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Structural relaxation and the crystallization of metastable phases have been studied in
samples of amorphous gallium antimonide, a-GaSb, produced by quenching under pressure.
The samples were studied by measurements of the temperature and time dependence
of the resistivity, by differential thermal analysis, and by x-ray diffraction. A nonstoichiometric
amorphous phase GaxSbl-, which arises in the interior of the sample under certain
synthesis conditions, plays an important role in the relaxation and crystallization. The
GaxSbl-,
phase with x > 0.5 causes a-GaSb superconductivity induced by the conversion to an
amorphous state. The sequence of phase transitions and the resultant changes in the
structure of the samples in the course of crystallization have been determined. As the
temperature is raised to T- 350 K, a precrystallization process occurs in a-GaSb. This process
consists of a decrease in the residual content of crystalline phase and a decrease in the
from x - 1 to x-0.8, in the superconducting inclusions. At
maximum value of x in GaxSbl-,
a higher temperature, T 350-370 K, a GaxSbl-, phase with x-0.8 crystallizes. In the
temperature range T-380-500 K a tetrahedral amorphous phase of a-GaSb with E,= 1.4 eV
is observed to crystallize. In the same temperature range, at T-380430 K, the
structure of the GaxSbl-,inclusions with x <0.8 changes, and these inclusions undergo a
partial crystallization. As the annealing temperature is raised further, the
phase is completely suppressed. The heat
superconductivity of the inclusions of the GaxSbl-,
of crystallization of a-GaSb is 12-16 kJ/mole. There is a relationship between the
deviation from stoichiometry, x, and the physical properties of the Ga,Sb,-, phase, namely
the crystallization temperature, the superconducting transition temperature T,, and
the upper critical field H,,. The superconducting properties of the inclusions with x < 0.8 and
x > 0.8 are quite different, possibly because of a change in the short-range order as x is
varied. A general mechanism for the onset of superconductivity in two-component
semiconductor systems is proposed. The applicability of this mechanism to epitaxial GaAs
films is discussed. A method for structural analysis of the mixture of amorphous and
crystalline phases which arises in the course of structural relaxation and crystallization is
discussed. In this method it is possible to analyze the interface between the amorphous
and crystalline regions. All phase-transition processes in a-GaSb are accompanied by changes
in the structure of the boundary region.
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1. INTRODUCTION

High-pressure synthesis (at p= 100 kbar) has proved
to be one of the most effective methods for putting 111-V
semiconductor compounds and also ZnSb, CdSb, etc., in
an amorphous
A characteristic particularity of all
these materials is a structural relaxation at temperature
T < T,, , where T,, is the crystallization temperature.4 According to the present understanding, this relaxation consists of an annealing of "defects" out of the amorphous
network.
In compounds whose unit cell contains atoms of two or
more species, e.g., GaSb, there is the possibility that structural defects will form upon the conversion to an amorphous state, because of a deviation from the stoichiometry
of the original material. Furthermore, when an amorphous
68
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state is reached by way of a high-pressure crystalline phase
of the original
one might expect that structural defects would also be generated because the shortrange order of the high-pressure phase would persist locally in several regions of the sample (the high-pressure
phase is usually a lower-symmetry metallic phase characterized by a large coordination number).
Defects of this sort are of particular interest for bulk
samples of amorphous gallium antimonide synthesized by
quenching under pressure, because superconductivity is induced by the conversion to an amorphous
It was shown in Refs. 5 and 6 that a-GaSb samples can
be classified as either insulating or metallic on the basis of
their conductivity, which depends on the conditions of
their synthesis under a pressure of 90 kbar.
Using the synthesis procedure shown in Fig. la, where
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FIG. 1. Procedure for synthesizing bulk samples of amorphous gallium antimonide. b, c: Structure of the a-GaSb samples (according to Refs. 7 and 8 ) produced at various synthesis temperatures. In the synthesis, the original GaSb
sample, of stoichiometric composition, was moved across the
GaSbI-GaSbII phase-transition line and stopped at p,,,, . After a hold at T,,, (point A), the sample was quenched to
room temperature (point 8 ) .At this point the pressure was
relieved (point C ) . The process A, B- C leads to an amorphous state and a metallic sample; the process A2 B- C
leads to an insulating sample (see the text proper). Frames b
and c of this figure correspond to the metallic and insulating
samples. Shown for comparison is the electrical-conductivity
scale of the insulating and metallic samples at T=4.2 K. The
numbers represent inclusions of various phase compositions.
I-The a-GaSb amorphous phase; 2-the he-GaSb crystal;
3-the GaSb, _,
phase.

-

the synthesis temperature T,,, was varied at a fixed pressure P,,, =90 kbar in order to produce the different a-GaSb
samples, we showed in Refs. 5 and 6 that a variation of
T, induces a metal-insulator transition between the two
groups of samples. The insulating samples correspond to
T,,, < 8WC, and the metallic ones to T,,, > 800 "C. The
difference in the electrical conductivities of the metallic
and insulating samples reaches lo9 IR . cm (Fig. 1) .
On the metallic side of the transition (at TsYn)800"C;
Fig. lb), the resistivity p depends only weakly on the temperature. At T<8 K we see a superconducting transition,
in the course of which the resistance decreases smoothly to
zero in the interval 1.8 K(T<8 K. The absolute value of
the resistivity in the normal state is p-0.1-1 R . cm (Ref.
5, Fig. 1).
According to Refs. 5 and 6, the variation of T,,? is
accompanied by the following structural changes, which
lead to the metal-insulator transition. First, the increase in
T,,, leads to an increase in the relative content of the
tetrahedral crystalline phase GaSb I in the a-GaSb samples, from -5-10% at T,,,~400 "C to
15-17% at
Ts,,~1100"C. Second, at a critical temperature
T$,-800 "C, inclusions of a nonstoichiometric amorphous GaxSbl-, phase arise in the interior of the a-GaSb
sample. These inclusions have a metallic conductivity, and
at x > 0.5 they are superconducting. The coexistence of a
low-resistivity crystalline GaSb phase and an amorphous,
nonstoichiometric GaxSbl-, phase in the interior of the

-
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sample leads to the formation of a subnetwork of conducting channels, which shunt the high-resistivity amorphous
phase of GaSb and cause a metal-insulator transition. The
phase composition of the a-GaSb samples according to the
data of Refs. 5 and 6 is shown schematically in Fig. 1, b
and c. The typical size of the inclusions can be estimated to
be5 -250 A.
Since this group of structural disruptions is metastable,
it would be natural to expect the presence of the GaxSbl-,
phase to have a substantial effect on the crystallization of
a-GaSb. We need to stress that so far there has been essentially no study of the physical properties of such inclusions. Our purpose in the present study was accordingly to
learn about the structural relaxation and crystallization of
a-GaSb samples synthesized by quenching under pressure
via the procedure shown in Fig. la. For this study we
selected a-GaSb samples from the metallic side of the
metal-insulator transition (p,,, =90 kbar, T,,, = 1100 "C),
which exhibit a superconductivity and for which the content of the Ga,Sb,-, phase is maximal (Fig. lb).
The very possibility of studying an amorphous semiconductor matrix containing metastable submicron-size
metallic inclusions is also of interest.
The experimental procedures, including the sample
synthesis procedure, are described in detail in Refs. 5 and
6.
Dernishev et a/.
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FIG. 3. Structure of the first a ( S ) peak for a-GaSb. The data shown
correspond to the situation after the annealing at 380 K.
FIG. 2. Change in the structure of metallic a-GaSb samples (p,,=90
kbar, TSy,=1100 " C ) in the course of a sequential annealing at various
temperatures. 1-290 K (the original sample); 2-350; 3-380; m,
5 4 2 0 K.

2. STRUCTURE OF THE a-GaSb SAMPLES

A computer-controlled microdensitometer of original
design was used to analyze the powder diagrams of a-GaSb
test samples synthesized by quenching a melt at high pressure (p,,, =90 kbar, T,,,= 1100 "C)and then subjected to
a series of isothermal annealing steps 50-100 min long in
the temperature interval 300-620 K (a "step-by-step crystallization method"). To determine the scattering intensity
correctly, we analyzed a plot of the blackening versus the
radiation dose. The calibration was tested through independent measurements on certain samples by means of a
diffractometer.
Figure 2 shows x-ray scattering structure factors a(s)
(s=4minO/il) corresponding to an original a-GaSb sample and to the states reached as the result of each successive
isothermal annealing. Values of a(s) were calculated by
subtracting the incoherent and instrumental components
from the experimental blackening curves of the powder
diagrams of the test samples.
We see in Fig. 2 that the spectrum (curve 1in Fig. 2)
corresponding to the original state of the a-GaSb has
broad, amorphous peaks. Against the background of these
broad peaks are peaks corresponding to crystalline gallium
antimonide. The lines of crystalline GaSb, however, are
smaller than the amorphous peaks and can be detected
reliably in only the first two coordination spheres (curve 1
in Fig. 2). A significant increase in the height of the lines
of crystalline GaSb can be seen even in the interval of
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annealing temperatures Tan,- 350-380 K (curves 2 and 3
in Fig. 2). A further increase in Tan, causes a sharp increase in the height of the lines of crystalline gallium antimonide at Tann)420 K (Fig. 2).
The characteristic temperature Tan,-35C380 K at
which the crystalline lines intensify is substantially lower
than the crystallization temperature Tcr-420 K found in
Ref. 7 by differential thermal analysis of a-GaSb samples
produced by quenching under pressure. Approximately the
same values of T,, are found for amorphous GaSb films.8
On the other hand, this feature correlates well with the
value of Tcrwhich was revealed for a-GaSb in Ref. 4 by the
start of an irreversible decrease in the resistivity p of samples in the course of a step-by-step crystallization.
Let us take a closer look at the changes in the structure
of the a-GaSb samples during the annealing. As the structure argument s increases, the height of the amorphous
peaks decreases significantly (Fig. 2). We thus look at the
change in the shape of the first peak in a(s) (s- 1.5-2.2
A-'), which is a superposition of a crystalline peak and an
amorphous one (Fig. 3). Since both the relative heights of
these structural particularities and their shapes change
with increasing annealing temperature, we adopt the following model for a quantitative description of this process.
It has been shown previously5that the shape of a crystalline line can be described well by a Gaussian function
Ic(s)=Ac exp( - (s-so)'/d) and that the residual concentration of the crystalline phase in a-GaSb is proportional to nc- $Ic(s)ds-Acyc.
If we interpret an amorphous peak as a "superbroadened" crystalline line (this is an extremely crude but freDemishev et a/.
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with y, < yo, that the first term describes the region of the
amorphous peak, and that the second term describes the
edge of the line.
In this model, a(s) near s 1.5-2.2 A-' is thus given
by

-

At first glance it would appear that Eq. (2) has too
many adjustable parameters. In the case of a-GaSb, however, the analysis of the experimental a(s) curve simplifies
substantially. In the first place, at annealing temperatures
T,,g450 K the parameters s,, si, and s,, which specify
the positions of the lines and the widths y, and y, are
constant. By virtue of the relation Is,-siJ , 1 sc-s, 1 gs,,
the experimental amplitude of the change in the structure
factor, ha,,,
gives us an additional relationship
Aa,, =A,+ Ai+Aa . In addition, treating this model as a
simplified version of correlation analysis for determining
the concentrations of components in a limited interval of
the structural argument, s < 2.5 A-' (Ref. 5), we introduce the parameters nu, ni, and n,, which are relative
concentrations:

FIG. 4. Behavior of the parameters ( I ) n,, (2) no, and (3) ni and the
ratios (4) y / y , and (5) ydy,. The method for determining the parameters is described in the text proper. The dashed line corresponds to the
instrumental limitationon the linewidth.

quently used approximation), we can use the Selyakov
formula9

to estimate the length scale over which the relative order of
the amorphous matrix persists. Here A is the wavelength of
the x rays, A(28) and As are the half-widths at halfmaximum, at O0 is the position of the first amorphous peak.
It has now been reliably established that formula ( 1) gives
a satisfactory estimate of the length scale of the average
order in an amorphous net~ork.'~."A calculation from
( 1) for the case of a-GaSb yields5 L- 20 A.
As expected, however, a Gaussian approximation of
the shape of an "amorphous line" turns out to be utterly
unsatisfactory. This method is capable of describing only
the central region of an amorphous peak. At the edges of
the line, at s-s*, we find a slope change (Fig. 3), and at
s> s* the decay of the function a(s) steepens substantially.
To describe the observed shape of the first peak in a(s) of
a-GaSb we accordingly assume that the amorphous part is
a
superposition of
two
Gaussian
functions,
I,(s)
~ ~ e x-p(s-si12/d)
(
A, exp( - ( s - ~ , ) ~ / d ) ,

-
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Here nu+ ni+ n,= 1. Taking this relation into account, we
easily see that when using Eq. (2) two adjustable parameters are sufficient to approximate the experimental data,
and the corresponding mathematical procedure turns out
to be comparatively straightforward. It can be seen from
Fig. 3 that the method used here leads to a good description of the shape of the first a(s) peak.
Figure 4 shows the changes in the parameters nu, ni,
n,, yi, and yc during the annealing process. The annealing
at Tan--350 K raises nu, while it reduces n,, ni and yi.
With further annealing in the temperature interval 350
K<Tm,<380 K, there is some decrease in nu, while there
are increases in ni and n,. At the same time, at Tan- 370
K the parameter yi increases sharply. In the region
380<Tmn<430K there is a slight increase in the concentration n, of the crystalline phase, while at T, > 430 K a
crystallization growth of n, begins. This growth is accompanied by an increase in ni and a decrease in nu. Within the
experimental errors, the parameter y, remains essentially
constant.
Let us examine a possible physical interpretation of the
various contributions to Eq. (2). We first note that the
behavior of ni during the annealing is qualitatively the
same as that of n, (Fig. 4). This agreement suggests that
the contribution with the subscript i is related to the crystalline phase. Furthermore, in the initial stage of the annealing ( T, < 350 K ) the crystal density decreases, and
n, increases. If we identify this process as the structural
relaxation characteristic of most amorphous materials,
Dernishev el a/.
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including4 a-GaSb, then it is natural to link the decrease in
n, with an additional disordering of the system as a result
of a stress relaxation at the interfaces between the amorphous and crystalline phases. Consequently, the value of n,
and the corresponding contribution to Eq. (2) reflect the
presence of specifically the a-GaSb amorphous phase. This
suggestion is in agreement with the decrease in n, with the
onset of intense crystallization ( Tan, > 430 K ) .
This analysis suggests that the contribution with subscript i reflects the existence of a transitional region between the crystalline inclusions and the amorphous matrix,
and that ni corresponds to the volume fraction of this
boundary region. This assumption leads to natural explanation of the complex changes in nc(Tann)and n,(Tann)
(Fig. 4).
In this model, the parameter y, is determined by the
correlation length La of the disordered amorphous network of a-GaSb, yc is determined by the crystallite size LC,
and y, is determined by the size (L,)of the transition
region from the ordered arrangement of atoms in a crystallite to the disordered arrangement in the amorphous
network. Using Eq. ( 1) and the data on a (s) (Fig. 2), we
find the estimates L a z 2 0 A=const, LC-200 A, and
Li- 50 A.
Interestingly, the value of yc and thus that of LCremain essentially constant during the annealing process
(Fig. 4). At TG450 K, the formation of c-GaSb nanocrystals thus dominates the crystallization of a-GaSb. With a
further increase in annealing temperature, Tan, > 450 K,
the typical size of the c-GaSb crystallites begins to increase,
while the parameter y, decreases. Unfortunately, we were
able to follow the growth process only to LC-400 A because of limitations imposed by the apparatus (Fig. 4).
Further evidence in favor of this proposed interpretation of the structural data on a-GaSb comes from the relations among the contributions to a(s) characterized by
the parameters s,, s,, and s,. For all annealing temperatures, the inequality s , > s , ~ s , holds for a-GaSb, and the
corresponding difference is s, -s, 0.025 A- This relation probably stems from an effective increase in the interatomic distances from that of the crystal, due to the scatter
in the bond lengths and angles in the a-GaSb amorphous
phase.
It follows from the data in Fig. 4 that the crystallization of a-GaSb occurs in two steps. The first region, with
an increase in n, and ni, is observed in the range 350
K GTG380 K, while the second is observed at Tan, > 430
K. Interestingly, in both temperature ranges there is a
sharp decrease in the size of the boundary region (the
parameter y, increases). This behavior indicates that processes at the boundaries of inclusions play a dominant role
in the crystallization of the metastable phases of a-GaSb.
According to Refs. 7 and 8, a nonstoichiometric amorphous GaxSbl-, phase exists at the interface between the
amorphous and crystalline phases (Fig. 1). One might suggest that the changes in the boundary region (Fig. 4) and
the associated changes in the phase composition of the
sample (Fig. 4) can be attributed at least in part to the
Ga,Sb, -,
phase.

-
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FIG. 5. a: Change in the rate of the resistance relaxation for various
annealing temperatures. b: Heat-release curves for ( 1) a metallic GaSb
sample and (2) an insulating sample. The dashed lines are the baselines in
the DTA method. The arrows show characteristic temperatures: I-A
structural anomaly (370 K ) ; 2-the end of the pronounced changes in
resistance (450 K ) .

3. STABILITY REGION AND KINETICS OF PHASE
TRANSITIONS OF THE METASTABLE PHASES IN a-GaSb

The structural-analysis procedure used in the preceding section of this paper is most effective in that region of
annealing temperatures in which the amplitudes A,, A,,
and A, are of the same order of magnitude. Since there is a
transition at Tan,)450 K from A,-A,, A, to Ac$Ai, A,, it
is not possible to carry out a reliable analysis of the
changes in the phase composition of the samples, including
the evolution of the boundary region. We accordingly studied the crystallization and relaxation of a-GaSb by other
methods: by differential thermal analysis (DTA) p(T,t)
and by measuring the temperature and time dependences
of the electrical conductivity of the samples.
In the resistance measurements, the kinetics of the
phase transitions was studied on the basis of p/po= f ( t )
relaxation curves [po=p ( t =0 ) ] recorded in a series of isothermal annealing steps in the temperature interval 300600 K. In addition, we measured the temperature dependence of the resistivity in the interval from T = 1.8 K to
T = Tan, before each successive annealing at a fixed temperature Tan, higher than that of the preceding annealing.
We also recorded the field dependence of the magnetoresistance p (H,T). Galvanomagnetic characteristics of
a-GaSb samples recorded in these experiments will be discussed in the following section of this paper.
Demishev et a/.
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If we treat p as a function of the concentration of the
metastable phase (V), i.e., p = f(V), then in the initial
stage of the annealing, in which the changes in V are not
very large [Vo- V(t) 4 Vo, Vo= V(t=O)], we can write

Working from data on the structure of the a-GaSb
samples found in previous
(see also Fig. l ) , and
comparing curves 1and 2 in Fig. 6b, we might suggest that
the presence of the nonstoichiometric amorphous
Ga,Sbl-, phase leads to structural features on the DTA
curves in two distinct temperature intervals:
Tan, 370-430 K (there is a broadening of the DTA peak
as a result) and Tan,-500-620 K (this is the additional
heat-release peak). The main heat-release peak in Fig. 5b is
evidently due to a crystallization of the amorphous phase
proper of a a-GaSb.
Working from the area under the heat-release peaks on
the DTA curves, we estimated the heat of crystallization Q.
For the main peak, Q turns out to be 12- 16 kJ/mole, while
for the additional peak in the case of the metal sample it is
7 2 kJ/mole. For the case of the main peak, we used a
method involving scanning at different rated3 to find the
activation energy for crystallization and the Avrami exponent. For the metal samples we found E,= 1.2&0.2 eV,
and for the insulating samples Eaz1.4 0.2 eV. In both
cases the Avrami exponent was n 1=t0.1. The value
found for E, agrees with data found in Ref. 4.
According to the present understanding,'* a value
n=r 1 reflects a lowered dimensionality of the growth and
corresponds to either a quasi-1D growth of crystallites or a
diffusion-controlled growth at grain boundaries. In the
case of a-GaSb, the latter possibility looks more likely,
since the crystallization process is accompanied by a restructuring of the boundary region according to the structural data (Fig. 4).
We can use these results to analyze the possible nature
of the two crystallization processes in a-GaSb, at
T,,-370
and > 430 K. Comparing the characteristic
temperature Tan, 370 K (the structural anomaly; the
sharp peak in -dp/dt) and Tan,-450 K (the end of the
relaxation of the electrical conductivity; ap/dt=O) with
the DTA curve for the metallic sample, we find that a
significant heat release begins after the first crystallization
process has been completed. We also find that the crystallization of a-GaSb continues after the value ap/dt=O is
reached.
At Tan,> 430 K, the crystallization of the tetragonal
amorphous phase proper of a-GaSb is evidently predominant. The termination of the changes in the resistance can
easily be explained on the basis that a threshold nr for
percolation through the low-resistivity crystalline phase
has been reached. It follows from the data in Fig. 4 that at
Tan,> 370 K the system is near the percolation threshold
for3Dcase:nc- n,* = 0.15-0.17.
No significant heat evolution is observed for the first
crystallization region ( Tan,- 370 K; Fig. 5). This result
indicates that a low volume fraction of the metastable
phase crystallizes in this temperature interval. The changes
in the conductivity in this region, on the other hand, are
fairly large.
This behavior can apparently be explained by assuming
that the first crystallization process results from crystallization of the nonstoichiometric amorphous Ga,Sb,-,
phase. The slight heat release would then be due to the low
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It follows from (6) that we can estimate the Avrami
exponent n by analyzing the behavior of ap/dt in the limit
t-0.
We find 0 < ap/dt ( t,o < co over the entire range of
annealing temperatures studied in the limit t+O. This result corresponds to the case n ,-- 1.
Figure 5a shows the experimental dp/dt(t=o dependence. It was found that holds the entire range of annealing
temperatures studied the relation +/at < 0. Two regions
of the variation of ap/at can be distinguished. First (at
Tan, < 370 K ) , the absolute value of the rate of change of
the resistivity increases with the temperature. It reaches a
maximum at Tan,= 370 K. Repeated isothermal annealings at this temperature initially lead to a pronounced increase (by a factor of more than 2) in ( +/at ( ;then, after
a long hold at Tan,,--370 K, p(T,, ,t) reaches a steadystate value, and we have ap/at-0. As the annealing temperature is raised further, the derivative (ap/at( initially
increases, goes through a maximum at Tan,-410 K, and
then decreases.
The function f ( V) is not known accurately for a complex multicomponent system. It is thus difficult to carry
out a quantitative analysis of the experimental data on p(t)
on the basis of Eqs. (4)-(6). Qualitatively, however, the
existence of two temperature ranges in which ap/at
changes sharply is correlated with data from the x-ray diffraction analysis (Fig. 4), where we again see two regions
of an increase in nc(Tan,), at Tan, 370 K and Tan,- 430
K.
We turn now to the results found by differential thermal analysis.
Figure 5b shows typical curves of the heat evolution
for metallic a-GaSb samples (samples containing inclusions of the nonstoichiometric amorphous GaxSbl-,
phase) and for insulating samples, in which there are essentially no nonstoichiometric inclusions (curves I and 2,
respectively). For the sample on the metallic side of the
metal-insulator transition, the main heat release-peak is
substantially broadened, and it lies about 30 K below the
heat release-peak for the insulating sample. Another distinctive feature of the DTA curves for the metallic a-GaSb
samples is the presence of an additional broad peak at
Tan, 550-600 K.

-
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FIG. 6. Change in the superconducting transition
of a-GaSb in the course of sequential isothermal
annealing steps at various temperatures. 1-290 K
(original sample); 2-360,
3-370;
U,
5420;M,
7450; 8--470; %520; 10-570

K.

concentration of regions with deviations from stoichiometry (according to Refs. 5 and 14, the volume fraction of the
superconducting Ga$b,-, inclusions is no greater than
3-5%), and the significant changes in p would be due to
changes in the subnetwork of conducting channels (Fig. 1)
which shunt the electrical conductivity of the metallic samples.
Comparison of the DTA data with the x-ray diffraction
data shows that the interval of annealing temperatures
380-430 K, in which the structural changes are small, is
anomalous. Specifically, in the region with n,, ni,
n,zconst (Fig. 4) there is a substantial heat release (Fig.
5b): No less than 23% of the area under the DTA curve,
which is proportional to the latent heat of phase transition,
corresponds to this temperature interval. The nature of this
anomaly will be discussed below.
4. SUPERCONDUCTIVITY OF METASTABLE PHASES IN
AMORPHOUS GALLIUM ANTlMONlDE

Since superconductivity arises in amorphous gallium
antimonide because of the presence of the GaJb, -,
phase
with x > 0.5 (Refs. 5 and 6), a study of the evolution of the
superconducting properties of a-GaSb makes it possible to
test and refine the results found in the preceding sections of
this paper.
Figure 7 shows the changes in the resistance characteristics of the superconducting transition of a-GaSb in the
74
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course of the annealing process. The width of the superconducting transition in the original sample (curve 1 ) is
significantly greater than the widths which are customarily
observed: The resistivity decreases smoothly to zero in the
interval 1.8(T(8 K. The reason for this behavior is a
scatter in the composition of the nonstoichiometric inclusions and a resultant scatter in transition temperature T,
(Ref. 15). As a result, a superconductivity of the inclusions with the highest transition temperature arises at
T,= Tm-8 K. As the temperature is lowered, the resistance of the inclusions for which the condition T,> T
holds vanishes; at T = T, an infinite cluster forms from the
superconducting inclusions, and a state of the sample with
p=O is established. The percolation nature of the superconducting transition was analyzed in detail in Refs. 5 and
14.
As the annealing temperature is raised, the absolute
value of the resistivity p( T > T,) decreases, and the superconducting structural features simultaneously shift
down the temperature scale (Fig. 6). A state with p =0 is
not reached after the annealing at Tan,-33CL340 K; the
resistivity remains nonzero over the entire studied temperature range T > 1.8 K.
It is clear from the data on the resistance of the sample
as a function of the annealing temperature (Fig. 7a) that
the metastable superconductivity of the GaJbl-, inclusions is annealed out in two steps. First, at an annealing
Demishev et a/.
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FIG. 7. a: The electrical conductivity of a-GaSb samples as
a function of the annealing temperature. 1-The measurements of p were carried out after an annealing step at 10 K;
2 4 . 2 ; 3-2 K. b: Evolution of the characteristic transition
temperature of the inclusions during the annealing. c:
Changes in the transition temperature (4) and the resistivity at T=77 K (5) as the composition of the Ga>b,-,
inclusions is varied. The experimental data on T , ( x ) and
p ( x ) were taken from Ref. 15.

temperature Tan,- 370 K, the superconductivity of the inclusions for which the transition temperature satisfies 4
K<T,(10 K is suppressed. In the interval of annealing
temperatures T, > 370 K, the curves of p( T = 10 K ) and
p( T =4.2 K ) ( 1 and 2 in Fig. 7a) essentially coincide. The
superconductivity of the inclusions with T, < 4 K persists
over the interval of
annealing temperatures
370 < Ta,,<560 K. A complete suppression of the superconducting particularities is reached after an annealing at
T, > 560 K (compare curves 3 and 1in Fig. 7a). A complete annealing of the metastable superconductivity of
a-GaSb thus occurs after the tetrahedral amorphous phase
of gallium antimonide has crystallized completely (Fig. 5).
It follows from Fig. 6 that the evolution of the superconducting properties can conveniently be characterized
by the value of T,, which corresponds to the highest superconducting transition temperature of the inclusions for
the given state of the sample, reached in the sequence of
isothermal annealing steps.
It can be seen from Fig. 7b that in the annealingtemperature interval 290(Tann(350 K the value of T,
decreases from T, 9 K to T, = TCl 6.5 K. An increase
in the annealing temperature in the interval 350-380 K
does not change the value of T,= T,,. With a further
increase in the annealing temperature, at 380< T(430 K,
the transition temperature T, decreases to T, = T, z 4.5
K. In the interval 430 < Tan,< 500 K, T, then remains
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essentially constant at T,= TCz.Superconductivity is completely suppressed at Tan,> 500 K (Fig. 7b).
Working from results of the presenr study (Fig. 7b)
and from data in the literature on the behavior of the superconducting properties of the GaxSbl-, phase,15we can
reconstruct the concentration dependence of the transition
temperature and that of the electrical conductivity of the
inclusions, T,(x) and p(x). We can also determine the
typical values of x corresponding to the two components of
the nonstoichiometric amorphous phase, which differ in
physical properties (Fig. 7c). It follows from the data on
Tc(x) that at Tg350 K the superconductivityof inclusions
with x > 0.8 vanishes. These inclusions contain the maximum amount of gallium in the Ga$bl-, phase, and they
have the highest transition temperature. The stablest inclusions are those with xz0.84.7, with a maximum transition temperature Tc-4 K. The superconductivity of inclusions of this type can be suppressed by annealing at
T,,570 K (Fig. 5b).
We suggest that the values of T, in the interval
T,( T,< T,, correspond to a transition region near x 0.8
and that the range of concentrations over which inclusions
with these characteristics exist is fairly narrow. As a result,
the transition temperatures for the first component of the
GaxSbl-, phase (x > 0.8) are in the interval 6.5< T,<8 K,
8 ) an
while those for the second component ( ~ ~ 0 . have
upper limit Tc-4.5 K. The physical reason for this T,(x)

-
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FIG. 8. a: Field dependence of the resistivity, p ( H ) , for the
original, unannealed, metallic a-GaSb sample at various temperatures. 1 6 . 6 K; 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 K . The inset shows the temperature dependence of the critical field H, for inclusions
with x > 0.8 (open circles) and x <0.8 (filled circles). b:
Field dependence of the magnetoresistance for T = 2 . 6 K.

behavior may be a change in the short-range order of the
GaxSbl-,
phase. Near x 1 in GaxSbl-,, the structure of
amorphous gallium should be predominant, while at
x-0.5 the distinct tetrahedral structure of GaSb should be
predominant. There must accordingly be a critical concentration which corresponds to a transition from one of these
types of short-range order to another, at which the physical
characteristics of this system may have a structural feature,
e.g., jumps in the values of T, and p (Fig. 712). Looking at
Fig. 7, we might suggest that this structural transition for
GaxSb,-, occurs at ~ ~ 0 . 8 .
Further information on the nature of the superconductivity of a-GaSb was found through an analysis of the field
and temperature dependence of the magnetoresistance,
Ap/p= f (H,T), and the evolution of this behavior in the
course of the annealing process. It has been shown
previously5 that the positive magnetoresistance of a-GaSb
at T < T , stems primarily from a disruption of the superconductivity of the inclusions, while the contribution of the
standard kinetic mechanisms is small because of the low
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mobility p . The condition pH< 1 holds in the magnetic
field interval H < 150 kOe (Ref. 5).
Figure 8a shows the variation of the field dependence
of the resistivity p ( H ) with the temperature for the original (unannealed) sample. At T < 4 K the p ( H ) curve acquires a more complex shape. The experimental curve has
two regions which correspond to the disruption of two
distinct superconducting phases, with different critical
fields H,,. After the disruption of the superconductivity by
the magnetic field has come to a halt, there is a slight linear
increase in the resistivity of the sample with the magnetic
field (Fig. 8a).
In general, the data on p ( H ) can thus be described by
a superposition of several contributions (Fig. 8b, curves
1-3). For T < 4 K, there is a first a disruption of the inclusions with the lowest critical properties, and the corresponding component of the p ( H ) curve reaches saturation
(curve I ) . The component corresponding to the other superconducting phase, with higher critical properties (curve
2), behaves in a similar way. The third component of the
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p ( H ) curve corresponds to a linear asymptotic behavior
which is observed in strong magnetic fields. This component is apparently due to a magnetoresistance of the nonsuperconducting a-GaSb matrix. At T > 4.2 K, two components are evidently sufficient to describe the p ( H ) curve
(these components are the analogs of curves 1and 3 in Fig.
8b).
Following Ref. 5, we define the field Hc2for the first
superconducting phase as the field at which p ( H ) starts its
linear asymptotic behavior, while we define Hc2for the
second superconducting phase as the field at which the
initial region of rapid variation of the p ( H ) curve comes to
a halt (Fig. 8). We can then separate the components of
the p(H) curve and reconstruct curves of the critical fields
Hc2(T)for the two superconducting phases (see the inset
in Fig. 8a).
Extrapolating Hc2( T ) to the H and Taxes, we find the
characteristic values Hc2(T ) and Tc(H=O) for the first
superconducting phase: T,z 8 K and Hc2(0)z 80 kOe.
The corresponding properties for the second phase are
T , z 4 K and HC2(0)z 14 kOe.
The values found for T, in this manner are close to
those found from the change in T, in the course of the
annealing (Fig. 7). It is natural to link the small differences with the uncertainty in the determination of Tc for a
complex disperse system by the different methods.
The value Hc2(0)z 8 0 kOe for the first phase agrees
with the value of Hc2(0)for amorphous gallium, which is16
100 kOe. The high values of HC2(O)for the second phase
seem to rule out the possibility of interpreting this structural peculiarity of the positive magnetoresistance of
a-GaSb on the basis that there are inclusions of a highpressure ordered metallic phase of GaSb or of metastable
superconducting phases of antimony in the interior of the
sample (the losses of the components during the synthesis
of the a-GaSb can be ignored,5 since regions with excess
gallium would imply the presence of inclusions with a local
excess of antimony). It can be seen in the literat~re""~
that these phases have transition temperatures close to
those observed for a-GaSb, but their critical fields Hc2are
much lower, no greater than 5 kOe.
The parameter T, and the corresponding quantity Hc2
which were introduced above are characteristics of a superconducting inclusion with the maximum transition temperature and maximum critical field. If there is a scatter in
the superconducting properties, the specification of T, is
not sufficient to completely describe the system of superconducting inclusions. If we introduce a distribution function of the volume of inclusions with respect to transition
temperature, p(T,), then the volume of the sample occupied by a superconducting phase at the given temperature
is given by

-

-

where p ( Tc)Tm) GO. It can be shownlg that for a-GaSb
the magnetoresistance is described by Ap/p Vs( T )in a
first approximation (this condition holds except in a small
neighborhood of the temperature T,, at which an infinite
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FIG. 9. Change in the magnetoresistance in a field H=45 kOe in the
course of the annealing process. I-Measurements at T = 2 K, 2 4 . 2 K.

cluster is formed from the superconducting inclusions). By
analyzing the behavior of Ap/p in a fixed magnetic field,
one can thus determine the behavior of V, and p ( T c ) in
the course of the annealing process (Fig. 9).
We first note that the curve of Ap/p= f (Tan,) measured at the lowest temperature, T-2 K (curve l in Fig.
9), reflects a complete change in the volume of the sample
which is occupied by superconducting phases of a-GaSb.
We see that in the course of the annealing the value of
Ap/p and thus that of V, fall off monotonically.
The data found on Ap/p= f (Tan,) at T- TCl-4 K
evidently tell us the changes in the volume V, caused by the
annealing of predominantly the first superconducting
phase of Ga,Sb,-,, with x>0.8 (Tc>6.5 K). It follows
350 K leads
from Fig. 9 (curve 2) that annealing at T,,to a change in the volume of the inclusions with x > 0.8.
Later on, at Tan,- 370 K, the rate of crystallization of this
nonstoichiometric amorphous phase decreases. As the anK, the sunealing temperature is raised to Tan, 4-30
perconducting inclusions with x > 0.8 disappear, and the
superconductivity of a-GaSb is thereafter due primarily to
Ga,Sb, -,
inclusions with x < 0.8.
Using the data found here (Figs. 7 and 9), we can
qualitatively determine the evolution of the function p ( T,)
in the course of the annealing (see the inset in Fig. 9). In
the original state (curve I ) , the distribution of inclusions
with respect to transition temperature has a limit T,-9
K. Annealing at Tan,-350
K reduces T, to
T,= TC1~ 6 . K
5 and may also reduce the amplitude of p,

-
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curve, and also taking account of the condition pH< 1,
under which we can ignore the Lorentzian contribution to
the positive magnetoresistance over the entire temperature
range studied, we asserted in Ref. 19 that this structural
particularity of Ap/p was due to a high T, superconductivity of a-GaSb with T,- 100 K.
However, the data in Fig. 10 contradict this explanation of the high-temperature anomaly. In the region
T < T, ,a sequential annealing suppresses the positive contribution to the magnetoresistance, as would be expected
on the basis of a model which links the superconductivity
of a-GaSb with inclusions of an amorphous GaxSbl-,
phase. On the other hand, at T > T,, an annealing at
T-420 K, which leads to the crystallization of inclusions
with x > 0.8, spreads out the structural feature at T- 100
K and increases the value of Ap/p at T 70 K (curve 2 in
Fig. 10). A complete crystallization of the metastable
phases of a-GaSb causes a further increase in Ap/p at
T > T, (curve 3 in Fig. 10).
Consequently, the change caused in Ap/p at T > T,
by the annealing rules out an explanation of the structural
feature in the magnetic resistance at T- 100 K on the basis
of a high T, superconductivity. On the other hand, the
suppression of the feature at T- 100 K during annealing
indicates that this anomaly is related to the presence of the
Ga,Sbl-, phase and/or a change in the structure of the
boundary between the amorphous and crystalline phases.
The specific mechanism responsible for the appearance of
the structural particularity of Ap/p at T- 100 K remain
unresolved.

-

FIG. 10. Temperature dependence of the magnetoresistance of a-GaSb in
a field H = 133 kOe at various stages in the annealing process. ]--Original
sample; 2-annealing at T=420 K (the phase with x>0.8 has crystallized completely); 3-620 K (the metastable phases of a-GaSb have crystallized completely).

5. DISCUSSION OF RESULTS

since the volume of superconducting phase in the sample
decreases (curve 2).
Annealing in the interval 350<Tann<380K does not
alter T,, while it causes a small change in the volume of
inclusions with x > 0.8. The total volume of superconducting phase, on the other hand, continues to decrease. As a
result, the value of q decreases in this interval of annealing
temperatures, primarily in the interval T, < T,, (curve 3).
An increase in the annealing temperature to
Tan,-380430 K leads to a sharp decrease in T,, to
T, = Tc2~ 4 . K,
5 and to a decrease in the amplitude of cp
(curve 4). A further annealing, up to Tmn- 500 K, occurs
at T,=const, with a decrease in q. The volume of the
inclusions with x <0.8 also decreases (curve 5). At
Tan,> 500 K, we observe a complete suppression of the
superconducting properties of a-GaSb.
In the schematic description of the distribution function cp ( T,) ,we assumed that cp ( T,) depends weakly on the
temperature at T < T, (Ref. 14).
We conclude this section of the paper with a look at
how the annealing affects the high-temperature structural
particularity of the magnetoresistance of a-GaSb (Refs. 5
and 19), which is manifested in a long region of a decrease
in Ap/p with the temperature at T > T, (Fig. 10). An
important point is that near T- 100 K the magnetoresistance decreases sharply to Ap/pzO or even changes
Working from this behavior of the Ap/p(T)
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The experimental data found in the present study establish the sequence of phase transitions and the resultant
changes in the structure and composition of metallic samples of amorphous gallium antimonide in the course of the
crystallization ( T,,, = 1100 "C,p,,, =90 kbar ) .
In the initial stage of the annealing, at Tann<350K, a
precrystallization process takes place. It involves a decrease in the relative size of the crystalline regions, n,, and
a blurring of the boundary region between the amorphous
and crystalline phases. The characteristics of the least stable inclusions, of the GaxSbl-, phase with x- 1 change
simultaneously, and the maximum value of x decreases to
x-0.8. This process could apparently be caused by a relaxation of residual stress in the a-GaSb sample, since we
would expect the greatest stress in the amorphous GaSb
network to occur at the boundaries of regions with a maximum deviation from stoichiometry, where the short-range
order changes most sharply.
In the interval 350 K<T,,,<380 K the metastable
phases of a-GaSb begin to crystallize. This crystallization
can be linked with a crystallization of the GaxSbl-, phase
with x < 0.8. The maximum superconducting transition
temperature, which limits the distribution function q ( T,),
does not change. There is an overall decrease in the volume
occupied by the superconducting phase. The interface between the amorphous and crystalline phases becomes
sharper in the process.
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The interval 380 K<Ta,,<430 K is more difficult to
interpret. Here a crystallization of the a-GaSb amorphous
phase proper begins. The increase in the relative amount of
crystalline phase, n,, is negligible, and the changes in p are
caused by the proximity of n, to the percolation threshold
nr . In this interval of annealing temperatures, according to
the structural analysis, the morphology of the samples does
not undergo any substantial changes. However, there is a
sharp decrease in the maximum transition temperature of
the superconducting inclusions, from Tcl 6.5 to TC2zz4.5
K.
Significantly, this interval of annealing temperatures
corresponds to ( 1/4- 1/3) Qo, where Qo is the heat corresponding to the main heat-release peak on the DTA
curve (Fig. 5). Since the changes in the volume fractions
n,, n,, and n, are small, this heat should be associated with
processes which occur in the nonstoichiometric amorphous
GaxSbl-,
phase (it is difficult to detect GaxSbl-, by x-ray
diffraction because its volume fraction is small). We regard
a change in the short-range order of the inclusions of
GaxSbl-,
phase with x-0.8, accompanied by the evolution of latent heat of phase transition, as the most probable
explanation.
The predominant process in the interval 430
K<Ta,,<500 K is crystallization of the amorphous phase.
In this interval, the superconducting inclusions crystallize
at a constant value T,= Tc2=4.5 K.
The precise boundaries between the various temperature intervals given above are rather arbitrary because of
the scatter in the activation energies for the crystallization
of the various metastable phases. As a result we find that in
a-GaSb the various crystallization processes overlap; in
particular, the structural changes and the changes in the
volume fraction of the GaxSbl-, phase occur over the entire temperature range studied, although their rate and nature undergo substantial changes.
The range Tan, > 500 K is characterized by an additional peak on the DTA curves and a complete suppression
of superconductivity. Significantly, this heat-release peak is
comparable in height to the main structural feature (Fig.
5).
According to qualitative ideas regarding the structure
of the a-GaSb samples (Fig. 1) and a comparison of the
DTA curves for the metallic and insulating samples (Fig.
5 ), one possible interpretation of the heat-release structural
feature at Tan, > 500 K is a crystallization of a GaxSbl-,
phase, which is partially preserved in this interval of annealing temperatures (Fig. 7 ) . Analysis of the superconducting properties7 shows, however, that the relative content of superconducting inclusions is small (3-5% of the
volume of the sample5).
If we follow this suggestion, we must therefore assume
that the relative volume of superconducting inclusions with
pronounced deviations from stoichiometry is very small
and that most of the GaxSbl-, phase is made up of inclusions with x-0.34.4, which lie near the stoichiometric
composition and which do not exhibit a superconductivity.
In addition to the regions with excess gallium, we should
take account of the presence of regions with excess anti-
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-

79

JETP 77 (I),July 1993

mony (the losses of Ga and Sb in the course of the synthesis of the a-GaSb can be ignored). As a result, the substantial heat evolution may be caused by an additional
contribution from inclusions with x < 0.5 (an excess of antimony), while only the inclusions with x > 0.5 are important for the superconductivity.
Along this approach, however, it is difficult to explain
not only the large height but also the relative position of
the additional peak on the DTA curve. Since inclusions
with small deviations from stoichiometry should play a
decisive role, it would be difficult to expect any significant
difference between the crystallization characteristics and
those of the stoichiometric amorphous a-GaSb phase. It is
more likely that the crystallization temperatures of the
GaxSbl-,
phase with x -0.5 and of the amorphous a-GaSb
phase are approximately equal, and we should expect the
appearance of a substantially broadened, single heatrelease peak. It is apparently this situation which prevails
in our experiments (Figs. 5,7, and 9), where we observe an
annealing out of some of the Ga$b,-, inclusions with
x <0.8 near the main heat-release peak at Tan,-460 K.
Another possible interpretation of the processes which
occur after the crystallization of the bulk of the tetrahedral
amorphous a-GaSb phase involves recrystallization processes. The recrystallization of a polycrystalline material
consists of an increase in the size of the crystalline blocks
and thus a decrease in the relative volume of boundary
regions in the interior of the sample.20A recrystallization
leads to a decrease in the energy associated with boundaries; this decrease may be manifested as an exothermic
peak on the DTA curves.
The recrystallization temperature T, depends on the
concentration of structural defects and/or impurities in the
samples. If this concentration reaches a few tenths, the
relation Trz0.6T1becomes satisfied, where TI is the melting point.20 Using the values of TI for GaSb (Fig. I ) , we
find the estimate T r z 5 8 0 K, which agrees satisfactorily
with the position of the additional heat-release peak (Fig.
5).
The existence of a superconductivity at Tan, > 500 K
implies that the GaxSbl-, phase is preserved at boundaries
between crystallites even after the crystallization of the
bulk of the metastable phases in a-GaSb. In addition, in
order to explain the difference between the shape of the
DTA curves for the metallic and insulating samples (Fig.
5) we must assume that the appearance of a block structure after the crystallization is a consequence of the presphase. Since the metallic sample difence of the Ga,Sb, -,
fers from the insulating sample in having a macroscopic
topological particularity ( a subnetwork of conducting
channels consisting of crystalline gallium antimonide and
GaxSbl-,; Fig. 1), its presence could apparently determine
the block structure of the crystallized a-GaSb sample.
Yet another reason for the difference between the crystallization characteristics of the GaxSbl-, inclusions might
be a size effect. It has been shown2' that the thermodynamic properties, in particular, the stability region, may
depend on both the size of a small particle and its surroundings. In the case of the melting point, for example,
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the changes can reach2' *40 K. In the case of disordered
Ga,Sb,-, inclusions of submicron size, we should apparently expect a corresponding scatter in crystallization temperature. As a result, the presence of two peaks on the
DTA curve may reflect a very nonmonotonic distribution
of particles with respect to size and thus respect to crystallization temperature.
It follows from this analysis that the data obtained in
the present study are not an adequate basis for unambiguously resolving the nature of the processes which occur at
Tan, > 500 K; the problem requires further research. The
most likely explanation in our opinion is a recrystallization
due to
with a change in the stability region of the Ga,Sbl -,
a size effect.
The appearance of a disorder-induced superconductivity in the amorphous semiconductor a-GaSb was observed
in Ref. 19. This effect was subsequently interpreted in Ref.
5. The interpretation was based on a nonstoichiometric
phase. In the present study we have
amorphous Ga,Sbl -,
inclusions with x > 0.5 make it posshown that Ga,Sb, -,
sible to explain not only the subtle features of the superconductivity of a-GaSb (the presence of two distinct superconducting phases, corresponding to x < 0.8 and
x > 0.8) but also features of the crystallization processes.
We believe that this mechanism for the onset of superconductivity (based on a local change in the short-range
order) is common to a variety of semiconducting materials. In the case of gallium-containing materials, nonstoichiometric regions with an excess of gallium are responsible
for the superconductivity. This opinion apparently finds
support in the recent observation of superconducting
anomalies in epitaxial films of gallium arsenide with a excess of arsenic.22 In epitaxial GaAs films there are variations in the properties of the film at a scale -0.5-1 p m due
to changes in the composition of the material.23 Since an
excess of arsenic in a film does not rule out the existence of
regions with a local excess of gallium, it is extremely likely
that the superconductivity in GaAs arises by the same
mechanism as in GaSb.
Further evidence in favor of this explanation comes
from the approximate equality of the transition temperature of GaAs, Tc- 10 K, and that of amorphous gallium,16
T,- 8-9 K. It is not difficult to show that for gallium-rich
inclusions the observed changes in the critical field Hclin
GaAs (Ref. 22 ) correspond to a Ginzburg-Landau parameter x 20, while we have x 80 for a-GaSb (Ref. 5 ) . This
difference can be explained in a natural way, since the
degree of disorder is greater for a-GaSb; the coherence
length is thus shorter than in epitaxial GaAs films. At the
same time, the fairly high values of x which have been
suggested for GaAs indicate a significant disorder of the
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epitaxial films, in accordance with the experimental
situation.23
In conclusion we wish to thank A. A. Abrikosov, S. V.
Popova, and E. G. Ponyatovskii for useful discussions of
certain aspects of this study. We sincerely thank V. V.
Brazhkin for methodological support and for numerous
discussions and also S. V. Frolov for assistance in several
experiments.
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