lowered T0 to values 
o f - 2 0 0 K. 

However , it should be noted tha t smooth changes in 
conduct ivi ty dur ing the crystall isation of dielectric samples 
of a -GaSb have no t been observed in pract ice, because the 
small change in the resistance of the sample at the anneal ing 
t empera tu re p roduces a large and irreversible increase in the 
low- tempera ture conduct ivi ty of the med ium. 

4.3 Metal - insulator transitions in the a - G a S b : Cu system 

4.3.1 Dopmg of a-GaSb with copper. By analogy with 
a m o r p h o u s films we can expect the in t roduct ion of an 
addi t iona l ' dop ing ' element into the a m o r p h o u s mat r ix to 
offer new possibilities of control l ing the physical pa rame te r s 
of a m o r p h o u s mater ia ls p repared at high pressures. In this 
sense, whereas at relatively low concent ra t ions of the 
impur i ty (not exceeding a few m o l % ) we can envisage 
n o r m a l dop ing and the result ing changes in electronic 
proper t ies , at higher concent ra t ions the impur i ty begins to 
act as a s t ructure-forming element. The bes t -known example 
of this behaviour is a m o r p h o u s hydrogena ted silicon a-Si : H , 
in which the concent ra t ion of hydrogen can be as high as 
60 a t% [9]. F r o m the fundamenta l po in t of view one quest ion 
remains unclear in the discussion of systems of this type 
(and in par t icular of a - S i : H ) : should they be t reated as 
a m o r p h o u s solid solut ions or as mul t iphase systems [9]? 
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In the synthesis scheme used in our work [ 7 5 - 8 2 ] (see 
Fig. 10) the p repa ra t ion of samples in the a -GaSb : Cu system 
from mixtures of c-GaSb and Cu powders required hea t ing 
the sample to t empera tu res well in excess of the characterist ic 
metal l isat ion t empera tu re T * y n . In this case the sample of the 
a - G a S b : C u system with a zero concent ra t ion of copper 
(xCu — 0) has the s t ructure shown schematically in Fig . 10b, 
and possesses superconduct ing proper t ies owing to the 
presence of the G a ^ S b ^ phase [81]. 

The evolut ion of the phase composi t ion of a -GaSb : C u 
samples result ing from an increase in i C u and the consequent 
changes in the physical characterist ics of this complex 
mul t iphase system have been analysed [85]. All the samples 
were synthesised at P s y n = 90 kbar , Tsyn = 1100 °C, and the 
copper content was varied in the range 0 ^ x C u ^ 47 m o l % . 
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Figure 14. Temperature dependences of the resistivity of a - G a S b : C u 
samples with different i C u concentrations: (7 ) x C u = 0 (undoped sample, 
^ s y n > ^ * y n ) , (2) 3 a t%, (3) 11 a t%, (4) 14 a t%, (5) 18 a t%, 

(6) 27 a t%, (7) 31 a t%. The p(T) dependence for an undoped sample 
of a-GaSb prepared at Tsyn < T*^ (curve 9 ) is shown for comparison 
[85]. 

As repor ted [85], an increase in the concent ra t ion i C u 

induces a large change in the electric conduct ivi ty of the 
a - G a S b : C u samples (Fig. 14). Initially we observe a 
suppression of the superconduct ivi ty at concent ra t ions 
x C u w 3 m o l % (curves 1 and 2 of Fig. 14), bu t the resistivity 
at T > 10 K is pract ical ly unaffected. After this, p begins to 
increase with i C u (curves 3 -6in Fig. 14), and in the region of 
xCu ~ 10 rnol% the quasimetal l ic behaviour of p(T) w const 
is replaced by act ivat ion cont ro l with an act ivat ion energy 
Ea w 0 . 1 7 - 0 . 1 9 eV. This value of Ea is consistent with da ta 
for u n d o p e d a -GaSb synthesised at Tsyn < T * y n [81]. 

The t rend for an increase in p(xcu) persists up to 
x C u w 27 m o l % (curve 6 of Fig. 14), beyond which the 
resistivity of the a - G a S b : C u system decreases rapidly 
(curves 7 and 8 of Fig. 14), and in the region of 
x C u w 50 m o l % it stabilises at the level of p w 2 x 1 0 _ 3 Q cm. 
U n d e r these condi t ions the semiconductor type of p(T) 
dependence is again replaced by the metallic type. 

It is interest ing to no te tha t the range of the increase in p 
which can be achieved by varying the copper content is a 
factor of ~ 1 0 6 , which is abou t 2 orders of magn i tude less 
t han for the M I T in a -GaSb , due to the change in r s y n (see 
Fig . 14, where curve 9 cor responds to an u n d o p e d sample of 
a -GaSb prepared at Tsyn < T * y n ) . 

Therefore changes in x c u induce first a m e t a l - i n s u l a t o r 
and then an i n s u l a t o r - m e t a l t ransi t ion in a - G a S b : C u . 
A detailed x-ray s t ructure analysis of these samples was 
carried out [85] in order to clarify the na tu re of this type of 
t rans format ion in the electronic proper t ies of a -GaSb : Cu. 

4.3.2 Structure of the a-GaSb:Cu samples. The scattering 
structure factors a(S) for some samples of the a - G a S b : C u 
series, obtained by selecting the coherent par t of the I(S ) x-ray 
scattering intensity curves, are shown in Fig. 15. In samples 
with a small copper contents ( x C u ^ 15 m o l % ) , as in the case 
of undoped a-GaSb, a small amoun t of the crystalline GaSb 
phase is retained. Estimates of the concentrat ion of the 
crystalline phase (nc) in samples of the a - G a S b : C u system, 
m a d e by the correlation method of analysis of the composit ion 
of phase mixtures [81], gave nc w 10%, in keeping with data for 
undoped a-GaSb. F o r samples in this range of x c u 

concentrat ions the peaks corresponding to crystalline GaSb 
(curves 1 in Fig. 15) are substantially broadened in comparison 
with the scattering from the unstressed mo n o crystal. This is 
because of the small size of the crystallites ( ~ 1 0 0 - 3 0 0 A). 

1 2 3 4 5 6 , 7 
Figure 15. Structure factors for the scattering of x radiation (Cu Ka line, 
X = 1.5418 A) for a-GaSb :Cu samples with x C u : (a) a t%, (b) 11 a t%, 
(c) 27 a t%; S = (4n/A)sm6. I, crystal lines, c-GaSb; II, G a 4 C u 9 lines 
[85]. 

A further increase in the copper concentrat ion produces 
the following changes in the structure of the a - G a S b : C u 
samples. At concentrat ions x C u w 10 m o l % the crystal lines 
in a-GaSb (Fig. 15, lines I ) disappear, and a new line is formed 
at S w 3 A (Figs 15b and 15c, line I I ) , corresponding to the 
inclusion of a new crystalline phase (different from c-GaSb). 

Increasing xcu in the range x C u ^ 10 m o l % leads to a 
sharp increase in the ampl i tude of the new line, and for 
x C u ^ 20 m o l % new lines with an intensity peak at S w 3 A 
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can be resolved (Fig. 15c). This allows the new phase to be 
identified by assigning the group of lines in the region of 
xCu ^ 1 0 mol% to inclusions of the intermetallic Ga4Cu9 [86]. 

It is evident from Fig. 15 tha t , in addi t ion to the 
cont r ibut ion to a(S) from the Ga4Cu9 inclusions, b r o a d 
max ima cor responding to the a m o r p h o u s a -GaSb phase 
appear over the whole range of xcu concent ra t ions . Let us 
n o w consider the effect of copper dop ing on the s t ructure of 
the a -GaSb phase itself. 

The cont r ibu t ions from the a m o r p h o u s a -GaSb phase 
were resolved from the a(S) spectra of Fig. 15 and used to 
calculate the radia l dis t r ibut ion function ( R D F ) of the 
a tomic density and to est imate the correlat ion length L c o r . 
The R D F in a - G a S b : C u was calculated by the s t andard 
me thod for a mul t i componen t system [87]. The coord ina te of 
the first peak of the R D F for samples in the a -GaSb : C u 
system (Rl = 2.6 ± 0.1 A) was unaffected (within 
exper imental error) by varying the copper content . The 
changes in the coord ina t ion number nx =f(xCu) calculated 
from the R D F are shown in Fig. 16 (curve 7 of Fig. 16a) .The 
pa ramete r m, which cor responds to the n u m b e r of nearest 
ne ighbours in the a - G a S b : C u structure, at first decreases 
smooth ly from 3.71 ( x C u = 0) to 3.66 ( x C u w 17 m o l % ) , then 
for x C u ^ 17 m o l % it falls further to 3.61, and stabilises near 
this value for copper concent ra t ions x C u ^ 20 m o l % . The 
density of the a -GaSb : Cu samples (Fig. 16c) was used in the 
calculat ions of the R D F . The region in which the 
coord ina t ion number decreases smooth ly cor responds to 
the concent ra t ion range x C u < 2 0 m o l % , in which the 
pyknomet r i c density of the samples stays constant 
(p w 5.56 g c m - 3 ) . 

The correlat ion length L c o r of the a m o r p h o u s a-
G a S b : Cu phase , which characterises the size of the regions 
in which the shor t - range order s t ructure of the phase is 
retained, was calculated by the formula [88] 

0.91 
A(26) cos 60 

where X is the wavelength of the x-rays, and 60 and A(26) are 
respectively the coord ina te and the half-width at half-height 
of the first a m o r p h o u s m a x i m u m . This est imate of the 
average size of the coherent scat tering region of the 
a m o r p h o u s mat r ix for the a - G a S b : C u phase decreases 
monoton ica l ly as xqu is increased over the whole of the 
exper imental range (Fig. 16b). 

This x-ray s t ructure analysis suggests the following 
scheme of phase t rans format ions and of result ing changes 
in the morpho logy of the a -GaSb : Cu samples [85]. Initially 
(for x C u ^ 10 m o l % ) copper addi t ions leads to the 
d i sappearance of the crystalline inclusions in the a -GaSb 
matr ix . At this stage the copper being a c c o m m o d a t e d in the 
G a S b lattice acts as an ' amorphiser ' , ie as an agent which 
assists the disorder ing of the gallium an t imonide s t ructure. 
Thus , by t rea t ing the copper a toms as defects in the 
disordered a -GaSb lattice, we can expect them to be 
associated with addi t iona l d is tor t ions of the b o n d lengths 
and the b o n d angles, i.e. to p roduce addi t iona l disorder in the 
system. This behaviour should manifest itself as changes in 
the shor t - range order (i.e. in the average coord ina t ion 
number m) and in the in termedia te- range order (i.e. the 
correlat ion length L c o r ) , as has been observed 
experimental ly (Figs 16a and 16b). 

In the region o f x C u > 10 m o l % we observe a qual i ta t ive 
rea r rangement of the phase composi t ion of the a -GaSb : Cu 
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Figure 16. Concentration dependences: (a) coordination number m 
(curve 1) and amplitude of the first amorphous maximum (curve 2 ) ; 
(b) correlation l i n e L c o r ; (c) pyknometric density p0; (d) microhardness a 
of the a-GaSb : Cu samples (the point A corresponds to a sample prepared 
a t ^ s y n < ^ * y n with a minimal concentration of crystalline phase) [85]. 

samples: the inclusions of c-GaSb disappear , and are 
replaced by the intermetall ic Ga4Cu9. The mos t likely 
explanat ion is tha t at x C u w 10 m o l % the 'solubility l imit ' 
of the copper in the a m o r p h o u s a -GaSb phase is reached, and 
the excess of copper begins to react with the gallium and to be 
released as Ga4Cu9 inclusions. U p o n further increasing x c u 

the vo lume fraction of the sample occupied by the Ga4Cu9 
phase is increased, bu t according to the x-ray s t ructure 
analysis results [85] there are no qual i tat ive changes in the 
m o r p h o l o g y of the system. 

It should be stressed tha t changes in characterist ics of the 
a m o r p h o u s a -GaSb : C u phase itself t ake place over all the 
range o f x c u values so far examined (Figs 16a and 16b), bu t 
above the 'solubility l imit ' their microscopic mechanism 
should differ quali tat ively from tha t which applies when 

x C u ^ 10 m o l % . Whereas in the latter case the copper is 
incorpora ted in the disordered a -GaSb lattice, when 
x C u > 10 mol% the formation of Ga4Cu9 inclusions becomes 
dominant . F r o m the point of view of the amorphous matrix the 
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removal of gallium atoms (in order to form Ga4Cuc>) should lead 
to the formation of vacancies in the gallium sublattice while 
keeping constant the concentration of copper a toms in the 
amorphous a-GaSb : Cu phase. It is reasonable to assume that 
this mechanism of defect formation must lead to a large amount 
of bond breaking, observed as a trend towards a decrease in the 
coordination number n\. We note that when the concentration 
of vacancies exceeds a certain limit we can expect a relaxation of 
the short-range order structure in the disordered network, with a 
marked change in the first coordination number. It has been 
suggested [85] that this process is responsible for the large change 
in n\ at x C u w 17 mol% (curve 1 and Fig. 16a). 

This pic ture of the phase t rans format ions in samples of 
a - G a S b : C u is confirmed by a s tudy of the concent ra t ion 
dependence of the microhardness cr (xc u ) (Fig. 16d): cr (xc u ) 
shows a discont inui ty at x C u w 10 m o l % , followed by a 
m o n o t o n i c increase. In the region of x C u > 10 m o l % the 
increase in the microhardness is a t t r ibuted [85] to the 
format ion in the bulk of the sample of denser and m o r e 
rigid metallic inclusions, which also lead to a smooth increase 
in the density of the a -GaSb : Cu samples (Fig. 16c). 

The j u m p in cr(xc u ) at x C u w 10 m o l % has been 
associated [85] with the d isappearance of the crystalline 
inclusions of c-GaSb, and of their related phase boundar i e s , 
which can behave as the 'weak l inks ' which set a limit to the 
strength characterist ics of mul t iphase systems [89]. The 
ampl i tude of the j u m p in o in the a - G a S b : C u system 
cor responds exactly to the change in mic rohardness 
p roduced by varying the concent ra t ion of crystalline gallium 
an t imonide in u n d o p e d a -GaSb (Fig. 16d) [85]. 

The effect of copper addi t ions on the nons to ich iometr ic 
metas tab le G a ^ S b ^ phase (Fig. 10a), which forms a 
ne twork of metall ic channels in the a m o r p h o u s a -GaSb 
mat r ix as well as inclusions of c-GaSb, ha s been studied [85] 
also by recording the differential the rmal analysis ( D T A ) 
curves of the a - G a S b : C u system. It was found [85] tha t 
in t roducing even small quant i t ies of copper ( x C u w 3 m o l % ) 
makes the main exothermic peak nar rower . In this 
concent ra t ion range the D T A abnormal i ty at T w 300 °C 
was completely suppressed. Wi thou t a t t empt ing a detailed 
discussion of the D T A results obta ined for these samples we 
shall no te tha t they led the wri ters to the conclusion [85] tha t 
even at x C u ^ 3 m o l % a nons to ichiometr ic G a ^ S b ^ phase 
is no t formed dur ing the synthesis of a -GaSb : Cu. 

4.3.3 Effect of copper impurities on the galvanomagnetic and 
thermoelectric properties of a-GaSb. The da ta [85] on the 
s t ructure of the a -GaSb : Cu samples were used to s tudy the 
effect of copper impuri t ies on the electrophysical, ga lvano­
magnet ic , and thermoelectr ic proper t ies of these mater ia ls in 
order to identify the origin of the m e t a l - i n s u l a t o r and 
i n s u l a t o r - m e t a l t rans i t ions in the system. To this end we 
studied [85] the concent ra t ion dependence of the resistivity 
p(xcu), of the Hal l coefficient R(xcu), of the Hal l mobil i ty 
A*h(*cu) , and of the Seebeck coefficient S(xqu) (Fig. 17). 

The characteristic ranges I, II , III of the parameter x c u 

(Fig. 17) locate the changes in structure and in physical 
propert ies of the a-GaSb : Cu samples. The b o u n d a r y between 
the ranges II and III is set by the steep change in the resistivity 
(Fig. 17a), corresponding to the i n s u l a t o r - m e t a l transit ion. 
Dur ing these t ransi t ions there is no qualitative difference 
between the structures of the samples in ranges II and III . 

Since in the regions II and III an increase in xcu is 
accompanied by an increase in the fraction of the sample 
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Figure 17. Concentration dependences: (a) resistivity p(T, XQU) (curve 7, 
T = 4 . 2 K ; curve 2, T — 300 K); (b) Hall coefficient R(xcu, 300 K); 
(c) Hall mobility / j h ( * c u , 300 K); (d) Seebeck coefficient S(xCu, 300 K) 
for a - G a S b : C u samples. In Fig. 17b the full line represents the 
calculation by formula (18) on the basis of Shklovskii's theory, and the 
broken line defines the changes in R due to the doping of the amorphous 
matrix [85]. 

vo lume occupied by the metall ic Ga4Cu9 phase we can 
reasonably a t t r ibu te the i n s u l a t o r - m e t a l t ransi t ion to the 
development of percola t ion in the system of metall ic Ga4Cu9 
inclusions, whose resistivity p M is much lower t han the 
resistivity of the a m o r p h o u s a -GaSb : Cu mat r ix (pd) . 

Similarly there are no difficulties in the in terpre ta t ion of 
the m e t a l - i n s u l a t o r t ransi t ion (the t ransi t ion from region I 
and to region I I ) , in which an increase in the copper con­
centra t ion initially leads to the d isappearance of inclusions of 
the low-resistance nons to ich iometr ic a m o r p h o u s phase of 
G a ^ S b ^ with x > 0.5, whereas when x C u w 10 m o l % the 
crystalline inclusions disappear . In this way the low-
resistance channels which provide an electric shunt in the 
a m o r p h o u s mat r ix in samples p repared at Tsyn > T * y n are 
no t formed [81], the resistivity increases, and the p(T) curves 
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display the semiconductor form, typical of conduct ion in the 
a m o r p h o u s a -GaSb phase (see Fig. 12). U n d e r these 
condi t ions the superconduct ing proper t ies of the samples 
are suppressed even at the l o w i c u concent ra t ions of region I. 
It is evident from Fig. 17a tha t the b o u n d a r y between 
regions I and II , which cor responds to a change in the 
s t ructure of the system, coincides with the poin t of the 
m e t a l - i n s u l a t o r t rans i t ion (curves 1 and 2 of Fig. 17). 

The behaviour o f t h e a - G a S b : Cu sample is most complex 
in region II , where the percola t ion on the Ga4Cu9 phase 
is absent . W e have a fairly wide concent ra t ion range 
(10mol% ^ x C u ^ 20 m o l % ) in which the shunting effect of 
the metallic inclusions is not large and the change in the 
physical characteristics of the system is determined mainly by 
the propert ies of the amorphous a-GaSb : Cu phase itself. The 
situation is further complicated by the changes in these 
propert ies which take place in region I I : s imultaneous allow­
ance is needed for the effects of the metallic inclusions and for 
the change in propert ies of the amorphous dielectric matrix. 

As can be seen from Fig. 17a a large increase in p ( x c u ) (by 
4 orders of magn i tude at liquid hel ium tempera tu res and by 2 
orders of magn i tude at r o o m tempera ture ) takes place in 
region II . However , if the resistance p o of the a m o r p h o u s 
phase remained constant , the resistivity of the sample in this 
region would decrease ra ther t han increase with i C u because 
of the shunt ing effect of the metall ic inclusions with p M <̂  p D . 

Studies of the behaviour of the Ha l l coefficient R at 
T = 300 K and H < 150 k O e in a -GaSb : C u revealed a 
complex n o n m o n o t o n i c concent ra t ion dependence of RYL 
(Fig. 17b) [85], the coefficient R rising to a m a x i m u m at the 
b o u n d a r y between regions II and III (the i n s u l a t o r - m e t a l 
t ransi t ion point , and the percola t ion threshold for the 
metall ic Ga4Cu9 phase) . 

The p(xcu) and R(xcu) da ta (Figs 17a and 17b) for 
T = 300 K can be used to calculate the Ha l l mobil i ty / I H 
(Fig. 17c). Clearly, in the region 0 ^ x C u ^ 20 m o l % the 
pa ramete r / i H decreases by m o r e t han 4 orders of 
magni tude , reaching a m in imum value /% w I O - 4 V - 1 s _ 1 at 
x C u ^ 2 0 m o l % , beyond which it rises again to 
fjLH « 10 c m 2 V _ 1 s _ 1 . 

The concent ra t ion dependence of the Seebeck coefficient 
S(xcu) is shown in Fig. 17d. The S(xcu) curve is an almost 
exact replica of the p ( x c u ) (resistivity) curve, the only 
difference being tha t the ampl i tude of the change in the 
Seebeck coefficient in region II is 

S(xCu=25 a t%) 
S(xCu = 0) 

in contras t to the change by two orders of magn i tude in the 
conduct ivi ty of the system. The sign of S ( x c u ) , like tha t of the 
Hal l coefficient R(xcu), co r responds to p- type mater ia l . 

Let us n o w examine the exper imental results (Fig. 17) 
from the s tandpoin t of the current theoret ical ideas. 
Obviously, for x C u > 10 m o l % (regions II and I I I ) the 
discussion mus t be based on the mode l of a dielectric 
med ium conta in ing metall ic inclusions. In this case, because 
of the condi t ion p D > p M which follows from the da ta in 
Fig. 17a, to a first approx ima t ion the metall ic inclusions can 
be t reated as ideally conduct ing. 

By using the expressions ( 1 6 ) - ( 1 8 ) for the Hal l 
coefficient and the Seebeck coefficient of a two-componen t 
med ium of this type [ 5 6 - 5 8 ] we can assume tha t the fraction 
of the vo lume ( X M ) occupied by the metall ic phase in a-
G a S b : Cu is p ropo r t i ona l to x C u : x M = o a C u . W e shall use 

the definition T = 1 — ( x C u / x c ) , where xc is the percola t ion 
threshold for the metallic phase . 

It follows from formula (18) tha t under certain 
condi t ions Rn(xcu) can have a m a x i m u m in the vicinity of 
the mobil i ty edge. However , when compar ing formulae (11), 
(16), and (18) with experiment it should not be forgotten tha t 
in 
a - G a S b : C u the pa rame te r s p D , Rv, and S D should also 
depend on i C u . To simplify the t rea tment we shall assume 
tha t RM = const and SM = const. F u r t h e r m o r e it follows 
from Fig. 17d tha t the relat ionship SD 5> SM ho lds for 
a - G a S b : C u . 

As can be seen from formulae (11), (16), and (18) the 
dependence of the characterist ics of the a m o r p h o u s 
a - G a S b : C u mat r ix on the concent ra t ion of copper affects 
the physical proper t ies of the system as a whole in different 
ways. This effect is mos t ma rked in the case of the resistivity p 
and of the Seebeck coefficient S, whereas in the expression for 
the Ha l l coefficient the term conta in ing 7? D decreases rapidly 
(as T2q) as the percola t ion threshold is approached , and in the 
percola t ion region the Ha l l effect is determined by RM [see 
formula (18)] . Therefore in the mode l of the concent ra t ion 
dependence R(xcu) we can pu t RD w const. W e no te tha t a 
calculat ion in this approx imat ion allows only for the effect of 
inclusions, so tha t the degree of dop ing of the a m o r p h o u s 
a -GaSb : Cu phase can be est imated from the deviat ion of the 
exper imental po in t s from the theoret ical dependence (18). 

In the context of these assumpt ions we must fix the two 
pa rame te r s A and y in order to use formula (18) as an 
approx ima t ion to exper imental da ta : the former can be 
calculated directly from the ampl i tude of the m a x i m u m in 
R, and in the case of a -GaSb : Cu its value is A w 2.5. This 
leaves y as the only adjustable pa ramete r : the best consistence 
between the mode l and experiment (A w 0 . 1 x c ) was obta ined 
by pu t t ing y w 10. It is clear from F ig. 17b (where the full line 
cor responds to the calculat ion and the po in ts to the 
experiment) tha t Shklovskii 's mode l correctly describes the 
form of the R(xcu) curve over the whole range of copper 
concent ra t ions , including the presence of a m a x i m u m in the 
Hal l coefficient at the percola t ion threshold. 

At the same t ime it was repor ted [85] tha t the decrease 
of the Ha l l coefficient in the region of x C u ^ 20 m o l % is 
faster t han suggested by steeper approx ima t ion (18). This 
behav iour is consistent with the mode l of defect format ion in 
a -GaSb : Cu p roposed in the previous section. Thus , in this 
range of x c u the concent ra t ion of Ga4Cu9 inclusions is no t 
very great: their presence does no t p roduce an appreciable 
shunt ing effect on the characterist ics of the system, and the 
concent ra t ion dependence R(xcu) reflects the change in 
the carrier concent ra t ion . Accord ing to our assumpt ions the 
format ion of a Ga4Cu9 phase is accompanied by the genera­
t ion of defects of the vacancy type. W e k n o w [90] tha t in 
G a S b defects of this type act as a source of p- type carriers, 
and therefore the concent ra t ion of posit ive holes increases 
with xcu, and R-D(XQU) decreases. As a result the exper imental 
R(xcu) po in ts for x C u ^ 20 m o l % lie be low the theoret ical 
curve (Fig. 17b). 

Let us n o w examine the concent ra t ion dependence p ( x c u ) 
in region II . Our analysis shows tha t in this system p ( x c u ) 
increases in spite of the increase in the carrier concent ra t ion 
and of the shunt ing action of the inclusions with a metall ic 
type of conductivi ty. This effect can be explained by 
considering the behaviour of the mobil i ty / X H ( * C U ) -
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As could have been expected, in region II a very large 
decrease in the Hal l mobil i ty (by three orders of magni tude) is 
observed at concent ra t ions up to x C u w 20 m o l % . Since the 
shunt ing effect of the metall ic inclusions is no t very large we 
must assume tha t this decrease reflects a change in the 
character of the scattering in the a m o r p h o u s a - G a S b : C u 
phase . In the percola t ion region x C u ^ 20 m o l % the effective 
mobil i ty increases as a result of a g radua l t ransi t ion to 
conduct ion over the intermetall ic Ga4Cu9 phase sa tura ted 
with defects. 

A n analysis of the causes of the decrease in Ha l l mobil i ty 
led to the conclusion [85] tha t in a -GaSb : Cu an increase in 
x C u < 20 m o l % is accompanied by an increase in the scat ter­
ing on localised defects and on f luctuat ions of the poten t ia l in 
the a m o r p h o u s matr ix . This conclusion is suggested by a 
decrease in the coord ina t ion number n\ and in the correlat ion 
length L c o r (see Fig. 16) at these concent ra t ions . The change 
in n\ should be interpreted as a change in the number of 
defects in the a m o r p h o u s ne twork , i.e. the number of scatter­
ing centres for the current carriers, the n u m b e r of scatterers 
increasing as the coord ina t ion number m decreases. The 
correlat ion length L c o r characterises the spatial a r rangement 
of the a toms while at the same t ime determining the space 
scale of the f luctuat ions of different physical characterist ics 
in the a m o r p h o u s med ium (in par t icular , those of the r a n d o m 
potent ia l in which the charge carriers move) . Therefore a 
decrease in L c o r means tha t the r a n d o m potent ia l has become 
m o r e ' ragged ' , which further enhances the scattering. 

W e shall conclude this section by analysing the 
relat ionship between the p ( x c u ) and S(xcu) dependences . As 
repor ted [7], when the conduct ivi ty of the a m o r p h o u s 
semiconductor is determined by act ivat ion on the mobil i ty 
edge, p D and S D are related by the expression 

l n ( p D c 7 m i n ) = ^ - 1 , (28) 

where e is the e lementary charge, &b is B o l t z m a n n ' s constant , 
and c r m i n = 0.026e2jTtL is the lowest metall ic conductivi ty. 
(Here L is the characterist ic length over which ' m e m o r y ' of 
the phase of the wave function is re tained.) 

Obviously, the suggested conduct ion mechanism can 
cor respond to samples with min imum mobil i ty values, in 
which clearly defined act ivat ion-control led regions can be 
dist inguished on the p(T) curves. To m a k e the discussion 
specific we shall discuss a sample with x C u = 2 7 m o l % , 
having p ( 3 0 0 K ) w 100 Q c m . By using formula (11) we can 
easily show tha t in this case p D w 640 Q cm. 

If S D is known , c r m i n can easily be calculated by using 
E q n (28). Since the relat ion between S and S D depends on the 
rat io of the the rmal conductivit ies 7TD and KM we m a y 
consider the possible al ternatives. In the case of KD <^ KM 

and S w SD we obta in c r m i n w 2 x 10~ 3 Q _ 1 c m - 1 from 
expression (28), which cor responds to lengths L of 
approximate ly 3 x 10~ 3 cm (highly improbab le in an 
a m o r p h o u s semiconductor at the mobil i ty edge). In the 
limit of KD w KM we can calculate Sr> by formula (16), 
from which it follows (for SD ^> SM and S w 120 uV K - 1 , 
Fig. 17d) tha t SD « 770 u V K _ 1 . U sing this value we obta in 
°min ~ 4.3 Q _ 1 c m - 1 and L w 140 A. The latter est imate of 
ffmin agrees with the preexponent ia l factor in the act ivat ion 
law for the resistivity p = p 0 Qxp(Ea/kQT): according to the 
da ta in Fig. 14 p ^ 1 w c r m i n w 2.3 — 5.5 Q _ 1 c m - 1 in our 
concentra- t ion region. 

T h u s in the case of a - G a S b : C u the effect of metall ic 
inclusions is described by similar percola t ion laws for p and 
S, which cor responds to the case of KD w KM. This effect, 
together with the l inking condi t ion (28), which is consistent 
with exper imental da ta , is responsible for the similarity 
between the concent ra t ion dependences p ( x c u ) and S(xcu)-

4.4 M e t a l - i n s u l a t o r transitions in the a - G a S b : 
Ge system 
4.4.1 Doping a-GaSb with germanium. W e k n o w tha t in 
A m B v semiconductors the G e impur i ty is amphote r i c [92], 
and the type of its electric activity depends on the type of 
a tom which it replaces. In A m B v c o m p o u n d s conta in ing 
gallium, and in par t icular in G a S b , the ge rman ium usually 
replaces the gallium, giving n- type conduct ion . Therefore the 
microscopic mechanisms of the changes in s t ructure in the a-
G a S b : G e system can be inferred from the changes in the 
conduct ion type. F u r t h e r m o r e n- type samples of A S H P can 
be p roduced in this system. W e should stress the fact tha t all 
the A S H P previously studied were, wi thout exception, p- type 
conduc to r s [5, 81, 85], which imposed severe l imitat ions on 
their po ten t ia l appl icat ions. 

T h u s the s tudy of the a -GaSb : G e system offers much 
wider possibilities of varying the proper t ies of the 
semiconduct ing a m o r p h o u s mat r ix [91]. F u r t h e r m o r e a 
detailed s tudy of samples in the a - G a S b : G e system 
synthesised by bo th the A\-B-C scheme (see Fig. 10, 
metall ic samples) and wi thout addi t iona l hea t ing 
(A2-B-C, dielectric samples) should m a k e possible a 
sequence of m e t a l - i n s u l a t o r t rans i t ions by varying the 
composi t ion and the s t ructure of the phases which form a 
ne twork of metall ic channels in the a m o r p h o u s matr ix . 

4.4.2 Structure of the a-GaSb: Ge samples. A typical result 
for the s t ructure factor of the intensity of the Cu7T a x-ray 
scattering [a(S)] for a - G a S b : G e is shown in Fig. 18a. As 
repor ted [91], in the range of ge rman ium concent ra t ions 
x G e < 23 m o l % we observe crystal lines (shown as b roken 
curves in Fig. 18, I ) in addi t ion to the oscil latory a(S ) curve 
characterist ic of the t e t rahedra l a m o r p h o u s a -GaSb phase . 
The most interest ing of these lines (set I ) cor respond to the 
c-GaSb phase , and the line II cor responds to crystalline 
ge rmanium, c-Ge. 

W h e n the concent ra t ion of ge rman ium is increased, the 
reduced ampl i tude of the c-GaSb crystal line 7 C / 7 0 (where 
7 0 = 7 C + / a and 7 A is the ampl i tude of the first a m o r p h o u s 
m a x i m u m ) slightly increases initially for the first m a x i m u m 
of the function a(S), and then it begins to decrease at 
x G e > 8 m o l % and vanishes at x G e w 23 m o l % (see insert 
in Fig. 18a). A further increase in the concent ra t ion of 
ge rman ium up to x G e w 80 m o l % does no t p roduce any 
new crystal lines, and the function a(S) takes the form 
shown as a full line in Fig. 18a. 

T h u s an increase in x G e s t imulates the evolut ion of the 
a -GaSb samples from the he te rogeneous s t ructure shown 
schematically in Fig. 10 to the spatially h o m o g e n e o u s 
a - G a S b : G e r a n d o m ne twork . The si tuat ion is total ly 
different from the case of dop ing with copper , since in 
samples of the a - G a S b : C u system we find a limit to the 
solubility of the copper in the a m o r p h o u s mat r ix [85]. In the 
case of the ge rman ium d o p a n t the opposi te obta ins : 
increasing x G e makes the system m o r e uniform, and this 
behav iour persists up to x G e w 80 m o l % . 
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Figure 18. Structure of a - G a S b : G e samples: (a) structure factor; 
(b) radial distribution factor for samples with x G e = 36.7 mol% 
( r s y n = 400 °C). The broken lines are the crystal lines for 
x G e = 14.4 mol% (I is the c-GaSb phase, II is the c-Ge phase). The 
insert shows the change in the relative amplitude of the crystal lines 
caused by alloying (metallic samples are shown as filled circles, dielectric 
samples as open circles) [91]. 

The concent ra t ion dependences of the radi i of the first 
and the second coord ina t ion sphere R\ and R2 [the posi t ions 
of the first and the second m a x i m u m of <P(R)] and the 
concent ra t ion dependences of the cor responding 
coord ina t ion n u m b e r s n\ and n2 [the area under the first and 
the second m a x i m u m in <P(R)] were also determined from an 
analysis [91] of the a(S ) curves in Fig . 18. 

It was found [91] that in samples of a - G a S b : G e with 
x G e < 50 mol% the coordination number is nx w 4 and the 
radius of the second coordination sphere i s / ? 2 ~ 4.22 ± 0.01 A, 
almost independent of the concentra t ion of germanium. The 
value nx w 4 corresponds to the te t rahedra l character of the 
b o n d s in the a m o r p h o u s a -GaSb : G e network . 

At the same t ime the pa rame te r s R\, ri2, and L c o r are 
strongly dependent on the dop ing condi t ions (Fig. 19). The 
rad ius of the first coord ina t ion sphere R\ increases with x G e 

from = 2 . 6 1 ± 0 . 0 1 A ( x G e = 0) to Rx = 2.65 ± 0.01 A 
( x G e ^ 4 2 m o l % ) (Fig. 19a). Simultaneously (Fig. 3b) the 
rat io ^ 2 / ^ 1 changes from 2.7 to n2/ni w 3 (the latter value 
being characterist ic of a perfect t e t rahedra l ne twork , for 
which ni = 4 and n2 = 12). In this concent ra t ion range the 

L cor/L cor (0) 

40 50 
XGe/ni0l% 

Figure 19. Concentration dependences of the structure parameters. The 
open circles are dielectric samples ( r s y n = 400 °C), the filled circles are 
metallic samples ( r s y n = 1100 °C) [91]. 

correlat ion length L c o r decreases by ~ 3 0 % , and (as repor ted 
earlier [85]) L c ( x G e = 0) « 20 A. 

It has been poin ted out [91] tha t the increase in 7?i(x G e ) 
(see Fig. 19) is a n o m a l o u s and inconsistent with the current 
views on the doping of semiconduct ing mater ials , since the 
covalent radi i of the Ga , Sb, and G e a t o m s (R®a = 1.26 A, 
Rf = 1.36A, and 7?° e = 1 . 2 2 A [92 -94] ) , indicate (on 
average) a decrease in the in te ra tomic distance as a result of 
add ing ge rmanium, because the covalent rad ius of the 
ge rman ium impur i ty is smaller [94]. 

In the region of x G e < 15 m o l % the pa ramete r R\ is close 
to the sum of the covalent radi i R^a + Rf = 2 .62A 
(Fig. 19a, 1). This approx ima t ion to the b o n d length is too 
coarse for c-GaSb, for which Rx = ( | ) ^ 2 ^ = 2.64 A, where 
a = 6.096 A is the edge length of the uni t cube [95] 
(Fig. 19a, 2 ) . Therefore samples of a m o r p h o u s gallium 
an t imonide are m o r e dense t han samples with an unstressed 
defect-free crystalline lattice. 

These results suggest [91] tha t the following mechanism is 
responsible for the a n o m a l o u s change in the s t ructure of the 
a -GaSb : G e samples p roduced by an increase in the dop ing 
level. The initial ( x G e = 0) samples of a -GaSb contain a 
significant number of local regions where the b o n d length is 
shorter t han its equil ibrium value. This satisfies the 
inequali ty Rx w R^a + Rf < (\)a. W e can expect these 
s t ructura l pe r tu rba t ions to be associated with the interfacial 
region between the a m o r p h o u s and the crystalline phase , 
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characterised by large changes in the order pa ramete r , where 
the residual stresses are most likely to be concentra ted . W e 
no te tha t the metall ic G a ^ S b ^ phase is located in the 
interfacial region in metall ic samples [81, 85]. 

The addi t ion of a ge rman ium impur i ty causes an effective 
relaxat ion of the stresses in the a m o r p h o u s G a S b ne twork , 
and as a result R\ increases t owards the equil ibrium value 
Ri w ( | ) ^ 2 a . This s t ructura l change is accompanied by a 
redis t r ibut ion of the a tomic density between the first and the 
second coord ina t ion sphere (a change in the rat io n\lri2). The 
s imul taneous relaxat ion of stresses in the a m o r p h o u s 
ne twork leads to the ' r eamorph i sa t ion ' of the inclusions in 
the crystalline phase . W e no te tha t this type of addi t iona l 
disorder in the a m o r p h o u s s t ructure has been observed 
previously in C u - S n and C u - A l alloys dur ing mechanica l 
t r ea tment [96]. 

Q/kJ mol EJqV 

40 50 
X G e / m o l % 

Figure 20. Heat of crystallisation (7) [91] and activation energy of 
crystallisation (2) for a - G a S b : G e samples; (3) Q(xoe) data for the 
metastable G a S b j _ x G e x solid solution formed by the crystallisation of 
a -GaSb :Ge[91] . 

F u r t h e r evidence in favour of this mode l is provided by 
the concent ra t ion dependence of the heat Q and of the 
act ivat ion energy Ecr of crystallisation (Fig. 20). Obviously, 
dur ing crystall isation the energy associated with disorder ing 
is evolved, including the energy stored in the a m o r p h o u s 
phase in the form of local stresses of var ious types. A decrease 
in the vo lume fraction of stressed regions should lower g , as 
is observed experimentally: <2(x G e ) decreases as x G e increases 
(curve 1 of Fig. 20). At the same t ime the relaxat ion of 
stresses in the a m o r p h o u s ne twork should also stabilise the 
a m o r p h o u s s t ructure. As a result the barr ier in the 
configurat ional space which separates the stable from the 
metas tab le states is increased. Therefore the act ivat ion 
energy crystallisation Ecr mus t increase when the 
concent ra t ion of ge rman ium is increased (curve 2 of Fig. 20). 

4.4.3 Special features of the concentration dependence of the 
kinetic characteristics of a-GaSb: Ge. The s t ructura l 
t ransi t ion in a -GaSb : G e which takes place at x G e = x G e is 
most clearly seen in the concent ra t ion dependences of the 
kinetic coefficients for the samples examined (Fig. 21). 

500 

20 A 30 40 

I Xqc X G e / m o l % 

Figure 21. Concentration dependences of the resistivity (a) at T — 100 K, 
and of the Seebeck coefficient (b) at T — 300 K: (7) metallic samples, 
(2) dielectric samples [91]. 

A M I T is observed in a - G a S b : G e in the vicinity of 
x G e = x G e : the resistivity of metall ic samples suddenly 
increases by six orders of magn i tude at T = 100 K, and 
beyond this po in t the resistivities of the metall ic and of the 
dielectric samples are a lmost identical (Fig. 21a). 

The concent ra t ion dependences of the Seebeck coefficient 
S(xoe) also show singularities at x = x G e . F o r metall ic 
samples (curve 1 of Fig. 21b) a discontinui ty is seen at the 
t ransi t ion point : the coefficient S increases a lmost 100-fold. 
In dielectric samples (curve 2 of Fig. 21b) the thermoelectr ic 
power increases gradual ly from x G e , and a poin t of inflection 
in the S ( x G e ) curve is seen at x G e = x G e . In all the samples 
examined the sign of the Seebeck coefficient cor responded to 
p- type mater ia l . 

One of the factors responsible for this behaviour of p ( x G e ) 
and S(xGe) is the d isappearance , in the x > x G e region, of the 

ne twork of conduct ing channels , characterist ic of the 
metallic samples (see Fig. 10) and consisting of c-GaSb, c-
Ge, and G a ^ S b ^ inclusions. However , it follows from the 
da ta in Figs 21a and 21b tha t the ampl i tude of the j u m p in p 
and S at x = x G e exceeds the difference of the p and S values 
between metall ic and dielectric samples at x G e = 0. This 
observat ion suggests tha t doping with ge rman ium produces , 
in addi t ion to a change in the phase composi t ion of the 
samples, a change in the kinetic characterist ics of the 
te t rahedra l a -GaSb a m o r p h o u s phase . 

T h u s in the region of x G e = x G e = 23 m o l % the 
a - G a S b : G e samples should be t reated as mul t iphase 
systems, using as a first approx ima t ion a two-componen t 
med ium consist ing of a mixture of a 'dielectric ' ( the 
te t rahedra l 
a -GaSb a m o r p h o u s phase , doped with ge rman ium) and a 
'meta l ' ( the inclusions of the crystalline c-GaSb and c-Ge 
phases and of the nons to ich iometr ic G a ^ S b i ^ phase) . In a 
two-componen t med ium of this type the behaviour of the 
Seebeck coefficient is determined by the relative values of the 
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the rmal conduct ivi ty of the 'meta l ' KM and of the 'dielectric ' 
Kv [ 5 6 - 5 8 ] . In the case of KM w KD the critical behaviour 
(and therefore the concent ra t ion dependence) of S should 
quali tat ively mir ror the critical behaviour and the 
concent ra t ion dependence of p (see Section 2); bu t if 
KM$>KD, the thermoelectr ic power of the two-phase 
med ium is determined by tha t of the dielectric up to the 
percola t ion threshold on the 'metal ' , and in our range of 
concent ra t ions of 'metal l ic ' inclusions it is independent of 
their vo lume fraction [56]. A compar i son of the p ( x G e ) and 
S(xGe) curves (Figs 21a and 21b) shows tha t this case is 
indeed realised in a - G a S b : G e . Thus , in dielectric samples 
( r s y n = 400 °C) there is no percola t ion on low-resistance 
crystalline phases , and their shunt ing effect is seen in the 
p ( * G e ) bu t no t in the S ( x G e ) dependence. As a result the 
thermoelectr ic behaviour of dielectric samples of a -GaSb : G e 
is determined by the Seebeck coefficient of the te t rahedra l 
a m o r p h o u s phase over the whole range of ge rman ium 
concent ra t ions . 

Some pre l iminary measurements of the Hal l coefficient in 
the a -GaSb : G e system have been publ ished. Unfor tuna te ly , 
only composi t ions on the metall ic side of the M I T were 
studied. The change in the conduct ivi ty type of metallic 
samples of a - G a S b : G e in the range of composi t ions 
0 < x G e < 7.5 m o l % was poin ted out [91]. This seems to 
have been the first exper imental demons t ra t ion of the 
possibili ty of control l ing the conduct ivi ty type of A S H P , 
which opened new prospec ts in the s tudy of mater ia ls of this 
class and of their pract ical appl icat ion. It was also po in ted 
out [91] tha t the Hal l mobil i ty / i H decreases as x G e increases. 
This result is consistent with the decrease in the characteris t ic 
length L c o r (see Fig. 19) as the dop ing level is increased. 

The compar i son of the da ta on the Seebeck coefficient 
and the Ha l l effect in metall ic a -GaSb : G e samples reveals a 
sign anomaly (characterist ic of m a n y noncrystal l ine 
mater ia ls [7]) at x G e > 7.5 m o l % . However , this effect is 
usual ly observed in dielectric samples having act ivat ion-
control led or hopp ing conduct ion [7]. 

In a - G a S b : G e the na tu re of the sign anomaly is 
apparen t ly related to the mul t iphase na tu re of the samples. 
It has been suggested [91] tha t in the vicinity of the 
percola t ion threshold for the metall ic phase bo th the 
conduct ivi ty and the Hal l effect are determined by the low-
resistivity inclusions [58], whereas the Seebeck coefficient is 
determined by the dielectric regions [61]. However , a 
combined analysis of the t empera tu re dependence da ta for 
the resistivity, the Seebeck coefficient, and the Hal l effect 
shows [91] tha t wholly satisfactory descript ions of these 
dependences cannot be p roduced by relying on existing 
models [7, 8, 61], tha t are commonly used to account for 
the proper t ies of a m o r p h o u s mater ia ls . 

5. Crystallisation of the metastable phases of 
bulk amorphous gallium antimonide 
In the discussion of the m e t a l - i n s u l a t o r t rans i t ions in 
t e t rahedra l a m o r p h o u s semiconductors we showed tha t one 
of the factors which st imulate the M I T in these substances is 
the format ion at the synthesis stage of aggregates of defects in 
the a m o r p h o u s phase as a result of the local b r e a k d o w n of the 
initial s toichiometry. F u r t h e r m o r e , dur ing amorph i sa t ion 
th rough a crystalline high-pressure phase we can expect 
s t ructure defects to be generated also as a result of the local 
re tent ion (in some domains of the sample) of the shor t - range 

order of the H P P . (The H P P is usually the phase with the 
lowest symmetry, characterised by a large coord ina t ion 
number . ) 

It has been shown [81, 85] tha t in a m o r p h o u s gallium 
an t imonide the associat ions of defects of the a m o r p h o u s 
mat r ix (cont inuous r a n d o m ne twork) , or in other words the 
inclusions of a metas tab le metall ic phase of submicron size, 
exert a dominan t effect on the proper t ies of the substance, 
being responsible in par t icular for the superconduct ivi ty 
induced by amorph i sa t ion [ 7 8 - 8 1 ] . The format ion of a 
ne twork of conduct ing channels , par t ia l ly or wholly 
shunt ing the high-resistance a m o r p h o u s phase , is a universal 
feature of this me thod of synthesis, and is met in most of the 
'mu l t i componen t ' a m o r p h o u s semiconductors . Complex 
mul t i componen t systems of this type are still relatively new 
and non t rad i t iona l objects of study.. 

In this section we shall a t t empt to show, for the case of 
a -GaSb , tha t the s tudy of s t ructura l re laxat ion and 
crystall isation processes in these substances, supplemented 
by the use of var ious low- tempera ture procedures , should 
provide an answer to quest ions on the origin, organisa t ion, 
and physical characterist ics of submicron metas tab le metall ic 
inclusions in an a m o r p h o u s semiconduct ing matr ix . 

5.1 Variations of the structure of a -GaSb during 
crystallisation 
The a -GaSb samples from the metall ic side of the m e t a l -
insulator t ransi t ion, conta in ing a ne twork of conduct ing 
channels , were synthesised by quenching the melt under 
high pressure (psyn = 90 kbar , Tsyn = 1100 °C), and were 
then subjected to a series of i so thermal anneals lasting 
~ 5 0 - 1 0 0 min at t empera tu res in the range of 3 0 0 - 6 2 0 K 
(the 'stepwise crystal l isat ion ' m e t h o d ) [77, 81]. The x-ray 
scatter s t ructure factors a(S) [S = (4%/X) sin 0], 
cor responding to the initial sample of a -GaSb and to the 
states p roduced by each successive i so thermal anneal , are 
shown in Fig. 22. As can be seen, the initial state of a -GaSb 
has a spectrum (curve 1 in Fig. 22) characterised by b r o a d 
a m o r p h o u s maxima , and against this b a c k g r o u n d we find 
peaks cor responding to crystal line gallium an t imonide . 
However , the crystal lines of G a S b are lower t han the 
a m o r p h o u s maxima , and are reliably recorded only for the 
first two coord ina t ion spheres (curve 1 in Fig. 22). A m a r k e d 
increase in the ampl i tude of the crystallines of G a S b is seen 
even at low anneal ing t empera tu res (Tan w 3 5 0 - 3 8 0 K; 
curves 2 and 3 of Fig . 22). A further increase in the 
anneal ing t empera tu re Tan p roduces a large increase in the 
ampl i tude of the crystal lines of gallium an t imonide for the 
t empera tu re range Tan ^ 420 K (see Fig. 22) [84]. 

A detailed analysis [84] of the changes in s t ructure of the 
a-GaSb samples during annealing leads to the following con­
clusions. The change in shape of the first diffraction maximum of 
a(S) during stepwise crystallisation suggests that in the range 
S w 1.5 - 2.2 A the a(S ) curve is a superposition of three lines 
differing markedly in their width and position (Fig. 23). The 
shape of the crystal line is acceptably well described by the 
Gaussian f u n c t i o n / ^ ) = A c exp[— (S — So)2/yl], whereas the 
residual concentration of crystalline phase in a-GaSb is 
proport ional to nc oc Jlc(S )dS oc Acyc. 

The a m o r p h o u s pa r t of a(S) in the vicinity of the first 
diffraction m a x i m u m is a superposi t ion of two Gauss ian 
functions of which the first cor responds to the region of the 
a m o r p h o u s m a x i m u m and the second to the line edges, so 
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Figure 22. Changes in structure of metallic samples of a-GaSb (psyn — 90 kbar, Tsyn — 1100 °C) during sequential annealing at various temperatures: 
(a) 290 K (initial sample), (b) 350 K, (c) 380 K, (d) 400 K, and (e) 420 K [84]. 

tha t according to this mode l [84] the s t ructure factor in the 
region of S w 1 .5-2 .2 A is described by the expression 

a(S ) = Ac exp 
(s-scf + A j exp 

' (s-sf 
yi 

+A c exp (29) 

In spite of the large number of free parameters in 
formula (29) the analysis of the experimental a(S) curve is 
greatly simplified in the case of a-GaSb. First, for annealing 
temperatures Tan ^ 450 K the parameters Sc, Si, and Sa (which 
define the position of the lines) remain constant, as well as the 
widths yc and ya. Because of the relationship \SC — S[\, 
| S C — Sa\ <^ Sc the experimental amplitude of the change in the 
structure factor A a m a x provides the additional coupling con­
dition Aamax = Ac + A[ + A a . Fur thermore by treating this 
model as a simplified form of correlation analysis for determin­
ing component concentrations in a restricted range of the struc­
ture argument S < 2.5 A [81], the parameters na, nx, and nc 

(having the meaning of relative concentrations) can be used [84]. 

^ a , i , c 7a, i, c 
i c — •> (30) 

" Aaya + A{y{ + Acyc 

with n a + n i + n c = l. Use of this relat ionship [84] to 
app rox ima te the exper imental da ta by formula (29) reduces 

the n u m b e r of adjustable pa rame te r s to two and accordingly 
simplifies the ma themat ica l t rea tment . It is evident from 
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Figure 23. Structure of the first maximum a(S) for a-GaSb (data obtained 
after annealing at 380 K are shown [84]). 
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Figure 24. Changes in the parameters nc (1), na (3), and nx (2) and in the 
ratios yi/ya (4) and yjya (5). The parameters are defined in the text. The 
broken line shows the apparatus limit on the line width [84]. 

the t ransi t ion from an ordered a r rangement of a toms in the 
crystallite to a disordered a r rangement in the a m o r p h o u s 
ne twork takes place. By using formula (27) and the a(S ) da ta 
(see Figs 22 and 23) we calculate [84] L c o r w 20 A = const , 
L c « 200 A, and L{ « 50 A [84]. 

It has been poin ted out [84] tha t yc (and therefore also L c ) 
stays a lmost cons tant dur ing the anneal ing process (see 
Fig. 24). Thus , at t empera tu res in the range of T ^ 450 K 
the dominan t process in the crystallisation of a -GaSb is the 
format ion of nanocrys ta ls of c -GaSb. At higher anneal ing 
t empera tu res (Tan > 450 K ) the characterist ic size of the 
c-GaSb crystallites begins to increase while the pa ramete r yc 

decreases. It follows from Fig. 24 tha t the crystallisation of 
a -GaSb takes place in two stages: in the range 
350 ^ T ^ 380 K and at Tan > 430 K. A steep decrease in 
the b o u n d a r y region is observed in b o t h the first and the 
second t empera tu re range (the pa ramete r yx increases). This 
behav iour suggests tha t processes at the bounda r i e s of 
inclusions play a dominan t role in the crystallisation of 
metas tab le phases in a -GaSb . 

Accord ing to current views [81, 84] the in termedia te 
region between the crystalline inclusions and the a m o r p h o u s 
mat r ix (the cont r ibu t ion with the subscript i in Fig. 23) is 
uniquely connected with the nons to ich iometr ic G a ^ S b ^ 
a m o r p h o u s phase and is therefore located at the b o u n d a r y 
between the a m o r p h o u s and the crystalline phase (Fig. 10b). 
U n d e r these condi t ions the changes in the b o u n d a r y region 
are associated with changes in the phase composi t ion of the 
samples, and in par t icular with the a m o u n t of the G a ^ S b ^ 
phase in the bulk of the sample and with the pa ramete r x , 
which defines the deviat ion from stoichiometry. 

Fig. 23 tha t the p rocedure suggested in Ref. [84] p rocedure 
satisfactorily describes the shape of the first peak of a(S ) . 

The behaviour of the pa rame te r s na,rii,nc, and also yx and 
yc dur ing the anneal ing process is shown in Fig. 24. The 
quali tat ive similarity between the cont r ibu t ions from nx and 
nc to the anneal ing process has been poin ted out [84] (see 
Fig. 24). F u r t h e r m o r e in the initial state of anneal ing 
(Tan < 350 K ) the crystal concent ra t ion decreases and the 
pa ramete r na increases. If this process is identified with the 
s t ructura l re laxat ion characterist ic of the major i ty of 
a m o r p h o u s mater ia ls ( including a -GaSb [77]) it is na tu ra l to 
associate the decrease in nc with a kind of ' r eamorph i sa t ion ' 
of the system p roduced by the re laxat ion of the stresses at the 
b o u n d a r y between the a m o r p h o u s and the crystalline phase . 
Therefore the quan t i ty na and its cont r ibu t ion to 
formula (29) reflect the presence of the a m o r p h o u s a -GaSb 
phase itself. The decrease in na at the onset of intensive 
crystall isation (Tan > 430 K ) is consistent with this 
in terpre ta t ion . 

This discussion allows us to identify the cont r ibut ion 
bear ing the subscript i with the presence of an in termedia te 
region between the crystalline inclusions and the a m o r p h o u s 
matr ix , so tha t nx cor responds [84] to the vo lume fraction of 
this b o u n d a r y region (see Figs 23 and 24). 

The correlat ion length (i.e. the characterist ic range over 
which the relative order ing of the a m o r p h o u s mat r ix is 
re ta ined) can be calculated by using formula (27). 

Wi th in the present mode l [84] the pa ramete r ya is defined 
by the correlat ion length L c o r of the disordered a -GaSb 
a m o r p h o u s ne twork ; yc is given by the crystallite size L c , 
and yi is given by the size of the b o u n d a r y region Lx in which 

5.2 Stability range and kinetics of phase transformations 
of the metastable phases in a -GaSb 
The structure analysis method described in the previous section 
is most effective in the region of annealing temperatures where 
the ampli tudes Ai , A a , and A c are of the same order of 
magni tude. Since in the region of Tan ^ 450 K we observe a 
transit ion from the condition (A c w A { , A a ) to (A c > A { , A a ) a 
reliable analysis of the changes in phase composit ion of the 
samples, including the evolution of the bounda ry region, is 
impossible. Therefore the crystallisation and relaxation of 
a-GaSb were studied [84] by other methods : differential 
thermal analysis ( D T A ) and the tempera ture and t ime 
dependences of the electric conductivity of the samples, p(T, t). 

It should be no ted tha t these m e t h o d s are very different 
from the poin t of view of their ability to characterise phase 
t rans i t ions quant i ta t ively. Thus , the electric conduct ivi ty 
me thod is most sensitive to phase t rans format ions in the 
ne twork of conduct ing channels in the a -GaSb samples, 
whereas the D T A me thod is m o r e sensitive to changes in the 
bulk characterist ics, and in par t icular to the crystallisation of 
the a m o r p h o u s G a S b phase . Therefore the exper imental 
m e t h o d s used in the earlier work [84] are complementary : 
the p(r , t) measurements gives the fullest and most detailed 
descript ion of the electrically conduct ing c-GaSb and 
G a x S b ! _ x inclusions (phase composi t ion and geometr ic 
form), whereas the D T A data quant i ta t ively characterise 
the vo lume fraction of the metas tab le phases ( G a ^ S b ^ and 
a -GaSb) in samples of a m o r p h o u s gallium an t imonide . 

The kinetics of phase t rans format ions have been studied 
[84] by resistance measurements from the re laxat ion curves 
P/Po — /M> where p 0 = p(t = 0), ob ta ined in a series of 
i so thermal anneals at 3 0 0 - 6 0 0 K (Fig. 25a). F u r t h e r m o r e 
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the t empera tu re dependence of the resistivity was measured 
(between T = 1.8 K and T = Tan) before each successive 
annea l at a prede termined t empera tu re Tan exceeding the 
t empera tu re of the previous anneal , and the field 
dependences of the magnetores is tance p(H, T) were also 
determined. The ga lvanomagnet ic characterist ics of the a-
G a S b samples ob ta ined in these experiments will be discussed 
in Section 6. The t ime dependences p/p0 =f(t) (Fig. 25a) 
were moni to red [84] for 5 0 - 1 2 0 min, depending on the 
extent of the phase t rans format ion required (determined 
from the resistivity of the sample). In the crystallisation 
t empera tu re range ( 3 5 0 - 4 7 0 K ) and for a fixed annealing 
tempera ture Tan = const, the t ime dependence of the 
resistivity is determined by the change in the content of the 
metastable phase Zp in the structure of conduct ing channels of 
the a-GaSb samples. According to the approach n o w widely 
accepted in the kinetics of phase t ransformat ions [97, 105] the 
fractional amoun t of t ransformed phase Zp is linearly related 
(to a first approximat ion) to the physical parameter being 
measured: 

z = P ( T a r n t) - Poo(Tan) 
9 P o ^ a n ) - P o o C ^ a n ) ' 

(31) 

where p^(J) = l i m ^ p ( T t ) and p0(Tan) = p ( r a n , 0). 
N o t i n g tha t relat ion (31) applies, firstly, to a t w o -

componen t med ium consisting of a metas tab le and a 
crystalline phase , and, secondly, when the system is beyond 
the critical region cor responding to the percola t ion 
threshold , we have used it only as an initial approx imat ion 

p(t)/p(0) 

1.00 

Figure 25. Time dependences of the resistivity [84] during isothermal 
annealing (a) and changes in the relaxation rate of the resistance at 
different annealing temperatures (b): (7) 330, (2) 340, (3) 350, (4) 360, 
(5) 370, (6) 380, (7) 390, (8) 410, and (9) 430 K. The arrows denote the 
characteristic temperatures: 1, structure anomaly at 370 K; 
2, completion of steep resistance changes at 450 K. 

[84]. In this app roach [84] the characteris t ic t ime of the phase 
t rans format ion T : -Zp/Zp can be wri t ten 

6 p ( r a n ) / 8 ; 
(32) 

It can be seen from Fig. 25a tha t the derivative dp/dt is finite 
in the limit of t —> 0, and therefore we have considered [84] 
the quant i ty T = t(t = 0). This app roach is justified within 
the A v r a m i - K o l m o g o r o v approx ima t ion 

Z = exp (33) 

often used in the descript ion of nucleat ion and growth 
processes [97]. T h u s it follows from (33) tha t a finite value 
of Zp and dp/dt < 0 are achieved for an A v r a m i exponent of 
n = 1. The exper imental dependence [84] 

8p 

8; 
~-f(Tan) 

t=o 

is shown in Fig. 25b: in accordance with x-ray diffraction 
measurements two sections can be identified for 8p/8^ in the 
whole range of anneal ing tempera tures . 

A detailed analysis of the da ta from resistance 
measurements leads to the conclusion (Fig. 25) tha t a -GaSb 
crystallises in two stages involving two different metas tab le 
phases . In the first of these phases crystall isation begins at 
~ 3 3 0 - 3 5 0 K, and complete crystallisation can be achieved 
by a lengthy i so thermal anneal at T w 370 K. The 
crystall isation of the second phase begins at Tan ^ 370 K. 

W h e n two different crystallisation channels are present 
we have 

p ( r a n , t) = p 0 0 ( r a n ) + A P l Q - f ^ + AP26 (34) 

As can be seen from the i so thermal anneal ing results, x2 = oo 
for a -GaSb with Tan ^ 370 K, and Apx = 0 for Tan > 370 K. 
These condi t ions allow the cont r ibu t ions to the relaxat ion to 
be separated, and the characteris t ic t imes of the phase 
t rans format ion to be determined for the two separate 
crystall isation processes. The results of this analysis of the 
da ta in Fig. 25 are shown in Fig. 26a, where the Ti,i(T) 
results are p lot ted in Ar rhen ius coordinates . Tt can be seen 
tha t the asymptot ic experience of the type 
T i ,2 — T i ,2 QXv(Eai:2/kBT) are substantial ly different for n 
and T 2 . In the former case T? « 0.4 s and EaX w 0.4 eV, 
whereas for the crystall isation of a -GaSb we find 
x\ w 0.3 x 1 0 " 1 3 and Ea2 w 1.41 eV. 

Let us n o w consider the results obta ined [84] by 
differential the rmal analysis. Typical heat evolut ion curves 
for metall ic samples of a -GaSb (containing inclusions of the 
nons to ichiometr ic G a ^ S b ^ a m o r p h o u s phase) and for 
dielectric samples (practically free from nons to ich iometr ic 
inclusions) are shown in Fig. 26b as curves 1 and 2, 
respectively. As has been poin ted out [81, 84], in the sample 
from the meta l side of the m e t a l - i n s u l a t o r t rans i t ion the 
main exothermic peak is much b roade r t han the heat 
evolut ion m a x i m u m in the dielectric sample, and is shifted 
d o w n w a r d s by abou t 30 K. Ano the r distinctive feature is 
seen in the D T A curves of the metall ic a -GaSb samples: an 
addi t iona l b r o a d m a x i m u m at Tan w 5 5 0 - 6 0 0 K. 

By compar ing the results of s t ructure invest igations of 
a -GaSb samples [81, 84] (see also Fig. 10) and of D T A 
studies (curves 1 and 2 of Fig. 26b) it was established [84] 
tha t the presence of a nons to ich iometr ic G a ^ S b ^ 
a m o r p h o u s phase leads to the format ion of anomal ies in the 
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T/min 

0.20 0.25 0.30 0.35 
( 1 0 0 / T ) / K - 1 

Ar/relative units 

r a „ / K 

Figure 26. Characteristic crystallisation time as a function of annealing 
temperature, obtained from resistance measurements (a) and heat 
evolution curves for metallic (7) and for dielectric samples (2) of GaSb 
(b) [84] (the base lines in the DTA method are shown as broken curves). 
The vertical broken lines separate the regions of T < 370 K ( t i ) from 
those of T > 370 K (T 2 ) . The numbered arrows correspond to the same 
temperatures as those in Fig. 25. 

D T A curves in two separate regions of t empera tu re : 
Tan ^ 3 7 0 - 4 3 0 K (a b roaden ing of the D T A peak) and 
Tan w 5 0 0 - 6 2 0 K (an addi t iona l heat evolut ion max imum) . 

By varying the t empera tu re scanning ra te of the main 
exothermic peak [43] the act ivat ion energy of the 
crystall isation and the A v r a m i exponent were determined. 
The act ivat ion energies were £ a « 1.2 eV for the metall ic 
samples and £ a « 1.4 eV for the dielectric samples. In b o t h 
cases the A v r a m i exponent was n w 1 ± 0 . 1 . 

As repor ted [84] the main exothermic peak in Fig. 26b is 
due to the crystallisation of the a m o r p h o u s a -GaSb phase 
itself. By compar ing the A v r a m i exponents and the act ivat ion 
energies obta ined by the D T A me thod with the results of 
resistivity measurements it was concluded [84] tha t the phase 
t r ans format ions in the s t ructure of conduct ing channels and 
in the bulk of the a -GaSb samples on the meta l side of the 
t rans i t ion are essentially identical, and therefore b o t h 
m e t h o d s can be used in this case to describe the phase 
t rans format ion . The crystall isation process of the 
metas tab le phases in a -GaSb is na tura l ly separated into two 
stages, and the G a ^ S b ^ inclusions crystallise in the 
t empera tu re region preceding the onset of the crystallisation 
of the te t rahedra l a m o r p h o u s a -GaSb phase . 

The crystall isation of the a m o r p h o u s phase of gallium 
an t imonide has a characterist ic t ime T 0 2 « 1 0 - 1 3 s and is a 
po lymorph ic t rans format ion control led by processes at the 
interface between the a m o r p h o u s and the crystalline phase . 
Since the fraction of the crystalline phase in these samples is 
relatively large, nucleat ion processes are u n i m p o r t a n t and it 

is reasonable to consider only the growth processes, the 
A v r a m i exponent n w 1 cor responding [97] to the growth of 
crystallites after the exhaust ion of the nucleat ion sites on the 
grain boundar ies . 

Accord ing to the same classification [97] the 
crystall isation of nons to ich iometr ic inclusions of G a ^ S b ^ 
belongs to the group of preferred crystall isation processes. 
In this case a concent ra t ion gradient of the componen t s (Ga 
and Sb, depending on the initial composi t ion of the inclusion) 
is p roduced ahead of the crystall isation front, and a toms 
diffusing over large distances are included in the diffusion-
control led process . As a result the preexponent ia l factor T O I 
cor responding to the crystallisation of the G a ^ S b ^ 
inclusions (Fig. 26b) is substantial ly greater than T 0 2 , 
namely T 0 1 W 0.14 s. 

The A v r a m i exponent observed in the s tudy of the 
re laxat ion of the resistivity at 3 4 0 - 3 8 0 K is uni ty [84]. As 
repor ted [81], the concent ra t ion of nons to ichiometr ic 
superconduct ing inclusions of G a ^ S b ^ in samples of 
a -GaSb is nc w 3 % - 5 % , whereas the fraction of the sample 
in the crystalline state is ~ 5 % - 1 0 % in the bulk of the 
sample (see Fig. 24). These observat ions suggest [84] tha t the 
diffusion-controlled growth of the crystal dur ing the 
preferential crystallisation of G a ^ S b ^ is determined by the 
growth of the part icles having a relatively large initial vo lume 
[97], so tha t in this case the value n w 1 indicates quas i -one-
dimensional g rowth of the G a S b crystallites. 

The reduced dimensionali ty of the growth in G a S b , 
leading to small values of the Avrami exponent , arises 
apparent ly from the dominan t role of the interfacial 
b o u n d a r y between the a m o r p h o u s and the crystalline regions 
dur ing the crystallisation process. This result is consistent with 
the structure analysis da ta (Fig. 24), from which it follows 
tha t any change in the phase composi t ion of the samples 
produces a change in the structure of the b o u n d a r y region. 

It has been no ted [84] tha t some discrepancies exist 
between the s t ructure analysis, D T A , and p(Tan,t) results 
for the crystallisation processes in a m o r p h o u s gallium 
an t imonide . Firs t of all, compar ing the characterist ic 
t empera tu res Tan w 370 K (s t ructure anomaly , sharp 
m a x i m u m in \dp/dt\) and Tan w 450 K (complet ion of the 
re laxat ion changes in electric conductivi ty, dp/dt = 0) with 
the D T A curve for the metall ic sample shows tha t a m a r k e d 
heat evolut ion takes place only after the first metas tab le 
phase has crystallised, and fur thermore tha t the 
crystall isation in a -GaSb cont inues beyond the poin t when 
dp/dt = 0. T h u s the D T A da ta are relatively insensitive to the 
crystall isation anomal ies in the region of Tan w 370 K. 

Several reasons for this state of affairs have been poin ted 
out [84]. Firs t , there is a systematic deviat ion between the 
characterist ic t empera tu res obta ined by stepwise i so thermal 
annea l and by D T A methods , dependent on the scanning ra te 
and on the characteris t ic t ime of the phase t rans format ion 
[77]. In a -GaSb at scanning rates of 5 - 2 0 K m i n - 1 this 
effects leads to a shift of Ar w 1 0 - 2 5 K, and therefore this 
value of Ar should be added to the characteris t ic 
t empera tu res when compar ing da ta obta ined from the 
i so thermal process with D T A da ta [77]. 

Secondly, a l lowance must be m a d e for the s t ructura l 
organisa t ion of the inclusions of different phase 
composi t ion in a -GaSb . Publ ished da ta [81, 85] show tha t 
inclusions of the G a ^ S b ^ phase together with the crystalline 
phase form a ne twork of conduct ing channels which 
determines the topo logy of the current lines and defines the 
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effective value of the electric conductivi ty, a l though the 
vo lume fraction of these inclusions is no t large. Therefore 
qui te small concent ra t ion changes of the G a ^ S b ^ phase , 
which has a metallic conduct ion [81, 85], can strongly 
influence the conduct ivi ty of the system, even t hough the 
associated heat evolut ion features are small (the D T A signal 
is p r o p o r t i o n a l to the mass of the cor responding metas tab le 
phase) . 

Similarly, the complet ion of the i so thermal changes in the 
conduct ivi ty of the samples at a fixed anneal ing t empera tu re 
before the achievement of complete crystallisation can be 
a t t r ibuted to the format ion of an infinitely large cluster of the 
crystalline phase at nc w 0 . 1 5 - 0 . 1 7 , which provides electric 
shunts in the high-resistance a m o r p h o u s mater ia l . It is 
reasonable to expect an infinite cluster to be formed from 
the ne twork of conduct ing channels , giving crystallites with a 
characterist ic size determined by the cross-section of the 
conduct ing channels ( ~ 2 5 0 A) [81]. This assumpt ion is 
confirmed by the results of s t ructure studies, according to 
which the crystallite size ( L c w 200 A) stays cons tant in the 
t empera tu re range T ^ 450 K. F u r t h e r m o r e according to the 
da ta in Fig. 24 the critical value nc = nc is reached at 
T & 4 2 0 - 4 3 0 K, where all further resistivity changes are 
suppressed (dp/dt = 0) (see Fig. 25b). 

T h u s the differential t he rma l analysis da ta and the p(r, t) 
da ta [84] are complementary . The concept of the proximi ty of 
the a -GaSb samples to the percola t ion threshold of the 
crystalline phase for anneal ing t empera tu res Tan ^ 370 K 
also explains the steep dependence of the pa ramete r dp/dT on 
the anneal ing t empera tu re in this t empera tu re range (see 
Fig. 25). Obviously, in the critical region (where nc —> n*) we 
can expect small changes in the concent ra t ion of the 
crystalline phase to induce large changes in the electric 
conduct ivi ty of the system. 

In the vicinity of the percola t ion threshold, formula (31) 
is invalid, and we must use the percola t ion mode l to 
determine Zp. Star t ing from a mode l of the med ium 
conta in ing low-resistance inclusions in a conduct ing mat r ix 
[19] we can show tha t the formulae (31) and (32) give the 
p roduc t T(5 instead o f t , where 3 = (n* + Z p — 1) / (1 — n*). As 
a result the l n [ T 2 ( r ) ] da ta in Fig . 26a are shifted by In5. 
U n d e r these condi t ions the character of the T(T ) curve is no t 
affected qualitatively, and the act ivat ion energy is also 
unaffected, bu t the pa ramete r T02 increases to ~ 5 x 1 0 ~ 1 3 s. 

6. Metastable superconductivity in amorphous 
gallium antimonide 
Published studies [ 7 8 - 8 1 ] of the low- tempera ture 
characterist ics of a m o r p h o u s gallium an t imonide have 
shown tha t samples from the meta l side of the m e t a l -
insulator t rans i t ion pass into a superconduct ing state when 
the t empera tu re is decreased to T < 9 K . As repor ted [81], 
the appearance of superconduct ivi ty in a m o r p h o u s gallium 
an t imonide is due to the presence of the metas tab le 
nons to ichiometr ic phase G a ^ S b ^ with x > 0.5: at 
t empera tu res T < 1.8 K the vo lume fraction of the 
superconduct ing phase Vs exceeds the percola t ion threshold 
Vc and the sample a t ta ins a state of zero resistance. 

The s tudy of the evolut ion of the superconduct ing 
proper t ies of a -GaSb dur ing the anneal ing process 
( 'stepwise crystal l isat ion ') is closely related to the topic 
discussed in the previous section, and provides a useful test 
and exact specification of the results. The change in the 

pa rame te r s of the superconduct ing state in the preferential 
crystall isation of the G a ^ S b ^ inclusions in the a -GaSb 
mat r ix are compared with the results of studies of the 
metas tab le superconduct ivi ty of G a ^ S b ^ films [98], giving 
addi t iona l informat ion on the change in the composi t ion x of 
inclusions of the nons to ich iometr ic phase . The results of 
these invest igations are discussed in Section 6.1, while in 
Section 6.2 we examine the behaviour of the super 
conduct ivi ty of the phases in the a -GaSb : G e system and in 
Section 6.3 the three-dimensional percola t ion theory for 
conduct ing media conta in ing superconduct ing inclusions is 
studied experimental ly for the case of bulk a m o r p h o u s 
gallium an t imonide a -GaSb conta in ing superconduct ing 
inclusions of the nons to ich iometr ic metas tab le G a ^ S b ^ 
phase . The recent discovery of superconduct ivi ty in epitaxial 
films of G a A s is considered in Section 6.4 in the context of 
the results obta ined for G a S b . 

6.1 Crystallisation and superconductivity in a -GaSb 
Since the development of semiconductivi ty in a m o r p h o u s 
gallium an t imonide is due [81, 85] to the presence of the 
G a ^ S b ^ phase with x > 0.5 a s tudy of the evolut ion of the 
superconduct ing proper t ies of a -GaSb should offer a means 
of testing and verifying the results obta ined in Section 5. 

p/Q cm 
0.25 r 

Figure 27. Changes in the superconducting transition in a-GaSb in a series 
of sequential isothermal anneals at different temperatures [84]: (7 ) 290 K 
(initial sample), (2) 360, (3) 370, (4) 400, (5) 420, (6) 440, (7) 450, 
(8) 470, (9) 520, (10) 570 K. 

The change in the resistance characterist ics of the 
superconduct ing t ransi t ion in a -GaSb dur ing the anneal ing 
process [84] is i l lustrated in Fig . 27. The width of the 
superconduct ing t ransi t ion in the initial sample (curve 1) 
greatly exceeds the m o r e typical values: the resistance 
smooth ly falls to zero in the range 1 . 8 < r < 8 K . This 
behav iour is a t t r ibuted [98] to the dispersion of the 
composi t ion of the nons to ich iometr ic inclusions and to the 
associated dispersion of the critical t empera tu re Tc. As a 
result, at Tc w Tm w 8 K the inclusions with the highest 
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critical t empera tu re become superconduct ing; as the 
t empera tu re is lowered, the resistance of inclusions for 
which Tc > T vanishes, and at T = Tv the superconduct ing 
inclusions form an infinite cluster and the sample reaches a 
state for which p = 0. A detailed analysis of the percola t ion 
character of this superconduct ing t ransi t ion has been given 
[81, 82]. 

Increasing the anneal ing t empera tu re lowers the absolute 
value of the resistivity p(T > T m ) , and at the same t ime all the 
superconduct ivi ty features are shifted t owards lower t em­
pera tures (see Fig. 27). After an anneal at Tan w 3 3 0 - 3 4 0 K 
the state with p = 0 is no t reached, and the resistivity remains 
finite at all t empera tu res T ^ 1.8 K. 

It can be seen from the da ta [84] in Fig. 28a tha t the 
anneal ing of the metas tab le superconduct ivi ty of the 
G a ^ S b ^ inclusions takes place in two stages. Initially, at 
anneal ing t empera tu res Tan w 370 K, the superconduct ivi ty 
of the inclusions for which 4 ^ Tc ^ 10 K is suppressed, and 
at anneal ing t empera tu res Tan > 370 the p(T = 10 K ) and 
p(r = 4.2 K ) (curves 7 and 2 in Fig. 28a) are a lmost 
indist inguishable. The superconduct ivi ty of the inclusions 
with Tc < 4 K is retained even for anneals in the t empera tu re 
range 370 < Tan < 500 K. Comple te suppression of the 
superconduct ing proper t ies is reached after anneal ing at 
Tan > 500 K (curve 3 and 1 of Fig. 28a). T h u s the 
metas tab le superconduct ivi ty of a -GaSb is completely 
annealed [84] once the te t rahedra l gall ium an t imonide 
a m o r p h o u s phase has completely crystallised (Fig. 26). 

In Fig. 28 we show the behaviour [84] of the m a x i m u m 
critical t empera tu re of the superconduct ing t ransi t ion Tm as 
a function of the anneal ing t empera tu re Tan in a -GaSb . By 
using the k n o w n [98] change in the superconduct ivi ty 
characterist ics of the G a ^ S b ^ phase , the concent ra t ion 
dependence of the critical t empera tu re and of the electric 
conduct ivi ty of the inclusions Tc(x) and p(x) was regenerated 
[84], and the characterist ic values of x cor responding to the 
two componen t s of the nons to ich iometr ic metas tab le phase 
having different physical proper t ies were determined 
(Fig. 28b). It can be seen from the Tc(x) da ta at T ^ 350 K 
tha t the superconduct ivi ty of inclusions with x > 0.8 
conta in ing a m a x i m u m a m o u n t of gallium in the G a ^ S b ^ 
phase and having the highest critical t empera tu re is 

completely suppressed, and tha t the inclusions with 
x & 0 . 8 - 0 . 7 and a m a x i m u m critical t empera tu re of 
r c « 4 K are the most stable. The superconduct ivi ty of 
inclusions of this type can be suppressed by anneal ing at 
T a n ^ 570 K ( F i g . 28c). 

The physical explanat ion suggested [84] for this type of 
Tc(x) dependence is a change in the shor t - range order 
s t ructure of the G a ^ S b ^ phase . Thus , in the vicinity of 
x w 1 the a m o r p h o u s gallium st ructure should be dominan t 
in G a x S b and a t x w 0.5 the dominan t s t ructure should be 
a different ( te t rahedral ) form of G a S b . Therefore there is a 
critical concent ra t ion , cor responding to the t ransi t ion from 
one of these types of shor t - range order to the other , at which 
the physical characterist ics of the system show a singularity 
in the behaviour of Tc and p for x w 0.8 (see Fig. 28). 

Add i t iona l informat ion on the na tu re of the 
superconduct ivi ty in a - G a A s was obta ined [84] by analysing 
the field and t empera tu re dependences of the 
magnetores is tance Ap/p=f(H,T) and their evolut ion 
dur ing the anneal ing process . It has been previously shown 
[81] tha t for T < Tm the posit ive magnetores is tance ( P M R ) 
of a -GaSb is due mainly to the suppression of the 
superconduct ivi ty of the inclusions, whereas the 
cont r ibut ion from the n o r m a l kinetic mechanisms is small 
because of the small value of the mobil i ty p. U n d e r these 
condi t ions the inequali ty pR <̂  1 is valid in the range of 
magnet ic fields H < 150 k O e [81]. 

The field dependence p(H) of the resistance at different 
t empera tu res is shown in Fig . 29a for the initial (unannealed) 
sample. It can be seen tha t at T ^ 4 K the shape of the p(H) 
curve becomes m o r e complex, and two regions can be 
dist inguished on the exper imental curve, cor responding to 
the d i sappearance of two different superconduct ing phases 
with different critical fields (HC2). W h e n the suppression of 
the superconduct ivi ty by the magnet ic field has gone to 
complet ion we observe a weak, linear increase in the 
resistance of the sample with magnet ic field (Fig. 29a). 

T h u s in general the p(H) da ta can be represented as a 
superposi t ion of several cont r ibu t ions (curves 1-3 of 
Fig. 29b). F o r T ^ 4 K we first observe the suppression of 
the inclusions with m i n i m u m critical pa ramete r s , and the 
cor responding componen t of the p(H) curve rises to a 
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Figure 28. Changes in electric conductivity of a-GaSb samples as a function of the annealing temperature; the numbering of the curves defines the 
measurement of p after the successive anneals at different temperatures: (7) 10 K, (2) 4.2 K, (3) 2 K [84]; (b) changes in the critical temperature (4 ) 
and in the resistivity at T — 11 K (5) during variations in the composition of the G a x S b i _ x inclusions; (c) evolution of the characteristic critical 
temperature of the inclusions during annealing. The experimental data on Tc(x) and p(x) were taken from Hauser [98]. 
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p/Q cm disordered metall ic phase (high-pressure G a S b II) or of 
metas tab le superconduct ing an t imony phases as inclusions 
in the bulk of the sample. Indeed, it has been repor ted 
[100, 101] tha t these phases have critical t empera tu res close 
to those observed in a -GaSb , bu t their critical fields Hc2 are 
much lower (not greater t han ~5 kOe) . 

The pa ramete r Tm and the cor responding value of Hc2 

given above are characterist ics of a superconduct ing 
inclusion with max ima l critical t empera tu re and field. W h e n 
the superconduct ing pa rame te r s are dispersed the system of 
superconduct ing inclusions cannot be described fully by 
fixing only Tm. In t roduc ing the dis t r ibut ion function of the 
vo lume of the inclusions with respect to the critical 
t empera tu re (p(Tc) gives the following formula for the 
vo lume of the sample occupied by the superconduct ing 
phase at the given t empera tu re : 

POO 
V ^ T ) = \ T <K r c)dr c , (35) 

where cp(Tc ^ Tm) = 0. It has been shown [84] tha t to a first 
approx ima t ion the magnetores is tance of a -GaSb is 
Ap/p oc VS(T). (This condi t ion is violated only in a n a r r o w 
t empera tu re interval adjacent to T p , where an infinite cluster 
is formed from the superconduct ing inclusions.) Therefore 
the changes in Ap/p in a fixed magnet ic field can be used [84] 
to determine the na tu re of the changes in Vs and in (p(Tc) 
dur ing the anneal ing process (Fig. 30). U n d e r these 
condi t ions the Ap/p =f(Tan) curve measured at the lowest 
t empera tu re r « 2 K (curve 1 of Fig. 30) describes the to ta l 
change in the vo lume of the a -GaSb sample occupied by 
superconduct ing phases . 

It would appear tha t the Ap/p =f(TSLn) da ta measured at 
T « Tcl w 4 K give the change in the volume Vs caused by 

Figure 29. (a) Field dependences of the resistivity p(H) for the initial 
unannealed (metallic) a-GaSb sample at different temperatures (K): 
( 7 ) 6 . 6 , ( 2 ) 6 . 3 , (3) 5.5, ( 4 ) 4 . 1 , ( 5 ) 3 . 5 , ( 6 ) 3 . 2 , ( 7 ) 2 . 9 , ( 8 ) 2 . 6 , 
(9) 2.1, (10) 1.9; the temperature dependences of the critical field Hc2 

are shown in the insert for inclusions with x > 0.8 (open circles) and 
x < 0.8 (filled circles), (b) Structure of the field dependence of the 
magnetoresistance for T — 2.6 K. 

sa tura t ion level (curve 1). The componen t cor responding to 
the other superconduct ing phase (with higher critical 
pa ramete rs ) behaves in a similar way (curve 2 ) . The thi rd 
cont r ibut ion to the p(H) curve, cor responding to a linear 
p la teau and observed in s t rong magnet ic fields, is due to the 
magnetores is tance of the nonsuperconduc t ing a -GaSb 
matr ix . Evidently, at T > 4.2 K only two cont r ibu t ions 
(ana logous to curves 1 and 3 of Fig. 29b) are needed to 
describe the p(H) curve. 

By reconst ruct ing from Fig. 29 the critical pa rame te r s 
HC2 and Tc for b o t h superconduct ing phases defined above 
the H — T superconduct ivi ty d iagram for a -GaSb was 
constructed [84] and the characteris t ic values were 
determined [Tc « 8 K and Hc2(0) « 80 k O e for the first 
superconduct ing phase and r c « 4 K and Hc2(0) w 14 k O e 
for the second, see insert in Fig. 29]. 

The value [84] Hc2(0) w 80 k O e for the first phase is 
consistent with the Hc2(0) value repor ted [99] for a m o r p h o u s 
gallium ( ~ 100 kOe) . F u r t h e r m o r e the high values of Hc2(0) 
for the second phase [84] m a k e this feature of the P M R of 
a -GaSb impossible to interpret by assuming the presence of a 
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Figure 30. Changes in magnetoresistance in the field H — 45 kOe during 
annealing. Measurements at (a) 2 K, (b) 4.2 K. 
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the p r edominan t anneal of the first superconduct ing phase : 
G a ^ S b ^ with x > 0.8 (Tc ^ 6.5 K) . As can be seen from 
curve 2 of Fig. 30, anneal ing at Tan w 350 K decreases the 
vo lume of inclusions for which x > 0.8, and beyond this 
poin t (for Tan w 370 K ) the ra te of crystallisation of this 
nons to ichiometr ic metas tab le phase decreases. Rais ing the 
anneal ing t empera tu re to Tan w 4 0 0 - 4 3 0 K suppresses the 
superconduct ing inclusions with x > 0.8, and after this the 
superconduct ivi ty of a -GaSb is determined essentially by the 
inclusions of G a ^ S b ^ with x < 0.8 [84]. 

6.2 Changes in the superconducting properties of the 
a-GaSb: Ge system 
The low- tempera ture proper t ies of a -GaSb : G e samples were 
studied [91] with the aim of explaining the effect of 
ge rman ium addi t ions on the superconduct ivi ty of the 
metas tab le phases in a m o r p h o u s gallium an t imonide . 
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Figure 31. Suppression of the superconductivity by a magnetic field in a 
metallic sample with x G e = 14 mol% [91]. Hc2(T) data for x > 0.8 (7) 
and x < 0.8 (2) are shown in the insert. The p(H) curves correspond to 
the following temperatures (K): (7) 4.2, (2) 3.7, (3) 3.3, (4) 2.9, (5) 2.7, 
(6) 2.4, (7) 2.2, (8) 1.9. 

The p(H,T) data on the suppression of the 
superconductivity by an external magnetic field in a sample 
with x G e = 14 mol% are shown in Fig. 31. It has been pointed 
out [91] that, as in the undoped system, two characteristic regions 
of changes in p can be distinguished on the p(H) curve for 
T ^ 4 K (see Fig. 31). By using p(H,T) data the Hc2(T) 
dependences have been plotted for two superconducting phases 
(see insert in Fig. 31) in the bulk of the a-GaSb : Ge sample, and 
the parameters TC9 Hc2(T = 0), and dHc2/dT (T —> Tc) of the 
superconducting state of both phases have been obtained 
(Fig. 32). 

Several important conclusions follow from the results [91] in 
Fig. 32. First, the large difference between the concentration 
dependences of the superconductivity parameters in phases I 
and II confirms that we are dealing with two different 
superconducting phases. Second, the presence of concentra­
tion dependences for the parameters Tc, Hc2(0), and dHc2/dT, 
given by the characteristics of the energy spectrum of the 
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Figure 32. Concentration dependences of the superconductivity 
parameters of a-GaSb :Ge. Open circles for x > 0.8, filled circles for 
x < 0.8. (a) r c ( x G e ) , (b) Hc2(0), (c) ( - d # c 2 / d 7 \ T = Tc) [91]. 

superconductor, the carrier concentration, and the mean free 
pa th [102], suggests that the structure phases responsible for the 
superconductivity of a-GaSb are doped by germanium. Third, 
the superconductivity of the metallic samples is retained up to 
the point of the structure transition ( x G e = x G e ) . 

6.3 Critical behaviour of the conductivity of a medium 
containing superconducting inclusions 
Very little is k n o w n at present on the value of the critical 
exponent q in real mater ia ls (see Section 2), and therefore 
the choice of the mode l (Ref. [55] or Ref. [62]) which best 
describes the critical behaviour of the superconduct ing 
inclusions is no t s t ra ightforward. One of the few repor ted 
studies in this area [82] used bulk samples of a m o r p h o u s 
gallium an t imonide (a -GaSb) synthesised by quenching 
under high pressure as the exper imental mater ia l . 

In the preceding sections we showed tha t under certain 
condi t ions ( t empera ture and pressure used for the synthesis) 
inclusions of the nons to ich iometr ic metas tab le G a ^ S b ^ 
phase with x > 0.5, which show superconduct ivi ty , are 
formed in the bulk of the a -GaSb phase . The characterist ic 
size of these inclusions is ~ 2 5 0 A [81], and the dispersion of x 
produces dispersion of the critical t empera tu re Tc. As a result 
the superconduct ing transi t ion in a -GaSb is strongly extended 
(see Fig. 29): initially, at T = Tm w 8 K, the resistance of the 
inclusions with a maximal critical t empera ture T = Tc 

vanishes, and at T = Tv w 1.8 K an infinite cluster is formed 
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from the superconduct ing regions, and the stage p = c~ = 0 
is reached. Thus in the case of a-GaSb the tempera ture is a 
convenient parameter for smoothly controll ing the a m o u n t of 
the superconduct ing phase Vs in the samples, and a m o r p h o u s 
gallium ant imonide can be used as a model mater ia l in studies 
of percolat ion over the superconduct ing inclusions. 

W e shall express the VS(T) dependence in the form of 
(35), where cp(Tc) is the dis t r ibut ion function of the clusters 
with respect to Tc. F r o m expressions (11) and (35) we arrive 
at the following formula for the resistivity p(T) = 

1 8 p q>(T)(p\-ll* 
p dT nc \p0J 

where p 0 = GQ1 W p(T ^ Tm) is the resistance of the med ium 
in the absence of inclusions (Fig. 33). Therefore, if the 
function cp(T) has no steep singularities [as shown by the 
smooth outl ine of the p(T) curve at T < Tm] we can rewrite 
the exper imental da ta in the coordina tes 

'1 8p> 

4 T/K 

In = / ( l n p ) 

and find the exponent q from the slope of the linear pa r t . The 
main advan tage of this me thod is tha t a knowledge of the 
percola t ion threshold and of the pa ramete r Vs (whose 
exper imental de te rminat ion is often difficult) is no t needed. 
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Figure 33. Temperature dependence of the resistivity and the super­
conducting transition for samples of a-GaSb. Measurement current 
/ = 0.5 mA [82]. 

The exper imental p(T) dependence for T <Tm in the 
above coordina tes is shown in Fig . 34. The presence of an 
extended linear pa r t for p ^ 6 x 1 0 _ 2 Q cm, cor responding 
to the asymptot ic relat ion (11), is no tewor thy . U n d e r these 
condi t ions the pa ramete r q is found to be q = 1 ± 0.01, which 
agrees with the E f r o s - S h k l o v s k i i hypothesis [55] bu t is 
incompat ib le with the C o n i g l i o - S t a n l e y mode l [62]. Thus , 
for the exper imental value q = 1 we find from formula (12) 
tha t d f « 3.27 > d = 3, and the fractal dimensional i ty greatly 
exceeds the dimensional i ty of the space. W e consider this 
extremely unlikely. 

As can be seen from Fig. 34, lowering the t empera tu re 
still further (T —> Tp) infringes the condi t ion (11). In the 
region of p < 4.5 x 10~ 3 Q cm the quan t i ty 
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Figure 34. p(T) curve for T <Tm plotted in special coordinates (see text) 
to calculate the critical exponent q. The insert shows the current 
dependence of the resistivity at T — 4.2 K (7) and T — 2.5 K (2). The 
arrow shows the characteristic current which separates the region where 
the suppression of the weak links between the inclusions by the current is 
predominant from the region where the superconductivity of the 
inclusions is suppressed [82]. 

In 
1 dp 
p df 

reaches sa tura t ion , which suggests a different type of 
dependence for this range . W e a t t r ibute this effect to the 
presence of weak links between the superconduct ing 
inclusions. As we have previously shown [81], the existence 
of these links is confirmed by measurements of the current 
dependence p(I) for T w T p w 2 K (see insert to Fig. 34). 
In the vicinity of Tp we find, in addi t ion to a steep increase of 
p(I) for / > I O - 2 A (cor responding to the Joule heat ing of the 
med ium and to the suppression of the superconduct ivi ty by 
the current [81]) a region of g radua l increase in p(I < I O - 2 A) 
which is unre la ted to the above effects bu t results from the 
b r e a k d o w n of the weak links by the electric current . As can be 
seen from the insert in Fig. 34, the effect of the weak links 
increases as the t empera tu re decreases. Therefore in the 
region of p < 4.5 x 1 0 " 3 Q cm (T < 2.8 K ) it is reasonable 
to expect the power law (11) to be replaced by a stronger 
dependence, for example of the exponent ia l k ind 
p w p 0 exp(—aV s ) . It is easily seen tha t in this case 

In In (xcp(T), 

In : const 

and for a slowly varying cp(T) 

(as is observed experimental ly) . W e no te tha t the effect of 
weak links is no t allowed for in the derivat ion of formula (11) 
[55, 62, 63]. 
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Let us n o w examine the region p > 6 x 10~ Q cm 
(T w 4 K) , where the concent ra t ion of inclusions is small 
and the conduct ivi ty of the med ium can be expressed [53] by 
the linear asymptot ic relat ion (5). 

It follows from E q n (5) tha t for cp(T) w const, and 
T —> T m , o(T) will have a linear asymptot ic behaviour (see 
Fig. 35) differing (in general) from tha t of formula (11) for 
VS —> 0. By ext rapola t ing the linear pa r t of G(T ) (see Fig . 35) 
to T —> T p we determine A c r m a x = 3/?cr0 V °s. It follows from the 
results in Fig. 35 tha t in a -GaSb Acr m a x / c r 0 w 0.6. The value 
thus obta ined is very close to the theoret ical value for 
spherical superconduct ing inclusions (/? = 1, ^ £ = 0.17), 
for which Ac r m a x / c r 0 « 0.51. 
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Figure 35. Linear conductivity asymptote in the limit of low concentra­
tions of the superconducting inclusions and approach of the G(T ) curve 
towards the critical behaviour described by formula (11) (I — 0.5 mA). 

T h u s the conduct ivi ty of a real system with 
superconduct ing inclusions can be described by a l ready 
available theories [53, 55] for i nhomogeneous media except 
for the immedia te vicinity of the percola t ion threshold , where 
weak superconduct ivi ty effects are (apparent ly) impor tan t . 
This critical region is most satisfactorily described by the 
E f r o s - S h k l o v s k i i mode l [55]. 

6.4 Superconductivity in epitaxial GaAs layers 
To conclude this section we shall briefly ment ion the special 
features of the development of superconduct ivi ty in b inary , 
ternary, and other semiconduct ing c o m p o u n d s conta in ing 
gall ium. 

W e believe tha t the mechanism of format ion of 
superconduct ivi ty discussed in Section 6, based on local 
changes in the shor t - range order s t ructure, is c o m m o n to 
m a n y semiconductor mater ia ls , and tha t in mater ia ls 
conta in ing gallium the nons to ich iometr ic regions 
responsible for the superconduct ivi ty contain an excess of 
gall ium. These assumpt ions are confirmed by the recently 
observed superconduct ing anomal ies in epitaxial layers of 

gallium arsenide conta in ing an excess of arsenic [103]. W e 
k n o w tha t in epitaxial G a A s layers the spatial uni formity of 
the characterist ics is pe r tu rbed on a distance scale of 
~ 0 . 5 - 1 um, control led by changes in the s toichiometr ic 
composi t ion of the mater ia l [104]. Since an excess of arsenic 
in the layer does no t exclude the possibili ty of regions with a 
local excess of gall ium, superconduct ivi ty in G a A s m a y be 
formed by the same mechanism as in G a S b . 

This explanat ion is suppor ted by the similarity between 
the critical t empera tu re of G a A s (TC w 10 K ) and the 
cor responding values for a m o r p h o u s gallium (TC ~ 8 - 9 K ) 
[98, 99]. It can easily be shown tha t for inclusions rich in 
gallium the values of the critical field HC observed [103] in 
G a A s cor respond to the G i n z b u r g - L a n d a u pa rame te r 
K w 20, whereas in a -GaSb K W 80 [81]. This discrepancy 
can be explained by no t ing tha t in a -GaSb the degree of 
disorder is higher, and therefore the coherence length is 
smaller t han in epitaxial G a A s layers. However , the 
reasonably high values of K assumed for G a A s are consistent 
with a significant level of disorder in the epitaxial layers, as 
has been found experimental ly [103]. 

7. Conclusions 
W e have reviewed the current ly available exper imental da ta 
on the s t ructure and physical proper t ies of a m o r p h o u s 
semiconductors p repared by high-pressure quenching of a 
melt. W e believe tha t this class of noncrystal l ine mater ia ls 
can be used as a mode l of mater ia ls p repared by other 
m e t h o d s of solid-state amorph isa t ion , and therefore an 
analysis of the s t ructure and proper t ies of the A S H P should 
help to clarify b o t h the fundamenta l mechanisms of solid-
state amorph i sa t ion and the behaviour of complex 
mul t iphase systems. Special a t tent ion has been paid to the 
inclusions of submicromet re size formed dur ing the synthesis 
of metas tab le phases , because in most cases these determine 
no t only the proper t ies of the a m o r p h o u s mat r ix bu t also 
those of the crystalline phases of b ina ry and te rnary 
c o m p o u n d s . 

A n analysis of all the available exper imental da ta on the 
A S H P leads to the conclusion tha t the models of 
mul t i componen t media are the most convenient and 
effective me thod of describing this type of mater ia l . 
However , in order to describe the critical behaviour of 
different systems in the immedia te vicinity of the phase 
t ransi t ion (amorphisa t ion , crystall isation) we mus t 
in t roduce the scale theory and the percola t ion theory. A 
review of the m e t a l - i n s u l a t o r t rans i t ions observed in A S H P 
and accompany ing a phase t ransi t ion is given in Section 4: it 
allows comprehensive tests of the validity of these theoret ical 
approaches when applied to ac tual physical systems. 

The use of other physical characterist ics, in addi t ion to 
s t ructure me thods , in studies of phase t rans format ions offers 
(in mos t cases) informat ion of great impor tance for the 
analysis of mul t i componen t systems having a complex 
phase composi t ion . The dynamics of the re laxat ion of the 
metas tab le phases to the equil ibrium state al low the phases to 
be identified and the sequence of t r ans format ions in the 
system to be established, and fur thermore they al low the 
changes in size (and shape) and in composi t ion of the 
submicromet re metallic inclusions in the a m o r p h o u s mat r ix 
to be studied. One of the most striking p h e n o m e n a observed 
in this class of semiconductor mater ia ls is superconduct ivi ty 
induced by amorph isa t ion . 
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