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We investigate the effect of synthesis conditions on the structure and properties of bulk
amorphous gallium antimonide synthesized by the method of quenching under pressure. We
show that in the range of pressures p,,,, ~90kbar the most important parameter for determining
the characteristics of a sample is its synthesis temperature, and that when this temperature
exceeds a critical value T, ~800 °C, a-GaSb undergoes a metal-insulator transition. On the
insulating side of the transition (i.e., for samples made at T, <800 °C), the temperature
dependence of the specific resistivity p ( T') shows semiconducting behavior for 7>>100 K with an
activation energy E, ~0.2 eV, which for <20 K converts to the Mott law In p o T ~ *for
hopping conductivity. On the metallic side of the transition (samples made at T, > 800 °C) the
temperature dependence of the quantity p is weak in the range 7> 10K, while for T<8 K a
superconductive transition is observed in which the resistance drops smoothly to zero in the
interval 1.8<T<8 K. The relative change in electrical conductivity across the metal-insulator
transition exceeds a factor of 10'° at liquid-helium temperatures. We propose a method for
determining the residual fraction X of the crystallographic phase in samples of a-GaSb based on
correlation analysis of that part of the x-ray scattering intensity associated with the structure of
the material, and find that the order parameter whose change gives rise to the metal-insulator
transition in a-GaSb cannot be the magnitude of X. On the basis of analysis of the electrical and
magnetic properties of a-GaSb on the metallic side of the metal-insulator transition we determine
the parameters for superconductivity in the temperature range 1.8<7<630 K and in the range of
magnetic fields H< 150 kOe, and propose a model in which the anomalies in the characteristics of
a-GaSb are associated with the appearance of regions with characteristic dimensions ~200 Ain

which the composition is nonstoichiometric and short-range order is destroyed.

1.INTRODUCTION

In recent years there has been a marked growth of inter-
est among investigators in semiconducting materials which
can be obtained in the amorphous state by methods which
employ high pressure for amorphization."® On the one
hand, this interest stems from the fact that use of such meth-
ods solves problems that are “insoluble” by other methods,
in particular, the synthesis of amorphous semiconductors
from the A®B?® group in the form of bulk material.>® On the
other hand, the physical properties of amorphous samples
obtained using high pressure exhibit a number of anomalies
that are not present in the corresponding amorphous films
synthesized by standard methods of thin-film technology.
For example, in Refs. 5-7 it was shown that as a result of
amorphization under high-pressure conditions gallium anti-
monide acquires superconducting properties.

However, in the majority of cases the amorphous
phases obtained using the methods of Refs. 1-8 turn out to be
unstable at room temperature. From the point of view of
investigation, the most convenient system of this type known
at this time turns out to be a-GaSb, i.e., amorphous gallium
antimonide, which is synthesized by quenching at high pres-
sures,*® and which has a region of stability up to
T=170°C?

Although a-GaSb was first obtained a rather long time
ago using a synthesis scheme based on high pressure,® up to
now there has been no systematic investigation of the rela-
tionship between synthesis conditions and the structure and
properties of a-GaSb. In addition, the nature of the super-
conductivity observed in a-GaSb,>” which is not observed
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in amorphous gallium antimonide films, remains obscure.

The subject of this paper is the study of the synthesis
conditions under which amorphization of gallium antimon-
ide takes place, and the investigation of the relationship
between these conditions and the structure of the resulting a-
GaSb samples, as well as the electrophysical and galvano-
magnetic properties of the latter. Since the appearance of
superconductivity in a semiconductor material is a problem
of interest in its own right, we will devote special attention to
investigating the superconducting properties.

2.EXPERIMENTAL METHOD

Our procedure for synthesizing samples of a-GaSb is
shown schematically on the p-T phase diagram of GaSb
given in Fig. 1. Originally undoped single crystals of GaSb
are cut into slabs of diameter ~ 2.5 mm and thickness <1.5
mm, and then subjected to the combined action of high pres-
sure p,,, and temperature T, in a “Toroid” chamber.’
After being held at p,,,, T, for a period of 30-60 sec (Fig.
1, points 4,-A,, ), thesamples are quenched at constant pres-
sure to room temperature (Fig. 1, segment 4,—B ). Then the
pressure is slowly (over a period ~600 sec) decreased to
atmospheric pressure (Fig. 1, segment B-C).

In view of the highly corrosive nature of GaSb alloys,
we were very careful to avoid contaminating the samples
during the synthesis process. The best results were obtained
by using an isolating container made of NaCl. The absence of
foreign impurities was checked by mass-spectrometry meth-
ods.

The structural characteristics of the GaSb samples were
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FIG. 1. Phase diagram of GaSb and scheme for synthesis of bulk amor-
phous samples of gallium antimonide by the method of quenching under
pressure. The experimental data on the melting curve under pressure are
given in Ref. 24. The arrow denotes 7, = 800 °C. A—melt.

syn

recorded by x-ray methods. The x-ray powder patterns were
processed using an automated microdensitometer of our
own construction.

For the galvanomagnetic measurements we used the
standard method in the temperature interval 1.8-630 K, ap-
plying magnetic fields H<150 kOe generated by a Bitter-
type magnet (using a “‘Solenoid” apparatus from the Insti-
tute of General Physics, USSR Academy of Sciences). The
method of preparing the ohmic contacts to the sample was
described in Ref. §.

3. THE INFLUENCE OF SYNTHESIS CONDITIONS ON THE
STRUCTURE OF a-GaSb SAMPLES

The structure and properties of a-GaSb samples ob-
tained using the scheme shown in Fig. 1 is determined by the
following parameters: the temperature 7, and pressure
Psyn» the rate of quenching d7'/dt (i.e., the rate of motion
along the line A-Bin Fig. 1), and the rate of depressurization
dp/dt (i.e., the rate of motion along the line B—C in Fig. 1).

The most critical step in the amorphization of GaSb is
found to be increasing the pressure p,,, above the pressure
P ~60 kbar at which the phase transition GaSb I - GaSb I1
(Fig. 1) occurs, in which the diamond like lattice (GaSb I)
is converted into a S-Sn-type lattice (GaSb II); in fact,
amorphization is impossible in the range p, , <p,.. This re-
sult coincides with well-known data in the literature regard-
ing amorphization under high pressure.'”®

In the interval p.,, > 70 kbar > p,,, this method leads to
strong disordering of the structure of the gallium antimon-
ide samples for values of the parameter T, in the range
400< T, <1400 °C. Figure 2 shows that portion of the x-ray
scattering intensity /(s) associated with crystalline order,
obtained by subtracting the incoherent and apparatus-in-
duced components from experimental curves of the optical
density of the powder patterns for the samples under discus-
sion. It is clear that quenching under pressure has trans-
formed the sharp crystalline lines that are characteristic of
originally single-crystal samples (Fig. 2, curve 1) into broad
maxima—the amorphous “halo” (Fig. 2, curves 2, 3).
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FIG. 2. Structure-related portion of the x-ray scattering intensity for var-
ious samples of GaSb: 1—original single crystal; 2—sample of GaSb ob-
tained for p,,, = 90 kbar and T, = 670 °C; 3—sample of a-GaSb ob-
tained for p,,,, = 90 kbar and T,,,, = 1150 °C; 4—mixture of amorphous
and crystalline phases used as a calibration of the correlation method; 5—
reference spectrum for a-GaSb; s = (47/A) sin 6.

It is noteworthy that varying the rate of quenching in
the interval 1-10*> K/sec does not significantly change the
structure and physical properties of a-GaSb. This fact appar-
ently indicates that the synthesis technique under discussion
here differs from standard methods used in the amorphiza-
tion of alloys by quenching, in which the parameter dT /dt
and the critical rates of cooling associated with it play a deci-
sive role.'”

The question of how the rate of depressurization dp/dt
affects things is more complicated. Due to limitations that
are intrinsic to the method used here, we were not able to
vary this parameter over a very wide range. In this work the
value of dp/dt was fixed essentially at dp/dt~0.1 kbar/sec.
We found that the synthesis temperature turned out to be the
controlling factor in determining the physical properties of
bulk samples of a-GaSb; in view of this, we have focused our
attention on the changes in the characteristics of a-GaSb
induced by varying T, in this paper. For this reason, the
rate of quenching and the synthesis pressure were kept at the
constant values d7 /dt~ 10> K/sec and p,,, =90 kbar. The
original positions of the samples of GaSb are shown on the
phase diagram (Fig. 1, points 4,-4,,).

Analysis of the data of Fig. 2 showed that even the most
disordered samples of GaSb still exhibited crystalline lines
characteristic of the original gallium antimonide, although
in considerably weakened form (compare curves 1-3 in Fig.
2). In all the samples we studied that were obtained by
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quenching under pressure, we found no indications of lines
that could be associated either with structural modifications
of GaSb or with ordered phases of Ga or Sb. In this situation
it is natural to assume that the samples obtained using the
scheme of Fig. 1 were in fact a mixture of amorphous and
crystalline phases, i.e., (a-GaSb), _ x ' (c-GaSb) .

In order to interpret our results it is vital to have a quan-
titative determination of the parameter X in the formula
(a-GaSb), _ x ' (c-GaSb) x. We accomplished this by usinga
special method based on analysis of the I(s) data (Fig. 2),
which we describe below.

To first approximation, the following relation is valid
for the structure-related portion of the intensity of x-ray
scattering by the mixture (a-GaSb), _ - (c-GaSb) x:

1(s)=A[Xg.(s)+(1-X)qa(s)], (1

where @_(s) and @, (s) are thc;-§t_ructure factors!! of the
crystalline and amorphous phases respectively, and
s = (4m/A) sin 6. For I(s) the following condition holds:

o

[ 1(s)ds==0, (2)

which follows from the properties of the functions ¢_ and ¢,
and expresses the principle of conservation of scattering in-
tensity.!! We define the correlation function I, *I, = ()
using the formula

I,*Iz=51,(s——1:)12(s)ds. (3)

0

Note that in processing the experimental spectra I(s)
we replace the upper limit of integration in Egs. (2) and (3)
by 5,... ~8 A ~! (Fig. 2). Let us also introduce the reference
spectra for the crystalline and amorphous samples:

Ico(s)=Alq)c0(S)» (4)
oo (5) =A2Qa0(s) . (&)

In contrast to the reference spectrum I, which is
known (Fig. 2, curve 1), we have no direct measurement of
the function I, since all the samples of a-GaSb we investi-
gated contained some fraction of the crystalline phase. How-
ever, because crystalline features were observed in the spec-
tra I(s) of our samples only within narrow intervals of
values of the structure argument and were rather small in
amplitude, we extracted the reference spectrum for an amor-
phous sample I, (s) by averaging the experimental curves
I(s) of the most disordered samples and excluding the crys-
talline features (Fig. 2, curve 5).

The correctness of this procedure for extracting the re-
ference spectrum for the amorphous sample is based on the
approximate equality @, (s) =@, (s), which follows both
from direct comparison of curves 2-4 in Fig. 2 and from
comparison of parameters which can be determined using
the I(s) curve.

For example, the spatial scale for intermediate ordering
(medium-range order) Ly, Which can be calculated using
the Selyakov formula'?

A

ABcos 0, (6)

Lyro =
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FIG. 3. Changes in the structure (a) and electrophysical properties (b) of
a-GaSb; the plots of p(T,,,, ) were obtained by varying the synthesis tem-
perature. 1—4.2 K; 2—100 K; 3—300 K; curve 4 is the function
E(T,,).

is found to depend only weakly on T, and equals
Lyro =21 A (Fig. 3). In Eq. (6), 4 is the wavelength of the
x-rays, while A@ and 0, give the width and position of the
first amorphous “halo.” We note that variations in the shape
of the curves @, (s) from sample to sample can act as a
source of uncontrolled error in this method for determining
X.

In contrast to the structure factor ¢, of a-GaSb, for the
crystalline portion entering into the composition of the mix-
ture (a-GaSb), _ y* (c-GaSb)  the equality of ¢ o and @, is
destroyed. It is clear from Fig. 2 (curves 2, 3) that the crys-
talline lines for (a-GaSb), _ x ' (c-GaSb) , are considerably
broader than those of a single crystal (curve 1). For a quan-
titative account of this broadening we use the approximation
method given in Ref. 12, with a trial function of Gaussian
form, which describes the experimental shape of the curves
to within 2%. Then the structure factor ¢, is given by the
formula

qac(s)zz, 2 e - (222) ]+ QW

L i

where the parameters Z,, ¥;, and s, specify the correspond-
ing amplitude, width, and position of the ith crystalline line,
and @, is chosen from the normalization condition (2). Our
analysis of the shape of the crystalline lines in the spectrum
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I(s) for the mixtures (a-GaSb),_ - (c-GaSb), showed
that the ratio of amplitudes Z, in the spectrum of the mixture
remained the same as in the single crystal (Fig. 2, curve 1),
while the half-widths y; varied weakly from line to line, and
that for calculating the concentration X it was sufficient to
set ¥; = 7. In this approximation the structure factors @,
and @, differ only in the values of the parameter .

After some elementary transformations of the correla-
tion functions I o *I and I, *I which take into account (1)-
(5) and (7), we find that

Y=a¥, a=A‘ ,

4
8
(Zeo # 1) (Too # I)— (oo » a0) (Leo * ) ®)

(Ico * Iao)(IcO *I)V—D(]oo * ])

7=

where Y= X/(1 — X), and the values of the correlation
functions are evaluated at 7 = 0. The factor D takes into
account the width of the crystalline lines in the mixture:

Dﬂ"-‘LZW’ (9

'y

T= (1" (10)
Here v, 7, are the widths of the spectral lines of the mixture
and the reference spectrum, and ¥, = 4, Z, is the area under
the crystalline line labelled / in the reference spectrum /4. In
deriving Egs. (8) and (9) we made use of the obvious rela-
tions ¥, ¥, €min|s; —s;|, i#/, and ¥ ¥, €S, and also the
approximate equality @ *@, ~@*@, at 7= 0. The latter
follows from the fact that the function ¢, (s) cannot change
significantly over a length ~7.

If the values of the coefficients 4, and 4, are known,
then Egs. (8)-(10) allow us to find X from the experimental
curves /(s). Note that the use of Eq. (10) is not the only way
to calculate the parameter ; it also can be determined dir-
ectly from analysis of the shape of the curve I *I = f(7)
which for 7—-0 has the asymptotic form f(r)
<exp( — 7 /P2).

When 4, and 4, are unknown, we can use the following
calibration procedure to calculate a. If we add to a sample
with mass M|, containing a concentration X, of the crystal-
line phase Am of crystalline material, then processing the
curve I(s) for such a combined sample (Fig. 2, curve 4) and
using (8)-(10) yields

_ Am " X
mea(1—-X,)  a(1-X,) °

(11)

Consequently, by investigating the function Y= Sf(Am),
which is a straight line, we can find a and X, by using its
slope and intercept on the ordinate. It is obvious that the
original calibration sample should satisfy the condition
Y=Y%o-

The procedure described here was used to estimate the
error in our determination of X, which for our experiments
lay within the range 5-20%. It comes as no surprise that use
of the correlation method for processing the spectra I(s)
improves the accuracy as a rule over ranges of the crystalline
phase concentration that are not too large, i.e., X<50%.

The function X(T,,, ) obtained in this way is shown in
Fig. 3. The amount of crystalline phase increases as a func-
tion of the synthesis temperature. It is interesting that the
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most amorphous samples of GaSb, i.e., with the smallest X,
are obtained for T, ~400 °C, while quenching from a melt
(Tyyn ~ 1000 °C, see Ref. 4) results in increased fractions of
the crystalline phase.

It is also noteworthy that in the temperature range
T,,, ~1100-1300 °C the quantity X attains a value X, ~ 15—
17%, which corresponds to the percolation threshold for the
crystalline phase [the densities of a-GaSb and ¢-GaSb are
the same;* consequently, the mass and volume relative con-
centrations of the components in the system

(a-GaSb), _x ' (c-GaSb) , coincide].

4. METAL-INSULATOR TRANSITION IN a-GaAb. INSULATING
SIDE OF THE TRANSITION

The synthesis temperature almost completely deter-
mines the behavior of the electrophysical characteristics of
our samples of a-GaSb. Varying T, in the neighborhood
T, ~800 °C.causes large changes in the value of the specific
resistivity p and the character of its temperature dependence
p(T) (Fig. 3). The quasimetallic type of conductivity which
is characteristic of samples synthesized at high temperatures
T, > 800 °C changes over to a semiconducting type of con-
ductivity in the temperature range 7,,,, < 800 °C; the relative
change in the specific resistivity with synthesis temperature
can be ten orders of magnitude when measured at liquid-
helium temperatures.

From this we conclude that changing the synthesis tem-
perature 7T,, induces a metal-insulator transition in a-
GaSb.

On the insulating side of the transition (7, < 800 °C)
for 7> 100 K the temperature dependence of the specific
resistivity follows an activated law:

o ()
o €X .
pexp |7

The activation energy remains practically constant, i.e.,
E,=02 eV, up to T, ~750 °C and rapidly decreases for
T,,, ~800°C (Fig. 3).

In the region of low temperatures (7<20 K) the depen-

dence (12) goes over to a Mott law:
1 ( To )‘/a
no«<{—--
o T ,

which is characteristic of variable-range hopping conducti-
vity (Fig. 4). The parameter T, which determines the slope
of those portions of the curve p(T) that are linear in the
coordinates Inp =f(T ~'*), decreases as T, —800°C
from a value T, ~2.9- 10* K (Fig. 4, curves 1, 2) to T, ~230
K (Fig. 4, curve 3).

This character of the temperature dependence of the
specific resistivity on the insulating side of the metal-insula-
tor transition agrees very well with what is known about the
energy spectrum and current transport in amorphous mater-
ials, according to which'® bands of localized states are pre-
sent in the forbidden gap of amorphous semiconductors
within which hopping conductivity can take place. In this
case, the change in the parameters of the localized states as
we approach the metal-insulator transition point is responsi-
ble for the change in 7.

We note that the quantity E, obtained in this paper (see
Fig. 3) is in good agreement with known data on amorphous

(12)

(13)
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FIG. 4. Hopping conductivity in a-GaSb: 1—T7,, = 350°C, 2—450°C,
3—670 °C. In the inset we show the function p(X) for 7= 100 K for two
groups of samples: T, <800 °C (the dark dots) and T, > 800 °C (the
light dots).

films of GaSb synthesized by condensation on a cold sub-
strate,'* for which the activation energy lies in the range
0.14-0.25 eV. However, the parameter T, in the Mott law
ranges from 2.8-10® K to 3.1- 107 K for amorphous films of
GaSb, which considerably exceeds the maximum value of T},
in bulk samples of a-GaSb. This difference is apparently due
to an increasein the localization by roughly an order of mag-
nitude in samples of a-GaSb obtained under high-pressure
conditions; however, further investigations are necessary to
clarify this question.

Let us consider possible reasons for a metal-insulator
transition in the system (a-GaSb), _ x - (c-GaSb) . Accord-
ing to Ref. 4, the concentration of crystalline phase, which
increases with 7, (Fig. 3), could play the role of an order
parameter. In this model, when the critical value X = X, is
reached the low-resistivity crystal phase shunts the conduc-
tivity of the high-resistivity matrix, causing the metal-insu-
lator transition.

. However, our structural analysis data (Fig. 3) imply

that values of X>X_ = 0.15-0.17 can be achieved only for
T,,, > 1100°C, while the metal-insulator transition occurs
for T, ~800°C, i.e., in the range X < X, . Nevertheless, the
value X, ~0.15-0.17 is obtained from percolation theory ap-
plied to inclusions that are randomly distributed in the sam-
ple bulk; for filamentary structures the invariant X, can be
considerably smaller. Therefore we cannot conclude unam-
biguously that such a two-phase model of
(a-GaSb), _ x ' (c-GaSb) y is inapplicable for describing the
metal-insulator transition merely by comparing experimen-
tal values of X with the theoretical value X..
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In order to solve this problem experimentally, we inves-
tigated samples synthesized at 7'< 800 °C (the insulating
side of the metal-insulator transition) which contained an
increased amount of the crystalline phase X > 15% as a result
of partial crystallization. In comparing the values of the spe-
cific resistivity of these samples with samples on the metallic
side of the metal-insulator transition (the inset in Fig. 4; the
black dots correspond to T, <800 °C, the white dots to
T,,, >800°C,) we found that that for 7~ 100 K the quan-

syn
tity p(T,,, <800 °C) differed from p(T,,, > 800 °C) by two
orders of magnitude for the same value X, ~0.2, and that
even after increasing the content of crystalline phase to
X ~0.6 the value of the electrical conductivity of the two
different types of samples differed by a factor of 10.

Thus, the appearance of a metal-insulator transition in
the (a-GaSb), _ x ' (c-GaSb) x system apparently cannot be
explained by a change in the parameter X alone, and in order
to clarify the nature of the metal-insulator transition it is
necessary to investigate in detail the characteristics of sam-
ples on the metallic side of the transition.

5.SUPERCONDUCTIVITY INAMORPHOUS GALLIUM
ANTIMONIDE

Typical functions p(T) for samples of a-GaSb on the
metallic side of the metal-insulator transition (7,
> 800 °C) are shown in Fig. 5 (curve 1). In the region 7>10
K the temperature dependence of the specific resistivity is
weak, while for 7< 10 K the resistivity decreases smoothly to
zero as T— 1.8 K. As in samples investigated previously,*”’
the superconducting transition is strongly washed out: an
abrupt decrease in p begins at T,, ~7 K, and the state with
p = Ois reached for 7<T, ~ 1.8 K [the value of the residual
resistivity is at most 10 ~“p (7T'= 7 K) ]. The superconduct-

2 5 0 20 50 100 T,K

FIG. 5. Temperature dependence of the specific resistivity and magneto-
resistivity on the metallic side of the metal-insulator transition
(T, = 1100 °C, sample No. 1): 1—p(7) for H = 0; 2—H = 133 kOe;
3—Ap/pinafield H = 133 kOe for a measurement current / = 5 mA. The
arrows denote the characteristic temperatures.
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ing transition is suppressed by an external magnetic field
H~130kOe (Fig. 5, curve 2).

The magnitude of the specific resistivity p in the range
T < T,, depends strongly on the amplitude of the measure-
ment current #, and p vanishes only for currents less than a
few tens of microamperes. Increasing the current leads to a
considerable increase in the value of p. We will investigate
the IV characteristics of samples of a-GaSb in more detail
below.

It is interesting to note that the sensitivity of the resisti-
vity of a-GaSb samples to magnetic fields is also preserved
for T>T,, (see Fig. 5). As the temperature increases from
T~ 1.8 K the magnetoresistivity Ap/p (Fig. 5, curve 3) first
drops sharply, and then decreases smoothly for 7> T, over
an extended interval of 7" (see the inset). For T~ 120 K the
curve Ap/p = f(T) has an inflection point, while for 7> 120
K the magnetoresistivity becomes practically constant. This
behavior of Ap/p coincides with data obtained earlier.>”’

Since the superconducting transition in a-GasSb is so
spread out and the specific resistivity decreases smoothly to
zero, it is reasonable to suppose®’ that superconductivity in
a-GaSb does not appear immediately throughout the volume
of the sample, but rather is charcterized by a broad spectrum
of values of the critical superconducting transition tempera-
ture T, associated with inclusions. Superconductivity first
appears in those inclusions with T, = T,,. Further decreas-
ing the temperature results in “scanning” with respect to T,
as a result of which the fraction of the sample occupied by
the superconducting phase ¥, (T) increases; once it reaches
a critical value V,(T,) = ¥, at a temperature 7= T, an
infinite cluster of superconducting inclusions forms and per-
colation begins along the superconducting phase, so that
p=0.

We note that there is no superconductivity on the insu-
lating side of the metal-insulator transition, i.e., this phe-
nomena is a specific characteristic of the metallic side of the
transition.

We can offer additional arguments and experimental
results to support the present model of superconductivity in
a-GaSb. Figure 6 shows the field dependence of the mag-
netoresistivity corresponding to the region T<T,,. The ini-
tial portion of rapid increase for the curves Ap/p (H) is na-
turally associated with destruction of superconductivity in
regions with 7.<T,,. Once the superconductivity is des-
troyed by a magnetic field, a transition occurs to a smoother
linear dependence of the magnetoresistivity (Fig. 6). The
presence of some small hysteresis on the curves Ap/p (H) is
probably associated with flux pinning, which is characteris-
tic of a type-II superconductor.

Let us define H,, as the field at which the curve
Ap/p(H) coincides with its linear asymptotic form. It is ob-
vious that this field corresponds to the maximum critical
field H_, that a superconducting inclusion can possess. The
function H_, (T) obtained in this way is shown in Fig. 7
(curve 1). We emphasize that in our samples of a-GaSb we
observed rather large values of the maximum critical field—
H_, (0) =95 kOe. It is a characteristic of the curves p(H,T)
(see Figs. 5 and 6) on the metallic side of the metal-insulator
transition that their shape is reproduced from sample to
sample, and that the initial transition temperature 7', ~7-8
K does not depend on T

yn *
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FIG. 6. Magnetoresistance as a function of magnetic field for various
temperatures at i = 5 mA (T, = 1100 °C, sample No. 1): 1—T'=2.98
K;2—3.6K;3—4.2K;4—5.2K;5—5.8K; 6—14.3 K. The arrows den-
ote the characteristic magnetic fields H,,

Measurements of the magnetic properties of a-GaSb
samples (Fig. 7, curve 2) in weak magnetic fields (H<1 Oe)
show that at liquid-helium temperatures the samples are dia-
magnetic (at room temperature a-GaSb is weakly paramag-
netic); however, the value of the magnetic susceptibility y is
only ~ 10 ~°. If we identify 47| y| with the volume occupied
by the superconducting phase, then at the temperature
T,~1.8 K for which percolation occurs in the supercon-
ducting phase we can estimate ¥V, ~4r|y|~1.5-10 %

The critical volume fraction required for percolation
usually comes to ¥, ~0.17; however, in real systems this

He2,kOe
100 -

80
60+

401

0 1 2 J 4 1) § TK

FIG. 7. Characteristic magnetic fields and magnetic susceptibility for a-
GaSb: 1—H,, = H, (T) (sample No. 1); 2—y(T) (sample No. 2),
T,,, = 1100°C.
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value can be considerably smaller, e.g., in cases where the
inclusions are filamentary in structure. Nevertheless, the
quantity 4|y| is clearly too small for us to explain it as
exclusively due to the shape of the inclusions. It is more
likely that such a small value of y in a-GaSb is due to the fact
that the penetration depth of the magnetic field A considera-
bly exceeds the characteristic size a of the superconducting
inclusions, i.e., a € A. If we use the well-known formula for a
spherical superconducting particle of diameter a as an esti-
mate, then the susceptibility of the sample at the percolation
limit can be approximated by the expression

aZ

—Vy——. 1
Vs 10 A2 (14)

x =~
For a-GaSb, taking into account ¥, ~0.17, Eq. (14) gives
(a/A)~5-10"2% and for typical values of A
~ (10 ~*-10 ~ %) the characteristic size of the superconduct-
ing inclusions comes to a ~ (500-50) A.

The temperature dependence of the magnetic suscepti-
bility (Fig. 7, curve 2) has a feature at T<7,,: the smooth
increase of the absolute value of y as the sample is cooled
below T' < T, is replaced by a segment of rapid growth in |y|
for T<T,. This behavior corresponds in a natural way to
what is known about the formation of an infinite cluster: at
the percolation limit ¥ (T) = ¥, the density is small, while
for V() >V, the volume of the infinite cluster increases
rapidly; this corresponds to the portion of rapid increase of
x (7).

A characteristic feature of the superconducting state in
a-GaSb is the dependence of the specific resistivity, and con-
sequently ¥V, on the magnitude of the measurement current
i. This behavior for T < T, can be explained in several ways.

First of all, the characteristics of the contacts between
superconducting particles are important. The presence of
weak links causes an increase in the current to decrease the
average size of the superconducting cluster; furthermore,
tunneling through the boundaries between normal and su-
perconducting phases gives rise to nonlinear IV characteris-
tics."

Secondly, in the interval T,<7<T,, current flows
through normal regions as well as through the supercon-
ducting regions, causing Joule heating of the sample; be-
cause ¥V, = V,(T), as the current increases the volume of the
superconducting phase decreases.

Thirdly, ordinary current-induced disruption of the su-
perconductivity is possible.

The experimental functions p (i) for a-GaSb measured
at constant current and at various temperatures 7 < T, are
given in Fig. 8 (curves 1-3). In these plots the IV character-
istics of the sample were measured directly at liquid-helium
temperatures. It is clear that total disruption of the super-
conductivity takes place for i> 0.1 A, and that p increases
rapidly with current in the range 10 ~>-10 ~ ' A, while in the
region i < 10 ~2 A the specific resistivity decreases smoothly
as the measurement current decreases.

In order to distinguish effects due to current-induced
heating of the medium we investigated the IV characteristics
of a-GaSb under pulsed conditions (Fig. 8, curve 4). The
parameters of the pulses were chosen so that the average
heating of the sample within the time of the pulse AT~ i?R
(where R is the resistance of the sample) would be two
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FIG. 8. Destruction of superconductivity by a current in a-GaSb. The
function p (i) is plotted at various temperatures: 1—4.2K;2—3.16 K; 3
and 4—2.51 K. Curves 1-3 were measured at constant current, 4 at pulsed
current (T, = 1100 °C, sample No. 2)

orders of magnitude smaller than the value obtained from
measurement at constant current. A comparison of curves 3
and 4 in Fig. 8, which correspond to T'= 2.5 K, shows that
the Joule heating of the medium begins to be important for
currents i> 10 ~2 A. We note that the portion of rapid in-
crease of p (Fig. 8, curves 1-4) may be due not only to an
increase in the sample temperature but also to current-in-
duced destruction of the superconductivity.

At the same time, the change in p in the region i < 10~ 2
A, where thermal effects can be neglected, indicates the pre-
sence of weak links that participate in the formation of the
percolation superconducting cluster. In this case the ob-
served decrease in p with decreasing current is characteristic
of Josephson junctions (for the IV characteristics of a tun-
neling junction, p increases rather than decreases at low cur-
rents).!”

It should also be noted that the increase of the ampli-
tude of the change in p with decreasing temperature in the
interval i<10 ~2 A (see Fig. 4, curves 1-3) is in agreement
with the percolation picture of the superconducting transi-
tion in a-GaSb. For Josephson tunneling through normal
regions in a percolation chain of inclusions the effective
number of breaks in the chain (the number of weak links)
will decrease as the temperature decreases; this tendency is
most marked for T~ T,, where even a small change in the
infinite-conductivity volume fraction leads to a considerable
decrease in p.

The presence of weak links in the system of supercon-
ducting clusters in a-GaSb allows us to make an independent
estimate of the characteristic size of the superconducting
regions. In Ref. 16, where percolation along a system of su-
perconducting particles connected by weak links was inves-
tigated, it was shown that independent of the distribution
function for the parameters of the links the size of the parti-
cles could be estimated from the relation

Pn

aN——__4RoF(T,)’ (15)

where R, = 7#i/4€%, p, is the specific resistivity of the sam-
ple in the normal state, and F(7) = (A(T)/T)
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‘tanh(A(T)/T). Here A(T) is the value of the supercon-
ductor gap. In the case of a-GaSb, which exhibits dispersion
of the critical temperatures and values of the gap for the
inclusions, it follows from Ref. 16 that Eq. (15) can once
again be used as an estimate; however, the value of F(T) in
this case should be as large as possible. Substituting into
(15) thevalue A, (T,) =1.76T,, for samples with the maxi-
mum critical temperature'® and our data on p, (Fig.5), we
obtain a size estimate of @,, ~240 A.

The data we have obtained allow us to estimate the
other superconducting parameters of regions with 7, = T,,,.
It follows from Eq. (14) that the maximum contribution to
the susceptibility is given by regions with minimum value of
A, and therefore A,,<a(V,/107/x)"*~4500 A. The co-
herence length £, can be estimated in the standard way:'*

(-2 )" 6
S\ (16
Equation (16) for T=T, and H, = H,(T,) =88 kOe
(see Fig. 7) gives &,, ~60 A, and the Ginzburg-Landau pa-
rameter is found to be x,, ~A,, /&, ~80.

These estimates of the parameters for inclusions with
T, =T, confirm our picture of the superconductivity in
amorphous gallium antimonide as type II, with high values
of x.

It is significant that the superconductivity of samples of
a-GaSb on the metallic side of the metal-insulator transition
is metastable (Fig. 9). In samples of a-GaSb annealed at
T~ 150 °C over the course of several hours complete crystal-
lization of the amorphous tetrahedral phase occurs.® This
effect leads to a considerable decrease in the amplitude of the
superconducting transition (Fig. 9, compare curves 1 and
2). However, even after annealing a certain quantity of the
superconducting phase continues to be preserved within the
bulk of the sample. Complete suppression of superconducti-
vity can be achieved only by raising the annealing tempera-
ture to T~ 350 °C, in which case the shape of the curve p (T

,10"20-cm
‘...il..
[ .
“.
1.
b..
4 S0ecccocee . \n'.ooooco.o-.ooooyo
] S
0 Ol ] 1
i 5 10 TX

FIG. 9. The effect of annealing on the superconducting transition in a-
GaSb (T, = 1100°C, sample No. 3): 1—original sample, 2—sample
after a first anneal (3 hrs, 150 °C), 3—sample after a second anneal (30
min, 350 °C).
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in the temperature interval T> T, is practically unchanged
(Fig. 9, curve 3).

6.DISCUSSION OF RESULTS

Because superconductivity is a specific feature of sam-
ples on the metallic side of the metal-insulator transition, it
is natural to search for a connection between the rapid
change of the electrophysical characteristics at T, ~800 °C
and the superconducting anomalies. With this goal in mind,
we analyzed probable candidate mechanisms for supercon-
ductivity in a-GaSb starting with the experimental data
(Figs. 3-9) including our data on structural analysis (Figs.
2 and 3).

To begin with, we note that the data on the effect of
crystallization and annealing on superconductivity in
a-GaSb show that superconductivity in a-GaSb cannot be
associated with the tetrahedral amorphous phase, since the
superconducting features are preserved after it completely
crystallizes. In the previous Refs. 5 and 6 the possibility that
crystalline clusters of small size in the mixture
(a-GaSb), _ x* (c-GaSb) , might become superconducting
through enhancement of the electron—phonon interaction
due to the influence of the insulating amorphous neighbor-
hood was considered. However, since residual superconduc-
tivity is preserved after annealing at 7~ 150 °C, which is
accompanied by almost complete crystallization of the a-
GaSb (Fig. 9, curve 2), this possibility appears rather un-
likely; furthermore, the appearance of. superconductivity
cannot be explained within the framework of the simplest
two-phase model which we have used to discuss the data on
structural analysis.

At the same time, our x-ray structural analysis data
(Fig. 2) allow us to conclude that the samples under discus-
sion are not contaminated by metastable high-pressure crys-
talline phases of Ga, Sb or GaSb, which are superconducting
and which might preserve their superconductivity in locally
stressed regions. Under these circumstances, the supercon-
ductivity in the samples under study is most likely due to the
presence of disordered phases of the system Ga-Sb that
differ from the amorphous tetrahedral phase.

If the concentration of these phases is not large, it is
much more difficult to detect them using the curves I(s)
(Fig. 2). The presence of a noncrystalline phase different
from a-GaSb gives rise to rather small changes in the shape
of the curve @, (s); the nature of our numerical procedure
(see Sec. 3) implies that these changes will ultimately lead to
errors in determining X. Using what we know regarding er-
rors in our determination of the value of X, we arrive at a
crude estimate of only 3-5% for the concentration of possi-
ble uncontrolled inclusions which differ from a-GaSb.

One of these phases could be a superconducting metal-
lic glass; however, according to the data of Ref. 17 the maxi-
mum temperature 7, of this phase cannot be greater than 4.5
K, which is hard to reconcile with the temperature T,, ~7
K.

Among the metastable superconducting phases of the
Ga-Sb system, one of the most promising candidates is
amorphous gallium,'® whose parameters 7, ~8.4 K and
H_ =100 kOe are close to the values 7-8 K and H,, ~95 kOe
(Figs. 5 and 7) for a-GaSb; however, the resistive transition
in amorphous gallium is sharp, unlike the smeared out tran-
sition of a-GaSb.!®
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The appearance of superconducting inclusions of amor-
phous gallium in the bulk of the sample implies local disrup-
tion of stoichiometry and of the short-range-order charac-
teristics in the amorphous GaSb network. In general, the
composition of such a nonstoichiometric region is expressed
by the formula Ga, ,Sb, (where 0<y<1).

In Ref. 19 it was shown that in the range of composi-
tions y < 0.5 superconductivity in Ga, _,Sb, arises when the
excess concentration of gallium is ~55 at%, and T, varies
between 1 K (for 55 at% Ga) and 8.4 K (amorphous gal-
lium). This result allows us to associate the smearing-out of
the superconducting transition for a-GaSb with dispersion
in the composition of the superconducting cluster
Ga,_,Sb,.

We note that in addition to regions with excess gallium
it is necessary to take into account the possible presence of
regions with excess antimony (since the original sample
GaSb was stoichiometric in composition; the loss of anti-
mony during synthesis can be neglected). It is known that
amorphous antimony is not a superconductor, but is rather a
Mott insulator, and for 7<77 K has a resistivity
Pn = (20-600) Q-cm.*® At the same time, there are indica-
tions of the existence of metastable noncrystalline phases of
Sb which are superconductors with 7, ~6-7 K, so that in
general clusters with the composition Ga, _,Sb, may turn
out to be important for both y <0.5 and y> 0.5.

The evidence we have presented so far leads us to be-
lieve that both superconductivity and the metal-insulator
transition in bulk samples of amorphous gallium antimonide
are due to inclusions of nonstoichiometric composition
which possess metallic conductivity.'® This in turn results in
an additional effect over and above the shunting of the elec-
tron conductivity of the more resistive amorphous matrix by
the less resistive crystalline phase: the electron conductivity
of the samples is affected by the presence of an even less
resistive critical subnetwork whose resistivity in the normal
state, according to the data of Ref. 19, is bounded above by
values p~0.1-0.01 Q-cm <p, (see Figs. 5, 8, 9).

In view of the small concentration of these inclusions,
we assert that this shunting phase is spatially restricted, i.e.,
the inclusions take the form of thin filaments or channels.
The formation of metallic channels in the bulk of the sample
for T, > 800 °C, whichfor T < T, gradually begin to super-
conduct as the temperature drops, explains both the abrupt
character of the metal-insulator transition (Fig. 3) and the
existence of two groups of (a-GaSb), _ x - (¢-GaSb), sam-
ples with different properties and the same composition X of
the crystalline phase (see the inset to Fig. 4). In this case the
subnetwork of metallic channels is obviously absent for sam-
ples on the insulating side of the metal-insulator transition.

We now propose a model that explains why a sub-
network of metallic channels appears in samples of amor-
phous gallium antimonide synthesized at T, >800°C,
which in turn explains the origin of the metal-insulator tran-
sition in @-GaSb. It is known that GaSb melts congruently at
atmospheric pressure; however, its components dissociate as
the temperature of the melt increases.”> According to the
data of Ref. 23, the melting temperature at p,,, ~90 kbar is
estimated to be T, ~550 °C (Fig. 1), so that T, ~800°C
corresponds to superheating of the melt. If the character of
GaSb melting is preserved under high-pressure conditions,
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then quenching of a melt with disrupted short-range order
(T,,, >800°C) could result in the appearance of regions in
the bulk of the sample with disrupted stoichiometry. How-
ever, confirmation of this assertion requires detailed infor-
mation on the phase diagram of GaSb in the region p~90
kbar, which is not available at this time.

As an additional argument in favor of our model of the
metal-insulator transition and superconductivity we can
point to the results of Ref. 24, where the authors assumed the
presence of antimony inclusions in order to interpret fea-
tures in the light-scattering (Raman) spectra of samples of
a-GaSb obtained by quenching of a melt under high pres-
sure. Nevertheless, the detecting of nonstoichiometric inclu-
sions in ¢-GaSb and studying their spatial distribution by
direct methods is a current and pressing problem, and is an
invitation to further investigations.

In conclusion we note that the nature of the high-tem-
perature features of the magnetoresistance (Fig. 1) remains
unclear. An estimate of the Lorentz contribution to the mag-
netoresistance for the experimental values of the Hall mo-
bility 2 ~0.8 cm?/V-sec and H~ 130 kQe gives a value of
Ap/p~0.5(uH)?*~10~7, which considerably complicates
the interpretation of the effect in terms of the standard pic-
ture of transport processes when taken together with the
presence of features at T~ 120 K on the curve Ap/p(T). In
Refs. 5-7 this feature is associated with the presence of high-
temperature superconductivity in a-GaSb; however, we feel
that this is a rather unlikely explanation. Nevertheless, a
recent paper?®> has predicted that a considerable enhance-
ment of superconductivity is possible in samples with fractal
structure. Since it is commonly supposed that infinite clus-
ters are fractal in structure, we cannot exclude the possibility
that effects of this kind can influence the superconducting
properties of amorphous gallium antimonide.
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