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Phase transformations occuring in the initially amorphous bulk (GaSb),,Ge,, semiconductor at pres- 
sures to  7.7 G P a  and temperatures to 330°C were studied using the measurement of the electrical 
resistance supplemented by the X-ray examination of the samples quenched to 100 K after a high pressure 
treatment. The obtained experimental data and model calculations were then used to construct the T-P 
diagram of metastable equilibria between the crystalline metallic high-pressure phase ( h p p )  and two 
unordered phases, semiconducting (sup) and metallic (mup), which are either amorphous or liquid depend- 
ing on the temperature. The line of the hpp@mup equilibrium (the melting curve of the high-pressure 
phase) was shown to terminate a t  a critical point where the inup becomes thermodynamically unstable as 
a phase. The line of the h p p g s u p  equilibrium conditions the effect of solid state amorphization of the 
high-pressure phase at  decreasing pressure. 

KEY WORDS: Solid state amorphization, high pressures 

1. INTRODUCTION 

One of the most interesting and thoroughly studied effects of pressure on amor- 
phous materials is the discontinues transition of the semiconducting amorphous 
substances to a metallic state. The transition was observed at room temperature in a 
number of different substances and was either irreversible (in amorphous Gel, Se’, 
InSb3, etc.) or reversible (in amorphous Si’, SesoTezo’, (GaSb)36 5 G e ~ 7 ~ ,  etc.). The 
high-pressure metallic state of all studied samples was crystalline. 

The present paper reports on the phase transformations occurring in the initially 
amorphous (GaSb)3pGeza alloy at temperatures from 17 to 310°C and pressures to 
7.7 GPa. The studied T-P region involves the regions of reversible and irreversible 
crystallization and phase transitions between the thermodynamically equilibrium 
crystalline low-pressure and high-pressure phases. This allows the understanding of 
interrelations of the metastable and stable equilibria in the system. 

The starting amorphous (GaSb)38Ge24 alloy was produced by the method5 of 
spontaneous amorphization of a quenched high-pressure phase in the course of its 
heating at ambient pressure. The advantage of this method is the possibility to 
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202 V.E. ANTONOV etal. 

obtain bulk homogeneous amorphous samples. The method was earlier successfully 
applied to produce amorphous semiconductors GaSb, Cd-Sb, Zn-Sb and Al-Ge6. 
The GaSb-Ge alloy was chosen for the present investigation at elevated tempera- 
tures because its amorphous state should have higher thermal stability according to 
Ref. 7 where the amorphous samples were prepared by decompression of the high- 
pressure phase at room temperature. 

2. SAMPLE PREPARATION AND EXPERIMENTAL DETAILS 

To make the sample amorphous by using the method described in Ref. 5, one needs 
first transform it to a single-phase high-pressure state. In order to select the 
GaSb-Ge alloy with the maximum germanium content which forms this state at 7.5 
GPa, we tried five GaSb-Ge alloys containing 12, 24, 30, 36 and 50 at.% Ge. 
Synthesis of the GaSb and Ge high-pressure phases requires about 6 and 9 GPa, 
respectively'. The pressure of 7.5 GPa was chosen because at P d 7 . 5  GPa our 
technique allowed synthesis of the GaSb-Ge pellets large enough to carry out all 
necessary measurements on the samples cut from one and the same pellet. 

The alloys were prepared by alloying appropriate amounts of Ga, Sb and Ge 
(each 99.999 wt.% pure) in evacuated quartz tubes and subsequent quenching into a 
cold water bath. The obtained ingots were crushed into powder in an agate mortar, 
X-rayed at  100 K (Fig. 1) and pressed into pellets 8 mm in diameter and 5 mm thick. 
Each pellet was put in a Teflon container, the container was placed in a Toroid-type 
high-pressure chamber, exposed to 7.5 k0.5 GPa and 250 7°C for 24 h and cooled 
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Figure 1 Volume V ,  per atom of the cubic sphalerite-like (circles) and diamond-like (squares) phases of 
the GaSb-Ge alloys at  ambient pressure and 100 K as a function of the average germanium content of 
the samples. The half-blackened symbols refer to the two-phase samples. The dashed line represents the 
linear dependence (the Vegard's rule) observed for the GaSb-Ge continuous solid solutionsi0. V ,  = a3/8,  
where a is the lattice parameter. 
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to 100 K together with the chamber. Then the pressure was lowered to the ambient 
one, the pellet was taken out of the chamber and X-rayed at 100 K (Fig. 2). The 
X-ray measurements in this work were carried out on a DRON-2.0 diffractometer 
using FeK, radiation. 

Stable and metastable equilibria in the crystalline quasi-binary GaSb-Ge alloys at 
ambient pressure are rather throughly studied. In the equilibrium phase diagramg, 
there is a eutectic at 630Tc, 40 at.% Ge with the maximum solid solubility of 2 at.% 
Ge in GaSb (sphalerite-like structure) and 8 at.% GaSb in Ge (diamond-like struc- 
ture). Rapid quenching from the melt l o  allows obtaining metastable continuous 
solid solutions GaSb-Ge. The sphalerite-like structure of the solutions depleted of 
Ge transforms to the disordered diamond-like structure at approximately 40 at.% 
Ge. The concentration dependence of the atomic volume, V,, of the solutions well 
obeys the Vegard’s rule (dashed line in  Fig. 1). 

As is seen from Figure 1, the starting GaSb-Ge alloys prepared in the present 
work were two-phase in agreement with the equilibrium phase diagram’. The 
atomic volumes and, therefore, the compositions of the sphalerite-like and diamond- 
like phases varied, however, with the average composition of the alloy. These 
compositions thus were apparently non-equilibrium. From the comparison of the 
observed V ,  values with the dependence for the continuous GaSb-Ge solid solutions 
shown by the dashed line, one could gather, in particular, that the diamond-like 
phases of the samples with 36 and 50 at.% Ge contain about 90 and 93 at.% Ge, 
respectively. 
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Figure 2 Volume V, per atom of the tetragonal ‘D-Sn’ phase (triangles) and the cubic diamond-like phase 
(squares) at ambient pressure and 100 K as at function of the average germanium content of the 
GaSb-Ge samples exposed to 7.5 G P a  and 250°C for 24 17. The point for GaSb is taken from Ref. 13, that 
for Ge is the extrapolation of the high pressure data of Ref. 11, the other points are the data of the present 
work. The half-blackened syinbols refer to the two-phase samples. The dashed line represents the volume 
dependence for the ‘p-Sn’ type CaSb-Ge solid solutions provided that they obey the Vegard’s Itile. 
V,  = aZc/4 and u 3 / 8  for the ‘p-Sn’ and diamond-like phases, respectively. 
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204 V.E. ANTONOV etal  

The high-pressure phase of germanium is metallic and has a 'P-Sn' type crystal 
structure',". The high-pressure phase of the GaSb alloy is also metallic, has the 
same equiatomic composition as the low-pressure phase, and its crystal structure is 
close to that of O-Sn both under the equilibrium conditions at high pressures' and in 
a metastable state at ambient pressure and low  temperature^'^.'^. Phase transfor- 
mations in the GaSb-Ge alloys at high pressures were studied in Refs. 4,7. From the 
behaviour of the electric resistance i t  was concluded' that a homogeneous metallic 
phase is formed at P > 8-9 GPa and T >  400°C in the alloys with compositions in 
the whole range from GaSb to Ge. 

As is seen from Figure 2, the high-pressure 'P-Sn' phase (called h p p  for brevity 
hereinafter) was formed in all GaSb-Ge samples exposed to 7.5 GPa and 250°C in 
the present work. This was the only phase in the samples containing up to 30 at.% 
Ge, whereas the samples with 36 and 50 at.% Ge consisted of a mixture of the hpp  
and the diamond-like phase. The latter, however, was not just the rest of the low- 
pressure phase contained in the starting samples. The atomic volume of this phase 
decreased (compare Fig. 2 and Fig. 1) and now corresponded to approximately 98 
at.% Ge in the GaSb-Ge solution instead of 90-93 at.% Ge before the high pressu-e 
treatment. The change in the composition of the diamond-like phase results fron, 
the effet of pressure on the limiting solid solubility of GaSb in Ge. (Note, that at 
least one two-phase region should seperate the region of coexistence of the 
sphalerite-like and the diamond-like phases from the single-phase region of the h p p  
in the equilibrium T-P phase diagram of the GaSb-Ge system according to the 
phase rule.) 

In the case of the GaSb-Ge alloys containing up to 30 at.% Ge, such a two-phase 
region is apparently located at pressures lower than 7.5GPa. The single phase 
composition of the samples of these alloys prepared at  7.5 GPa is additionally 
evidenced by a good agreement of the atomic volume of the quenched h p p ,  plotted 
as a function of the average Ge content of the alloys, with the dependence for the 
ideal GaSb-Ge solid solutions shown in Figure 2 with the straight line. This is the 
metastable h p p  that amorphizes on heating at ambient pressure whereas the dia- 
mond-like GaSb-Ge phase with low GaSb concentration is thermodynamically 
stable at ambient pressure and never transforms to a metastable amorphous state. 
To be certain that the h p p  sample contained no traces of the diamond-like phase, we 
selected the alloy with 24 at.% Ge for further investigations. 

To transform the (GaSb)38Gez4 alloy to the amorphous state, the pellet of the k p p  
was heated in a PE DSC 7 differential scanning calorimeter to 150°C at a rate of 
20"C/min and then cooled to room temperature at 20O0C/min. The X-ray analysis 
revealed no traces of crystalline phases in the resultant amorphous sample. The 
obtained DSC curve (Figure 3) was similar to that observed earlier on amorphiza- 
tion of the GaSb h p p 1 3 ,  but essentially stretched towards higher temperatures: the 
amorphization process in the GaSb samples was completed by the room temperature 
and that in the (GaSb)38Ge24 one lasted until 130-140°C. The multi-step character 
of this process was discussed i n  Refs. 13,14. The integrated exothermic heat of 
amorphization was the same for (GaSb)38Ge24 and for GaSbI4 and equal to 
3.5 0.5 kJ/mol. 
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Figure 3 
ZO"C/min in the interval of its ainorphization. 

Heat flow versus temperatuie 011 heating the 'P-Sn' type (GaSb),,Ge2, high-pressure phase at 

According to the X-ray data of Ref. 15, the structure of u-(GaSb)38Ge24 can be 
represented with a continuous network of nearly ideal tetrahedra with the pa- 
rameters (coordination numbers, bond lengths and angles) close to those of crystal- 
line (GaSb)38Ge24. The density d = 5.53 10.06 g/cin3 of u-(GaSb)38Ge24 measured 
by hydrostatic weighing in the present work also coincided within the experimental 
error with d = 5.56g/cm3 of crystalline (GaSb)38Ce~ derived from the X-ray data of 
Ref. 10. 

The alloying with Ge strongly increases not only thermal stability of a-GaSb', but 
also its mechanical stability. Any  damage or relatively light shock (say, due to a fall 
on the table from a height of 10cm) results in an iininediate crystallization of an 
a-GaSb pellet the size of a few millimeters. No traces of crystallization were ob- 
served for a-(GaSb)j8Ge24 after pestling the sample to fine powder at room tem- 
perature. 

The high pressure measurenients of the electrical resistance were carried oul  on 
the samples in the form of bars 1 x 1 x 3 1~111-1~ cut from one pellet of a-(GaSb)3&e24 
with an abrasive wire saw. The resistaiice was measured by a conventional d.c. 
four-probe technique with copper electrodes pressed against the samples in Toroid 
type quasihydrostatic high pressure chambers using hexagonal BN as a pressure 
transmitting medium. The pressure was measured accurate to i 0.4 GPa, the tem- 
perature to k7"C. 

3. RESULTS 

The obtained T-P diagram of phase transformations of the initially amorphous 
(GaSb)38Ge24 alloy is depicted in Figure 4. Representative isobars and isotherins of 
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206 V. E. ANTONOV et al 
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I \ 4400 
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Figure 4 T-P diagram of phase transitions in the initially amprphous (GaSb),,Ge,,. -The  labels: 
sup = semiconducting unordered phase; hpp= high-pressure 'P-Sn' type phase; sph + &a= a mixture of the 
sphalerite-like and diamond-like low-pressure phases. The asterisks show the positions of the irreversible 
s u p - + s p h + d i a  transition at increasing temperature or pressure. The solid and open triangles stand for the 
sup-hpp  and hpp+sup transitions at  increasing and decreasing pressure, respectively. The solid and open 
circles indicate the sphf  d i a - t h p p  and hpp-sph+dia  transitions, also at increasing and decreasing press- 
ure. 

electrical resistance used to construct this diagram are shown in Figures 5 and 6. 
The phase identification in the fields labelled in Figure 4 was determined by X-ray 
examination of the quenched samples. The labels with slashes mark the fields where 
either of the indicated phase compositions was possible depending on the previous 
treatment. Phase transformations in the samples never heated above 100°C were 
qualitatively different from the transformations observed at higher temperatures that 
allows one to consider the T-P diagram in Figure4 as composed of two separate 
parts, below and above 100°C. The labelling of the fields in Figure 4 takes account 
of this separation, The amorphous state is called the semiconducting unordered 
phase (sup) because the latter is more suitable for further discussion in Section 4. 

As is seen from the upper part of Figure 4, the crystallization temperature of the 
amorphous (GaSb)38Ge24 to the sph + dia mixture decreased from about 300°C at 
ambient pressure (which agrees with the data of Ref. 7) to about 150°C at 3.7 GPa. 
The hysteresis of the sph + dia+hpp transformation was small and lied within the 
experimental error at T 3  200"C, and the curve of the transformation was close to 
the vertical line P = 5 GPa. The formation pressure of the h p p  steeply increased with 
the decrease in temperature to 150°C, and no transformations occurred in the 
s p h  + dia samples at  lower temperatures and P < 7.7 GPa. 

At T< lOo"C, the a-(GaSb)38Ge24 crystallized to the hpp at pressures above 4.5-5 
GPa. The hpp samples, however, contained traces of the low pressure sph and dia. 
The sup --f hpp transformation was reversible, and the pressure of amorphization of 
the h p p  increased from nearly atmospheric pressure at 17°C to 2.7 GPa at  100°C. 
The obtained amorphous samples also contained traces of the sph and dia. The lines 
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Figure 5 
cooling (open symbols) of the amorphous (GaSb),,GeZ, samples. 

Isobars of the electrical resistivity, p ,  measured on step-wise heating (solid symbols) and 
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Figure 6 
measured in the course of a step-wise increase (solid symbols) and decrease (open symbols) in pressure. 

Isotherms of the electrical resistivity, p ,  of the initially amorphous (GaSb),,Ge,, samples 

of the sup + sph + dia and sup --$ hpp transformation seem to form a continuous and 
rather smooth boundary of the sup existence region in the T-P diagram. 

As is seen from the comparison of the phase compositions of the adjacent fields in 
Figure 4 at T >  100°C, direct transitions betwen the fields are inconsistent with the 
phase rule. The points in Figure 4 actually show the centres of the finite temperature 
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208 V. E. ANTONOV et al. 

or pressure intervals involving two or more phase transitions. Because of the differ- 
ent rate of these transitions, they can be noticeably spaced apart and clearly seen if 
the temperature or pressure is changed quickly enough. For example, in the course 
of the DTA measurement at ambient pressure' with a heating rate of 20"C/min, the 
amorphous (GaSb)=38GeZ24 alloy first transformed at about 300°C to another 
metastable state, a homogeneous sphalerite-like solid solution, which then decom- 
posed to  a nearly equilibrium mixture of the sphalerite-like (sph) and diamond-like 
(dia)  phases, depleted and enriched in germanium. 

In the present work, the temperature and pressure dependences of electrical resisti- 
vity, p, were measured at a step-wise increase or decrease in temperature or pres- 
sure. The samples were exposed at each given point until the slope of the lg(p) versus 
time dependence decreased by a factor of ten, and the final value of lg(p) was plotted 
in the figure. At any temperature from 17 to 330°C, this took 40-90 min in the 
vicinity of the phase transformations and 5-20 min in the other intervals. As is seen 
from Figures 5 and 6, with the changes in the temperature and pressure that slow, 
the intervals of complex phase transformations between the fields labelled in Fig- 
ure4 are rather narrow, the different stages of the transformations are not well 
resolved and apparently overlap. Accordingly, i t  did not seem useful showing these 
intervals in the T-P diagram. 

The, transformation of ~ - ( G a S b ) ~ 8 G e ~ ~  to the s p h  + dia mixture (asterisks in 
Fig. 4) was accompanied by a fall of the resistivity, see Figure 5. Sometimes this was 
a single rather steep step of the dependence as in the isobar at 0.05 GPa, sometimes 
the behaviour of the resistivity was more complicated reflecting a multi-stage char- 
acter of the transformation as in the isobar at 1.3 GPa. Every time the transforma- 
tion was irreversible. This fact was evidenced by the X-ray data as well as by the 
behaviour of the resistivity (compare the dependences at  0.05 GPa measured on 
heating and on cooling). Judging by the V, values, the resultant sph+dia mixture 
conGsted of the sphalerite-like phase containing about 2.5 at.% Ge and the dia- 
mond-like phase with about 96 at.% Ge. The composition of the samples was thus 
close to  the thermodynamically equilibrium one at low pressures', so they had no 
reason to transform back to the metastable amorphous phase. 

After the transformation of the ~ - ( G a s b ) ~ ~ G e ~ ~  sample to the splz + diu state was 
completed, the temperature was set to a certain chosen value and the isotherm of 
electrical resistance was measured at increasing and then at decreasing pressure in 
order to determine the positions of the splz + dia + h p p  and sph + dia + h p p  trans- 
formations. A representative isotherm at 300°C is given in Figure 6. The obtained 
positions of the transformations are shown in Figure 4 by the circles. 

In contrast to the sup + sph + dia transformation, both initial and final states of 
the sph + dia -+ hpp  transformation are thermodynamically equilibrium. To answer 
the phase rule, the interval of this transformation should incorporate at least two 
different phase regions as the initial and final states of the transformation differ by 
two phases. As was discussed in the previous Section, a d i a f h p p  field exists in the 
equilibrium T-P diagrams of (GaSb)32Ge36 and (GaSb)zsGeso alloys. The diagram 
of the (GaSb)38Ge~ alloy is most probably of the same type and hence also con- 
tains the dia + h p p  field which adjoins the h p p  field. Then the simplest sequence of 
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AMORPHOUS GaSb-Ge ALLOY 209 

the phase fields crossed during the phase transformation is sph + dia -+ sph + dia 
+ lipp -+ dia + hpp -+ hpp. 

In the interval of the sph + dia -+ h p p  transformation at increasing pressure, two 
steps were always seen in the isotherms of the electrical resistance (Figure 6, curve 
300"C, solid squares). The first of this steps is thus reasonable to ascribe to the 
transition of the Ge-depleted sph to the hpp ,  and the second step to the dissolution 
of the Ge-rich dia in the formed hpp.  The intervals of these transitions, however, 
seem to noticeably overlap as the first step is too small, so the fully equilibrium 
sph + dia + hpp  and dia + h p p  states were not reached in the experiment. Judging by 
the presence of only one step in the electrical resistance isotherms measured at 
decreasing pressure (Fig. 6, curve 300°C, open squares), the reverse transitions oc- 
curred practically simultaneously. 

Proceeding to the lower part of Figure 4, note that the points of the sup --f hpp  
transformation are located very close to the linear prolongation of the nearly verti- 
cal line of the sph + diaahpp transformation at 200 d T< 330°C. The lzpp therefore 
was mainly formed in the region of its stability in the equilibrium T-P diagram. The 
quenched hpp  samples, however, contained traces of the low-pressure spli and dia. 
The low-pressure phases might be formed on crossing the spli + dia + h p p  and 
dia + hpp intervals of the sph + dia + h p p  transformation at increasing pressure as the 
interval of the sup -+ h p p  transformation was large enough to cover both of them (see 
Fig. 6, curves 17°C and 100°C, solid symbols). These phases did not transform to the 
hpp at higher pressures due to a large hysteresis of the sph+dia-+ h p p  transforma- 
tion at temperatures below 200°C which is clearly seen in the upper part of Fig- 
ure 4. 

The above s p h  and dia being stable phases at low pressures, undoubtedly 
remained in the samples after the reverse hpp +sup transformation occurring on 
decreasing pressure at T< 100°C. The fraction of the sph and dia, however, notice- 
ably increased, so the hpp had partly transformed to a mixture of these phases. The 
latter agrees with the observations in Ref. 7 that the amorphous GaSb and 
GaSb-Ge samples containing up to 25 at.% Ge and produced by decompression of 
the h p p  at room temperature, always contained about 10 vol.% of crystalline phases. 
If the lzpp sample was decompressed at -170°C, no formation of the crystalline 
phases in the course of the Iipp +sup transformation on further heating at  ambient 
pressure was observed for (GaSb)38Ge~ in the present work (this is how the initial 
amorphous sample was prepared) and for GaSb in Refs. 12,13. 

Another difference between the (GaSb),&ez4 samples decompressed at - 170°C 
and then heated at  ambient pressure and those decompressed at room and higher 
temperatures in the high pressure chamber was that the former still contained a 
noticeable amount of the h p p  even after heating above 100°C whereas the latter 
never contained any traces of this phase. We attribute this to additional plastic 
deformation of the samples faciltating the h p p  -+ sup transformation during decom- 
pression of the quasihydrostatic high pressure chamber at elevated temperatures. 
The X-ray examination showed that the partly amorphous (GaSb)38Ge24 sample 
obtained by heating the quenched Izpp to room temperature at ambient pressure 
transformed to the fully amorphous state after pestling in the mortar. 
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210 V. E. ANTONOV et al. 

4. DISCUSSION 

4.1. T-P Diagram of Metastable ‘Isoconcentrational’ Equilibria 
in the (GaSb)38Cez4 System 

The available models relate the phenomenon of pressure induced solid state 
amorphization (SSA) to specific features of the T-P diagrams of stable and meta- 
stabel equilibria involving the crystalline phases6: The T- P diagram needed for the 
discussion of the effect of pressure and temperature on the phase transformations of 
~ - ( G a S b ) ~ ~ G e ~ 4  is actually the diagram of metastable ‘isoconcentrational’ equilibria 
between the phases with a fixed (GaSb)38Ge~4 composition. In fact, the amorphous 
state is formed from and transforms to the phases with this composition only. As is 
seen from Figure 4, at T< 100°C this is the h p p  (the small amount of the equilibrium 
sph and dia phases precipitating in the course of the sph -+ hpp and hpp --f sup trans- 
formations practically does not change the composition of the resultant h p p  and 
sup).  At T >  100°C this is the semiconducting homogeneous sphalerite-like 
(GaSb)38Ge~4 solid solution (low pressure phase, l p p ,  hereafter) which forms first in 
the course of the irreversible sup+sph + dia transformation’. 

The metastable T-P diagram of phase equilibria in the quasi one-component 
(GaSb)38Gez4 system cannot be obtained directly in experiment, but it can be outlined 
on the basis of the data accumulated for the Ge, GaSb and GaSb-Ge systems. 

The experimental T-P diagram of stable equilibria in Ge is shown in Figure 7 by 
solid lines. The diagram is characterized by a triple point (9.5 GPa, 500°C) of the 

800 u 

600 

400 

200 

0 

Figure 7 Experimental T-P diagrams of stable equilibria in Ge (shown by the solid lines, Ref. 8) and 
GaSb (the melting curve is shown solid, the GaSb-1 GGaSb-I1 line is shown dashed as it is not deter- 
mined correctly yet, Ref. 8) and a tentative T-P diagram of the metastable ‘isoconcentrational’ equilibria 
in the (GaSb),,Ge,, system, see text. The sun-like symbol marks the temperature at which amorphization 
of the quenched (GaSb),,Ge,, hpp begins at  ambient pressure. The labels: mug = metallic unordered 
phase, either liquid or amorphous; Ipp=low-pressure sphalerite-like (GaSb),,Ge,, phase; hpp= high- 
pressure ‘fl-Sn’-like (GaSb),,Ge,, phase; Ge-I and GaSb-I are the low-pressure diamond-like phases; 
Ge-I1 and GaSb-11 are the high-pressure ‘fl-Sn’-like phases. 
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equilibrium among the semiconducting low-pressure Ge-I phase, the metallic high- 
pressure Ge-I1 phase and the metallic liquid. The latter is called, as in Ref.16, a 
metallic unordered phase (mup) so that the same name can further be used for this 
phase when it is in the equilibrium liquid state as well as in the undercooled liquid 
and amorphous states. The experimental T-P diagram of GaSb, also presented in 
Figure 7, is an analogue of the Ge diagram with the triple point being shifted to lower 
pressure and temperature (5.65 GPa, 385°C). One could expect that the ‘isoconcentra- 
tional’ T-P diagram of a Ge and GaSb solid solution should be of the same type. 

The ‘P-Sn’-like Ge-I1 and GaSb-I1 high-pressure phases belong to one homologi- 
cal ~ e q u e n c e ’ ~  and the pressure dependences of their melting points well fit one 
smooth curve shown dashed in Figure 7. The ‘P-Sn’-like (CaSb)38Ge24 hpp  belongs 
to the same homological sequence as the Ge-I1 and GaSb-TI phases, so the pressure 
dependence of its ‘isoconcentrational’ melting point should fall onto the same 
dashed curve in Figure 7. 

The temperature To = 600°C of the ‘isoconcentrational’ melting of the (GaSb)38 
GeZ4 Ipp at ambient pressue was calculated in Ref. 10. The I p p P m u p  curve in Figure 7 
was plotted equidistantly relative to the GaSb-Isnzup melting curve. The line of the 
I p p e h p p  metastable equilibrium was roughly approximated by the sph + dia+hpp line 
(the solid portion of this line is drawn through the middle of a rather narrow interval 
between the hysteresis branches at 200 6 T< 330”C, Figure 4). 

As is seen from Figure7, the three lines, h p p s m u p ,  I p p s m u p  and I p p s h p p ,  
intersect approximately at  one point at around 5 GPa and 350°C. This evidences 
that the above assumptions concerning the type of the ‘isoconcentrational’ T-P 
diagram of (GaSb)38Ge24 and the positions of the boundary lines were rather cor- 
rect and self consistent. 

The ‘isoconcentrational’ diagram of ( G a S b ) 3 ~ C e ~ ~  is thus an analogue of those for 
Ge  and GaSb. With the T-P diagrams of this type, spontaneous solid state amorph- 
ization of the high pressure phase is usually associated with the loss of its ther- 
modynamic stability with respect to the long-range order when the phase crosses its 
extrapolated melting curve at a temperature which is low enough to suppress trans- 
formations to other crystalline modifications. This hypothesis of ‘cold melting’ was 
first formulated by Mishima et al.” who observed SSA of the Ivlll high-pressure 
phase of ice on crossing its extrapolated melting curve at decreasing pressure as well 
as SSA of the I , ,  low-pressure modification of ice on crossing its extrapolated 
melting curve at increasing pressure. Richet” used these considerations to explain 
SSA of silicates. Later the hypothesis of ‘cold melting’ as a cause of pressure-induced 
SSA was adopted and widely used by many researchers including the authors of the 
present paper. 

At ambient pressure, the amorphization of the (GaSb)38Ge24 hpp begins at  a 
temperature of about - 130°C as indicated in Figure 7 by the sun-like symbol. To 
agree with the ‘cold melting’ hypothesis, the melting curve of the h p p  was extrapo- 
lated so as to cross the y-axis below this temperature. 

The obtained ‘isoconcentrational’ T-P diagram ol (GaSb)&e24 is depicted in 
Figure 8 by the solid lines, the Ipp+mup line being slightly changed compared with 
that in Figure 7 in order to intersect with the hppst-rnup and l p p ~ t h p p  lines at one 
point. 
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212 V.E. ANTONOV e t a / .  

The lengthy discussion of the ‘isoconcentrational’ phase equilibria in the 
(GaSb)38Ge24 system was a sort of a payment for the possibility to have a more 
thermally and mechanically stable amorpous state allowing investigations within a 
wide temperature and pressure interval. Let us consider now what new information 
can be derived from the results of such an investigation. 

a P ,  GPa 

b P ,  GPa 

Figure 8a, b, c, d T-P diagram of the metastable ‘isoconcentratinal’ phase equilibria (extrapolated and 
calculated curves) and phase transformations observed in experiment (marked with symbols) in the 
(GaSb),,Ge,, system. The labels sup, mup, / p p  and hpp denotes the same phases as in Figures 4 and 7; the 
asterisks and triangles have the same meaning as in Figure 4. The dashed lines labelled ‘s’ and ‘nil show 
the boundaries of themodynamics stability of the sup and i m p ,  respectively. 
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Figure 8 (Continued). 

4.2. Metastable Equilibria Iizvolviizy the Seinicoizductiizy Unordered Phase 

As is seen from Figure 4, the s u p 8 h p p  transformation in (GaSb)38Ge24 at Td 100°C 
appears as a typical first order phase transformation: it is reversible and exhibits the 
hysteresis decreasing with increasing temperature. This is possible only in the case 
when each of the final states of the transformation is a phase, i.e. the state corre- 
sponding to a minimum of the thermodynamical potential at given external pa- 
rameters. The amorphous state in the (GaSb)38Ge24 system is thus a classic phase, 
though a metastable one, and not just a ‘frozen’ intermediate state. To emphasize 
this fact and by analogy with the mup, we call i t  the semiconducting unordered 
phase (sup)  in this paper. 
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As both sup and hpp are phases, a line of the sup+hpp equilibrium should pass 
somewhere between the sup-thpp and hpp-tsup lines in the T-P diagram of 
(GaSb)38Ge~.  The available experimental data allow one to determine the position 
of this line more accurately. 

The slope of an equilibrium line should follow Clapeyron equation dT/dP= 
TA V A H ,  where A V  and A H  are the differences between the volumes and enthalpies 
of the two phases in equilibrium at given Tand P (if not specified, the temperature is 
in Kelvins hereafter). The integral heat of the hpp--+sup transition in (GaSb)38Ge24 
measured at ambient pressure is AH"(300 K) z + 3.5 kJ/mol (we refer this value to 
Tz300K as it is the center of the temperature interval of the transition, see Fig. 3). 
Let the pressure of the supehpp equilibrium at 300 K is P = 2.5 GPa, which is the 
center of the hysteresis interval at this temperature (Fig. 4). The A H  value at 
T=300K and P=2.5GPa then can be estimated as: 

With K U p  = 16.3 cm3/mol and vhpp = 13.2cm3/mol from the density and X-ray 
measurements at ambient pressure this yields: 

A V z  - 3.1 cm3/mol; A H  z + 3.5 - 8 = - 4.5 kJ/mol and dT/dP z + 200 K/GPa. 

The supshpp  line with this slope is erected in Figure 8a. As is seen, it intersects the 
/zppi=1-mup line at about 3.9GPa and 570K. In accordance with the phase rule this 
intersection should be a triple point and give birth to the third line, the line of the 
sup s mup equilibrium. 

The line of the supsmup equilibrium is a new element for the T-P diagrams with 
semiconducting amorphous phases. As a line of the metastable equilibrium, it extends 
on both sides of the triple point (Fig. 8b) and describes equilibrium between the sup 
and mup which can be considered as either liquid or solid (i.e. amorphous) phases 
depending on their viscosity at a given temperature. The sup+mup line has never been 
observed in experiment, but its existence and approximate position was predicted for 
the GaSb, InSb and InAs systems as a result of the model  calculation^'^. 

In the case of the (GaSb)38Ge~ system one point of the supsmup  line is known 
and the position of this line can be determined prior to model calculations and more 
accurate than for the systems considered in Ref. 16. In fact, the slope of this line, 
dT/dP = TAV/AH = AV/AS, where S is the entropy, should be negative because 
AS > 0 and A V <  0 when any covalent substance melts to a metallic liquid'6,20. 
Moreover, the value of A S  should be of the order of 30 J/(K.mol) if the substance is a 
covalent compound, and the value of A V  should not differ much from that for the 
sup$hpp transformation16. This yields dT/dP of the order of - 100K/GPa. The 
supsinup line with dT/dP = - 100K/GPa, however, would intersect the lppsmup 
line at about 1.5 GPa. This does not look probable because it means that a metal-to- 
semiconductor transition should occur in the (GaSb)38Gez4 melt at ambient pres- 
sure whereas the melts of various diamond-like and sphalerite-like semiconductors 
studied at ambient pressure were shown to be metals with low concentration of 
semiconducting clusters at  temperatures down to the melting point". 
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One can see therefore that the mutual position of the equilibrium lines in the 
metastable T-P diagram of (GaSb)3sGe24 strictly confines allowable values of the 
slope of the supemup  line. The supsmup line plotted in Figure 8 has 
dT/dP = - 70K/GPa that corresponds to ASz44 J/(K.mol). 

4.3. Model Calculations 

To know more about the sup+mup equilibrium, a model is necessary. We will use 
the two-level model first developed to describe the T-P diagram of cerium undergo- 
ing an isomorphic transitionz2 and then successfully applied to the transitions be- 
tween amorphous phases in icez3 and GaSb, InSb and InAs alloys’6. 

The basic concept of this model is that both mup and sup are formed by the 
clusters of two types, metallic and semiconducting, which are considered as two 
microscopic states or two components of the unordered system. The Gibbs potential 
of the system is then written in the approximation of regular solutions: 

G = G,C + G,(1 - C ) +  UC(1 -C)+RT[Cln  C + ( l  - C)ln (1 - C ) ] ,  (1) 

where G, and G, are the Gibbs potentials of the components, i.e., of the alloy in 
purely metallic and semiconducting unordered states, U is the mixing energy and C 
is the volume concentration of the metallic component. By contrast to the standard 
approximation of regular solution, the parameter C is not an independent variable; 
it is found from the minimum conditions: 

aqac = 0; a2G/ac2 > o 
As a function of C, the Gibbs potential (1) can have one or two minima depending 
on the T-P region involvedz4. The two minima of G(C) are equal along a straight 
line which is the line of the first order transformation between the 7nup and sup. 
Along this line, the concentration of the metallic clusters increases in the sup and 
decreases in the mup with increasing temperature, and the line terminates at a 
critical point at T,,= U/2R. The points in the T-P plane where one of the two 
minima of G(C)  degenerates to an inflection point, form the line of a complete loss of 
thermodynamic stability of the corresponding phase; the two lines formed in this 
way terminate at the same critical point with the S U ~ + J ~ U ~  equilibrium line. 

The Gibbs potential (1) is specified in a unique fashion by four constants: U and 
AE, AS and AVwhich are the differences between the internal energies, entropies and 
volumes of the components. In the case of the (GaSb)38Ge24 system, A V  was set 
equal to 3.1 am3/mol and then AE = 36.2 kJ/mol and AS = 44 J/(K.mol) were deter- 
mined from the position of the supdmup line shown in Figure8a. The value of 
U = 19 kJ/mol was chosen so that C = 92 vol.% at ambient pressure and 873 K 
which is the point of ‘isoconcentrational’ melting of the lpp .  This concentration of 
the metallic component was observed21 at the melting temperature in  liquid GaSb, 
the nearest analogue of (GaSb)3gGezA. With the chosen value of U ,  the line of ths 
s u p e m u p  equilibrium terminates at a critical point at about 1140 K and a negative 
pressure of about - 4.3 GPa. 

So far as the phase equilibria are concerned, the most interesting result of the 
model calculation is the position of the lines where the sup and 7nup Iose their 

D
ow

nl
oa

de
d 

by
 [

In
st

itu
tio

na
l S

ub
sc

ri
pt

io
n 

A
cc

es
s]

 a
t 1

0:
51

 2
0 

Ju
ly

 2
01

1 



216 V.E. ANTONOV e t a /  

thermodynamic stability. These lines are shown dashed in Figure 8b and superim- 
posed on the equilibrium diagram. The sup is no longer a phase above the line 
labelled ‘s’ and the mup cannot exist below the line labelled ‘m’. 

4.4. Effects Caused by Phase Instubility 

The position of the boundaries of thermodynamic stability of the sup and mup in the 
T-P diagram of (GaSb)38Ge24, though determined rather semi-quantitatively, 
allows some distinct conclusions. 

4.4.1. Position of the ‘m’ line 

It explains, for example, why the quenched hpp does not transform to a metallic 
amorphous state on heating at ambient pressure: this state just does not correspond 
to any minimum of the thermodynamic potential at temperatures up to about 800 K. 

The position of the ‘m’ line also explains why no amorphous state of (GaSb)38 
Ge24 has ever been obtained by quenching from the melt at ambient pressure: the 
metallic melt becomes unstable and inevitably transforms to some other state at a 
rather high temperature, above 800 K; the cooling rate slows down because of the 
heat release accompanying the transformation, and this allows crystallization of the 
alloy. 

Another interesting feature of the diagram is that the line of the metastable 
hppr’tmup equilibrium cannot extend below the ‘m’ line because the mup does not 
exist there as a phase. The h p p ~ m u p  line therefore terminates at a critical point on 
intersection with the ‘nz’ line at about 500 K and 3 GPa. 

This critical point is of a new type never analyzed before. In particular, physical 
sense (if any) of the h p p s n z u p  line extrapolated below the critical point is not clear 
at the present. This problem, however, is worth discussing as the extrapolation of 
the melting curve of the high pressure phase to low temperatures and pressures has 
been successfully used to explain the phenomenon of spontaneous amorphization in 
a number of different systems6. 

4.4.2. Melting curve of the h p p  and hysteresis of the s u p s h p p  transformution 

It seems well established that the melting temperature of a solid is close to the 
temperature of its thermodynamic instability (an adequate bibliography concerning 
melting and instability of the crystals with respect to long range order is given 
in Ref. 25). One can assume therefore that the hpp+mup line itself (shown solid 
in Fig. 8b) and its smooth extrapolation below the critical point (shown dashed in 
Fig. 8b and to lower temperatures in Fig. 7) represent the boundary of ther- 
modynamical stability of the lzpp. I t  is exactly the idea exploited to account for 
ainorphization of the high pressure phase on crossing its extrapolated melting curve 
at low temperature and pressure16. In the case of the (GaSb)38Ge24 system, how- 
ever, this idea does not work. 

Figure 8c presents the hysteresis branches of the s u p ~ h p p  transformation deter- 
mined in the experiment. As is seen, the line of the hpp-sup transition intersect the 
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extrapolated h p p $ t u p  line at a rather high pressure of about 1 GPa. This cannot 
happen if the k p p  does not exist on the left of the h p p & ~ ~ p  line. The behaviour of 
the hpp-isup line thus allows a conclusion that the boundary of the hpp  stability 
region lies above room temperature at the pressures down to few hundred atmos- 
pheres and therfore much differs from the extrapolated kpp&mup line at least for 
P < 1 GPa.  

The intersection of the hpp-isup line with the extrapolated I zppe i i zup  line also 
shows that the loss of thermodynamic stability of the crystalline phase is not a 
necessary condition for its amorphization. For example, at  473 K the k p p  transforms 
to the sup at about 2.7 GPa (the rightmost open triangle in Fig. 8c), deeply inside the 
region where the k p p  can exist as a phase according to the discussion above. 

Summing up, it can be concluded that at  temperatures above 290K the sup 
appears as a usual metastable phase. Its formation is thermodynamically possible 
under the conditions determined by the line of the h p p e s u p  equilibrium and not by 
the melting line of the hpp  extrapolated from higher temperatures as it  was often 
thought before. 

As for the reverse sup- i kpp  transformation, it takes place near the ‘ni’ line. If i t  is 
not just a coincidence, this might suggest that the i m p  forms in the course of the 
sup-+hpp transformation as an intermediate state (still amorphous, but already me- 
tallic) promoting the reaction. Note, however, that the AG = PAV contribution to 
the thermodynamic driving force of the sup+ k p p  (and sup-,i~zup) transformation is 
large and rapidly increases with the pressure due to the large A V z  -20% of the 
transformation. This should decrease the pressure hysteresis of the s u p ~ h p p  trans- 
formation by increasing the steepness of its sup- ihpp  branch in no dependence of 
the specific transformation mechanism. 

4.4.3.  T h e r m a l  s tab i l i t y  of t h e  sup 

An interesting effect is a rather steep decrease, by about 150 K at 3.7 GPa, in the 
temperature of the sup crystallization to the lpp,  see Figure8d. The sup-t lpp 
transformation is accompanied by a small change in volume, less than 1%, so the 
AG FZ PAV Contribution to the thermodynamic driving force can hardly explain the 
observed pressure effect. 

The sup+Ipp line, however, is not a line of a thermodynamic equilibrium. Its 
position in the T-P diagram is also affected by kinetical factors, actually determined 
by the energy barriers retarding redistribution of the atoms in the course of the 
transformation, and the effectiveness of the barriers is characterized by thermal 
stability of the initial and final products of the transformation. 

As a measure of thermal stability of the solids (the value of self-diffusion coeffi- 
cient, etc.) and of various states of the solids (the recrystallization temperature of 
microcrystalline or strongly deformed or amorphous materials, etc.) ,  the reduced 
temperature, T/T, is usually used, where T,, is the melting temperature of the 
equilibrium crystalline phase. Ln particular, the so-called Kauzmann rule works well 
for a large group of semiconducting materials26. According to this rule, q/q, FZ 2/3, 
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where T, is the glass transition temperature of the melt which is usually close to the 
crystallization temperature of the resultant amorphous state. 

For the (GaSbj38Ge24 at  ambient pressure, the ratio TJT, = 573/873=0.66%2/3, 
where To is the temperature of ‘isoconcentrational’ melting of the crystalline Ipp.  The 
Kauzmann rule is thus well satisfied. If this rule is applicable to the (GaSb)38Ge24 at 
high pressures, the ‘Kauzmann’ contribution to the T,(P) dependence will be repre- 
sented by the line T(P) = 0.66.TO(P). This line is plotted dashed in Figure 8d and 
accounts for about two-third of the pressure effect on the T, at P = 3.7 GPa. 

It is a good accuracy for the description of the pressure behaviour of a non- 
equilibrium parameter. For example, the positions of the hysteresis branches of any 
first order phase transition (say s u p ~ ? h p p )  usually cannot be predicted even qualita- 
tively. We believe therefore that the melting curve of the equilibrium semiconducting 
phase can be a good guide for evaluation of the pressure effect on thermal stability 
of the related amorphous state. 

The (GaSb)~Ge24 systems gives one more example in support of the said: i t  is 
seen from Figure 8d that the ‘s’ line, the boundary of the sup stability region, is 
practically parallel to the To(P) line. 

Another example is the pressure dependence of the crystallization temperature of 
amorphous selenium’ depicted in Figure 9. The dependence shows a pronounced 
maximum at a pressure of 1-1.5 GPa though the transformation is accompanied by 
a large volume decrease26 of about 11 YO that should have led to a monotonous and 
steep decrease in the T, with increasing pressure. The melting temperature of trigo- 
nal Se-I, a crystalline analogue of a-Se, however steeply increases with the pressure 
that, as we suggest, indicates an increase in the thermal stability of a-Se. The two 
opposite effects are of the same order of magnitude as their competition gives rise to 
the T,(P) dependence with a maximum. 

u 
600 

E; 

400 

200 

I , , , , , , , 4300 
O O  2 4 6 0 

P ,  GPa 

Figure 9 
melting temperature, T,, of the crystalline Se-I phase”. 

Pressure dependences of the crystallization temperature, q, of amorphous selenium’ and of the 
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5. CONCLUSIONS 

By using the method of spontaneous amorphization of the metastable high-pressure 
phase on heating at ambient pressure, a bulk sample of amorphous semiconductor 
(GaSb)38Ge24 was prepared. The sample contained no crystalline inclusions and 
demonstrated the highest thermal and mechanical stability of all amorphous ma- 
terials produced so far by this method5. 

The crystallization temperature of a-(GaSb)38Ge~ was shown to monotonously 
decrease with applying pressure from 300°C at ambient pressure to room tempera- 
ture at  about 5 GPa. In accordance with the T-P diagram of stable equilibria also 
measured in the present work, the crystallization products were either the metallic 
high-pressure phase (hpp)  at T< 100°C or a mixture of the semiconducting low- 
pressure phases at higher temperatures. The crystallization was reversible in the first 
case and irreversible in the second. 

The analysis of the available experimental data and the model calculations showed 
that a-(GaSb)38Ge~ is a metastable phase (not just a ‘frozen’ non-equilibrium inter- 
mediate state) and allowed a construction of the T-P diagram (Fig. 8b) of metastable 
equilibria between this semiconducting unordered phase (sup), the h p p  and the metallic 
unordered phase (mup). In the diagram, both sup and nzup can be considered as either 
amorphous or liquid phases depending on their viscosity at a given temperature. 

Amorphization of the high-pressure phase at decreasing pressure was shown to be 
thermodynamically possible under the conditions determined by the line of the 
hppdsup equilibrium and not by the melting curve of the h p p  (the line of the 
lzpp$mup equiblirium) extrapolated from higher temperatures, as it was often 
thought before. The conditions of the sup formation (open triangles in Figure 8c) do 
not correlate with the position of the lzpp melting curve either. 

Moreover, the region where the nzup can exist as a phase, i.e. as a state correspond- 
ing to a minimum of the thermodynamic potential, was shown to be bound from 
below (the ‘m’ line in Fig. 8c). The hpp melting curve terminates at a critical point on 
intersection with this boundary and cannot be extended to lower temperatures. 

The steep decrease in the temperature of the irreversible crystallization of the sup 
at pressures to about 3.7 GPa accompanied by a small volume effect was attributed 
to the decrease in thermal stability of the sup and the homogeneous sphalerite-like 
(GaSb)38Ge24 solid solution which is the first product of the crystallization. The 
behaviour of the melting curve of the crystalline semiconducting phase was sugges- 
ted as a guide for evaluating the pressure effect on thermal stability of the related 
amorphous phase. 

The above features are expected to be typical for phase transformations in many 
other substances (Ge, Si, C, GaSb, Cd-Sb, Zn-Sb, ctc.) characterized by a decrease 
in the melting temperature of the low-density phase with increasing pressure. 
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