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ABSTRACT

The superconductivity of severa] metal-semiconductor simple
eutectic alloys containing Ge or Si, and one of the metals Al, Be,
In, Pb, Sn, or T1 has been investigated. The liquid-quenching tech-
nique was used to reduce the characteristic scale of the microstructure
in the alloys. It was found in some cases (notably Al-base alloys)
that the superconducting transition temperature of the metallic phase
was significantly enhanced (from 1.2% to ~ 6%k for Al-base alloys)
as a result of Tiquid-quenching. The characteristic scale of the
microstructure was found to be of the order of several hundred
;ngstroms in alloys showing the greatest enhancement effect. The
results are discussed in terms of recent theoretical models that pre-
dict enhancement of superconductivity due to electronic interactions
at a metal-semiconductor interface. The results are also analyzed in
terms of the McMillan theory of superconductivity in which the enhance-
ment effect is attributed to a reduction in the characteristic phonon
frequencies of the metal. It is concluded that the latter explanation
can account for all of the observed properties and, thus, that it is
probably unnecessary to invoke an "excitonic mechanism" to explain

the results.
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I. INTRODUCTION

Superconductivity in metal-dielectric systems is a subject of
much current interest. Various mechanisms leading to superconductivity
as a result of an interface interaction in such binary systems have
been suggested. (References 1-5.) Some theoretical predictions indi-
cate that under favorable conditions higher superconducting transition
temperatures might be expected from such systems than can be achieved
with.fhe conventional BCS type of phonon mechanism alone. This theo-
retical work has spurred several experimental efforts devoted to
demonstrating the existence of the suggested mechanisms. {(References
6, 7, and 8.) Most of the experimental work has been confined to
studies of thin films obtained by vapor deposition. Ultrathin metal
layers on semiconducting or insulating substrates, covapordeposited
metal-dielectric mixtures, and alternating metal-dielectric layered
sandwiches have been given much attention; however, the problems and
uncertainties which accompany the study of vapor deposited films have
caused much confusion and controversy over the interpretation of
‘experimental results.

In an eutectic alloy, obtained by melting the constituents,
alternating domains of metal and dielectric phases can exist in a
microscopic array. The scale of the microstructure is known to
depend sensitively on the rate of cooling from the melt, providing
a natural means of varying the typical domain sizes in such a binary

system. Using rapid cooling techniques, one might expect to achieve
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extremely small interspersed domains of metal and dielectric. In this
fashion, many of the uncertainties arising in vapor deposition experi-
ménts can be eliminated. In'particular, gaseous contamination and the
problem of achieving intimate contact between layers can be signifi-
cantly reduced. Also, the larger sample size facilitates the measure-
ment of such bulk properties as magnetic susceptibility. Of course,
new uncertainties may be introduced; however, this approach to the
problem ofrsuperconductivity in a metal-dielectric systems is interest-
ing enough to warrant systematic investigation and provided the moti-
vation for the present study. Simultaneous studies of microstructure,
x-stal structure, and superconducting properties of seyeral metal-
dielectric eutectic alloy systems have been carried out with the aim
of evaluating the possible role of an interface interaction in the
superconductivity of these alloys.

Several important points were considered in selecting appro-
priate alloy systems for the investigation. To begin, the alloys
should ideally consist of two'separate, well-defined phases, one of
which has metallic properties and the other either semiconducting or
insulating properties. The choice of simple eutectic alloys guarantees
- the exclusive presence of two distinct phases in thermodynamic equi-
Tibrium; however, only Si and Ge taken together with a limited number
of metals are found to have this type of equilibrium phase diagram.
Other semiconductors like Te and Se are found invariably to form inter-
mediate crystalline phases with metals and are thus generally unaccept-
able for this study. It should be mentioned, however, that distinct

metallic and semiconducting phases might be obtained in more complex
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systems. For example, binary alloys of Pb and Te of the form
Pbeeloo_x with x > 50 could be used. (Reference 9.) The single
intermediate PbTe phase coexists with a Pb phase in such Pb-rich
alloys.

The simple eutectic phase diagram of A1-Si is shown in Figure 1
to illustrate its general features. (Reference 9.) The eutectic com-
position occurs at 11.3 at.% of Si. At this composition, the alloy is
completely Tiquid above 577°C and solid below this temperature. Solid
Al dissolves a maximum of ~ 1.6 at.% Si at 577°C, and the solubility
falls to less than 0.1 at.% of Si at room temperature. Al is nearly
insoluble in solid Si. The mutual solubility of the metal and semi-
condUctiqg phases is of extreme importance in the pre;ent study since
the electronic properties of a semiconductor are extremely sensitive
to metallic impurities. Likewise, dissolved Si or Ge in the metallic
phase of the alloy can influence both electronic and lattice properties
of the metal and in turn its superconducting properties. Ideally,
the two phases should be mutua11y insoluble. This condition is un-
fortunately not respected in most cases. Typically, for simple
eutectic alloys (e.g., A1-Si, Al-Ge, Sn-Ge, etc.) the metal is nearly
insoluble in the semiconducting phase, whereas a Timited solubility of
Ge or Si is observed in the metallic phase. More complex systems
“(e.g., Pb-Te) containing a semiconducting compound tend to exhibit a
larger solubility of the metal in the semiconducting phase as illus-
trated by the 1arge homogeneity range for formation of the compound
PbTe. (Reference 9.) This has a catastrophic effect on the electronic

properties of the semiconductor. In the case of PbTe, it results in
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the disappearance of the energy gap of the semiconductor for Pb-rich
alloys. For this reason, the present study was confined to simple
eutectic alloys.

The scale of the microstructure (i.e., the characteristic size
of the interspersed metal and semiconducting domains) varies greatly
among simple eutectic alloys. The effect of an interface interaction
.on the electronic properties of the metal domains depends on the
surface-to-volume ratio of the metal domain. Thus, domain size is a
critical parameter in the study of such interactions. This parameter
can be varied for a given alloy system by varying the cooling rate of
the alloy from the liquid state, the scale being reduced as the cooling
rate is increased. It is desirable that the scale of microstructure
tends to be small in equilibrium.

Finally, a few remarks should be made concerning the nature of
the metal-semiconductor interfaces obtained in eutectic alloys. In
general, the dissimilarity between the x-stal structure of the metals
studied and that of Si or Ge (djamond cubic) resu]ts in an incoherent
interface. It is likely that nd regular epitaxial structure exists
at the interface. Furthermore, it is not even clear how well the
interface can be defined on the atomic scale. Since the structure of
the interface determines the characteristics of electronic wave
functions in this region, it is clear that this structure must be an
essential feature in any description of an interface interaction.
Unfortunately, very little is known about this aspect of the problem
since it involves structural details on the scale of a few atomic

distances. In this respect, the study of thin films has an advantage.
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Low energy electron diffraction can be used to study surfaces of thin
films directly. (Reference 8.) Under restricted conditions, thin-
metal films can be deposited epitaxially on substrates consisting of
a single crystal of semiconducting or insulating material and the
interface can be well-characterized. (Reference 8.) Such a detailed

" characterization is not possible in the present case.



II. [EXPERIMENTAL PROCEDURES

The alloys studied contain x at.% of a metal A and 100-x at.%
of a semiconductor B. Their compositions are given in Table I. The
alloys were prepared by induction melting of the appropriate quantities
of constituents in glassy carbon, alumina, and quartz crucibles under
an Argon atmosphere. It was found that Al and Be alloys made in quartz
are contaminated by reaction with the crucible and thus these alloys
were prepared in dense alumina crucibles only. The purity of the Ge
and Si used was 99.999%, and that of the metals was 99.99%, except Be,
which was 99%. The as-cast samples were drawn into 2 mm rods from the
melt., The quenched alloys were prepared by rapid cooling from the
liquid state following a technique described in Reference 10. The
cooling rate is estimated to be on the order of 106 °C/sec. The
samples obtained using this method are of the form of jrregularly
shaped foils having a typical area of n 1 cm? and a thickness ranging
from 1 to 10 um.

To determine fhe crystal structure and microstructure of the
alloys, techniques of scanning electron microscopy (SEM) and x-ray
diffraction were used. The crystal structure of each sample used for
measurements of electrical resistivity, magnetization, etc., was
checked by x-ray scanning using a Norelco diffractometer (copper Kd
radiation, nickle filtered). At Teast one sample of each as-cast
and 1iquid-quenched alloy was subsequently powdered and used to obtain

a Debye-Scherrer film. The lattice parameters of the phases present



Constituents At.% of A In

A B Ax B100-x

Al Ge 5, 10, 25, 50, 70

Al Si 10, 25, 50, 60, 70, 75

80, 85, 90, 95, 97.5, 99

Ga Ge 10, 50

Ga Si 10, 50

Sn Ge 10, 20, 70

Pb Ge 2, 5, 10, 20, 70

In Ge 10, 70

T1 Ge 10, 70

Be ‘Si 25, 45, 62, 90

TABLE I. Composition of the Alloys Studied
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were then computed from the Debye-Scherrer films using the Nelson-
Riley extrapolation function.

The 1iquid-quenched sample foils used for the SEM study were
mounted in such a manner as to expose a cross-section of the foil
thickness along the copper substrate on which the foil was obtained.
The samples were appropriately etched so as to obtain enhanced con-
trast between the component phases. Energy dispersive analysis of
the secondary x-ray emission spectrum was used in conjunction with
SEM to identify phases observed in the microstructure.

Electrical resistivity as a function of temperature was measured
using a standard four-probe technique for temperatures ranging down
to 1.3°K. The temperatﬁre was measured with a germanium resistance
thermometer with an accuracy of £0.05°K. Two techniques were used
to attach voltage leads to the quenched foils. The leads were spot-
welded to some samples, whereas a pressure contact consisting of a
clamped silver foil was used for other samples.

The superconducting transitions were also observed with a
standard ac bridge technique using a frequency of 1 kHz. The relative
inductance of a coil containing the sample is plotted as a function of
temperature on an x-y recorder. The estimated peak-to-peak magnetic
field at the specimen location is on the order of a few Gauss. Mag-

‘netization as a function of magnetic field strength was measured

using a standard Farady magnetometer. In order to obtain a sufficient
quantity (about 50 mg) of the Tiquid-quenched alloys for the magnetiza-
tion measurement, it was necessary to combine the powder obtained from

several (6-10) foils of a given alloy. "The magnetization measurements
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thus represent an average of several samples. Magnetoresistivity
was measured for both the parallel and transverse orientation of
current with respect to magnetic field at temperatures ranging from
1.3% to 4.2°K and fields in the range 0-10 kG. The temperature for
the magnetoresistivity measurements was measured with a gallium-~

arsenide resistance thermometer with an accuracy of +0.05%K.
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ITIT. RESULTS

Alloys were studied in both the as-cast form and the liquid-
quenched form. Most of the results here are for Al alloys, since the

most extensive work was done on these.

A. As-cast Aluminum Alloys

1. Microstructure and X-stal Structure

. The x-ray diffraction analysis indicates that all as-cast alloys
consist of two phases as expected from the equilibrium phase diagrams.
The ]atFice parameters 6f each phase were/found to be nearly independ-
ent of the alloy composition. A summary of the results is given in
Table II. For example, the alloy A1703130 gives a lattice parameter
of 4.048 + 0.002& for Al and 5.432 * 0.0023 for Si. This compares to
lattice parameters of 4.0498 and 5.430& (Reference 11) obtained for
the pure e]ements.} The comparison indicates that there is very limited
mutual solid solubility of the two phases present. The equilibrium
phase diagram for A1-Si (Figure 1) gives the solubility of Si in Al as
‘less than 0.1 at.% at room temperature and a maximum of ~ 1.6 at.% at
577°C. The solubility of Al in Si is given as negligible.

SEM studies reveal the microstructure of the as-cast alloys.

The general features of the A1-Si and Al-Ge microstructure resemble
those reported in previous metallographic studies. (References 12 and

13.) For as-cast Al-Ge samples, typical Al domains are lamellar in

form and have a characteristic thickness ranging from about SOOK to
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3500&. A scanning electron micrograph is shown in Figure 2(a). Forma-
tion of lamellar colonies is noticeable. The effect of annealing the
as-cast A170Ge30 alloy at 400°C for one day is illustrated in Figure
2(b). The characteristic domain size is increased to the order of
5,000K to 10,0003. The microstructure of as-cast A1705130 is shown
in a metallograph in Figure 2(c). An irregular eutectic structure
(composition Alggsill) is observed and characterized by a network of
fan-shaped Si crystals surrounded by Al. Large (~10 um) primary Si

crystals are also observed along with the eutectic structure.

2. 'Electrica1 Resistivity

Superconducting transitions in the as-cast alloys were observed
as a function of temperature, magnetic field, composition, and heat
treatment. E1ectrica1 resistivity as a»function of temperature for
as-cast Al Gegy and Al,Si,q is shown in Figure 4. The resistivity
begins to drop at an onset temperature defined as Té and falls sharply
to a value less than lo'ggcm at a temperature defined as Tc' For

1 v (o} _ 0 . n 0
Al T' = 2°K and TC = 1.85°K. For A17OS130 Té = 1.9°K and

70530 Te
T = 1.5%K. Critical current density (Jc) measurements at 1.3%K in
zero magnetic field give values on the order of 103 A/cm? for both
alloys.

For these alloys, annealing at 500°C (énd at 200°C or 400°C)
for one to eight days produced no observable effect on Tc‘ The elec-
trical resistivity of an annealed sample is shown in Figure 4. The

transition is observed to sharpen somewhat, resulting in slightly

lower values of Té. Critical current density measurements on samples
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FIGURE 3. Scanning Electyron Micrograph of
Liquid-quenched Al,,Si5, Showing a Region
Near the Copper Substrate,
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annealed at 4000C indicate that Je is reduced by about one order of
magnitude compared to the JC of as-cast samples.

The effect of a magnetic field on the resistive transition of
the as-cast alloys at 1.3% is shown in Figures 5 and 6. For A17OGe30,
a sharp resistive transition occurs at a field of 85G, and for
A17OSi30 a similar transition occurs at 40G; however, a small amount of
superconductivity persists to much higher fields (approximately 3kG
for A17OGe30). The resistive transition was observed to be independent
of field orientation with respect to current direction. The critical
current density (Jc) as a function of magnetic field at T = 1.3%K s
shown in Figure 7.

The composition of the A1-Si and Al-Ge alloys was varied as
indicaféd in Table I. The transition temperature, as measured by
resistivity, was found to be nearly independent of composition. For
Tow Al concentrations (e.g., A15Ge95) Tc remains unchanged, while Té
is found to be slightly higher (~2.7°K), as shown in Figure 8. The
critical current density is of order 10 A/cm? for A15Geg5. A resistive
transition for A1505i50 is shown in Figure 8. A summary of electrical
resistivity measurements on as-cast A1-Ge and A1-Si alloys is given in

Table III.

3. Magnetic Measurements

Relative inductance change as a function of temperature using a
standard ac bridge for A17OGe30 and A17OSi30 is shown in Figure 9. A
large inductive transition occurs at a slightly lower temperature

(~0.1°%K) than that of the resistive transition shown in Figure 4.
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Typical results of dc magnetization measurements at 1.3% for A170Ge30
are shown in Figure 10. As a function of field, a constant diamagnetic
susceptibility up to a field of 25G is observed. With increasing
fields above 25G, type II magnetic behavior is observed. A small
amount of superconductivity persists in fields up to approximately

7kG. Magnetization as a function of field for A17OSi3O is similar to

that of A]7OGe3O'

B. Liquid-Quenched Aluminum Alloys

1. Crystal Structure and Microstructure

For liquid-quenched A1-Si alloys, x-ray diffraction studies
indicate that no intermediate phases exist in agreement with previous
work. (Reference 14.) A Tlattice parameter of 5.434 .003R Was
found for the Si phase and was independent of Si concentration in the
~alloy. This indicates that no significant amount of Al is dissolved
by the Si phase after liquid-quenching. On the other hand, the lattice
parameter of the Al phase was found to vary slightly with increasing
Si concentration in the alloy. A plot is shown in Figure 11. A Si
phase is observed in Debye-Scherrer films for alloys containing more
than 5 at.% of Si. This is apparently the limit for complete solu-
bility of Si in the Al phase of the alloys. A slope change in the
plot of the Al lattice parameter (Figure 11) occurs with increasing
Si concentration at about 3 at.% Si. The slope change may be asso-
ciated with the formation of Si precipitate. This behayior is in
general agreement with previous studies. (Reference 15.) Table III

contains a summary of x-ray results for liguid-quenched A1-S1 alloys.
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Since it has been preyiously established that the microstructure
of the A1-Si eutectic is extremely sensitivé to the cooling rate from
the melt (Reference 13), it is expected that rapid-quenching from the
liquid state can drastically alter it. The SEM studies on rapidly
quenched A1-Si alloys substantiate this expectation. In the quenched
samples, there is a spatial distribution of cooling rates. In the
regions where the cooling rate is greatest (near the substrate), the
eutectic composition is seen to be shifted to higher Si concentration.
Si precipitate tends to cluster uniformly along the substrate. In
Figure 3, a scanning electron micrograph of such a region near the
copper substrate is shown for an A17OSi30 sample. In this region, Al
domains ranging in size from ~ IOOR to ~ IOOOR can be seen interpene-
tratiﬁg.a network of Si crystals, typically 5003 to 30003 in size. |
For the alloy A1855115, similar precipitation of Si near the substrate
was observed in scanning electron micrographs, although the amount of
Si precipitate is reduced. The characteristic size of the Al domains
in the region near the substrate remains about the same as that in
A1705130. It should be noted that the type of microstructure observed
in Figure 3 is quite uniformly and continuously distributed along the
" substrate.

X-ray analysis of liquid-quenched Al-Ge alloys confirm the pre-
viously reported presence of a metastable tetragonal A]zGe phase and
another complex metastable phase, the crystal structure of which has
not been determined. (References 16 and 17.) These intermediate
metastable phases are found to decompose into Al and Ge following

annealing at a temperature of 200°C for a period of one hour. Due to
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the presence of these metastable phases, the Tiquid-quenched Al-Ge
alloys were not studied in as much detail as the liquid-quenched Al1-Si

alloys.

2. Electrical Resistivity

Electrical resistance as a functioh of temperature for several
1iquid-quenched A1-Si alloys is shown in Figure 12. Due to the non-
uniform thickness and irregular shape of the samples, it is difficult
to accurately estimate the reéidua] resistivity Po Approximate
values of p, Were obtained by estimating the average sample thickness
to be 2-5 um. This estimate is based on the measured weight of the
samples and the estimated sample area. An independent check of the
average sample thickness was also made using SEM micrographs. The
estimated residual resistivities of A1-Si samples are included in
Table III, along with a summary of x-ray results and superconducting
transition temperatures T, and T.. To illustrate the dependence of
transition temperature on alloy compositibn, a plot of the transition
temperature as a function of Si content of the alloy is shown in
Figure 13. To best compare the alloys, the transition temperature
is taken to be the temperature at which the sample resistance has
drepped to half the residual value (henceforth referred to as T?).
It should be noted that the results of at least two samples have been
averaged to determine each point in Figure 13, This procedure elimi-
nates variations in Tf due to uncontrollable differences in quenching
rate (these variations were found to be small, <0.2°K) of samples with

the same composition. The superconducting transition temperature is
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seen to initially increase with increasing Si content of the alloy
reaching a maximum at the composition A17OS1‘30 after which it de-
creases slowly. The onset temperature of the transition Té reaches
7.5%¢ in some samples containing 40-50 at.% Si. A significant broad-
ening of the transition accompanies additions of Si in excess of
30 at.%. For example, samples containing 50 at.% Si have transition
widths (Té - Tc) as large as 3%. Similar results were found for
Al-Ge é]]oys. The onset temperature Té reaches a maximum of ~ 6.0%K
for the alloy A17OGe3O, while TC = 4.5%¢; however, the new metastable
crystalline phases make interpretation difficult.

The magnetoresistance of 1iquid-quenched A1705130 was measured
for bqth the transverse and longitudinal orientations of field with
respect to current and found to be independent of field orientation.
A typical graph is shown in Figure 14. A broad magnetoresistive

transition beginning at 3.5 Kg and ending at about 10 Kg is observed.

3. Magnetic Measurements

Results of the ac inductance bridge measurements for two
quenched A1705130 samples are shown in Figure 15. The most striking
feature of this result is the fact that complete expulsion of magnetic
flux occurs only below about 1.3°%K. The result indicates that a
rather small fraction of the sample shows a Meissner effect at temper-
atures above 5.0°K, whereas the resistive transition of these samples
is complete at this temperature. Magnetization as a function of
applied field at 1.4% for 1iquid-quenched A1703130 {s shown in

Figure 16. The phenomenon of irreversible magnetization {s observed.
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The sample shows linearly increasing negative magnetization (type I)
behavior up to 100G. The absolute magnetization decreases sharply
for fields exceeding 200G. Superconductivity persists in fields up
to between 6 and 7 Kg. The overall behavior is that of a type II

superconductor.

4. Annealing Behavior

The effect of annealing the 1iquid-quenched A1-Si alloys on the
superconducting transition temperature was studied. For A1705130
samples, annealing at 100°C for periods of 1-4 hours results in a
decréase of TC to ~ 39K and Té to ~ 4°K as measured by electrical
resistivity. Annealing for longer periods at 100°C results in little
additional change in TC. The lattice parameter of the Al phase is
observed to increase from 4.039 + .0028 to 4.044 + .002R after this
annealing. Annealing for 1-4'hours at 300°C results in a decrease of
TC to ~ 2°K._ Finally, annealing at 500°C for 1-4 hours results in a
value of TC ¥ 1.6%K near that observed in as-cast A1%05130 alloys.
The lattice parameter of the Al phase in A1705130 alloys annealed at
300°C and 500°C is within experimental error (i.OOZR) equal to that

obtained in as-cast A17OS1'30 alloys.

C. Results for Other Alloys

Of the other alloys investigated, only Ga-Ge and Ga-Si alloys
showed an enhancement of the superconducting transition temperature
of the metallic component in the as-cast condition. Other as-cast
alloys were observed to have both Té and Tc less than or equal to TcO’

the transition temperature of the pure metal. The resuits for the
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other as-cast alloys are summarized in Table II.

Table IV contains a summary of results for other 1iquid-quenched
alloys. Included in the table are the composition of the alloys, the
phases present in the alloys, lattice parameters obtained for the
phases, the maximum observed onset temperature Té, and the supercon-
ducting transition temperature Tc' To define Té and Tc’ results of
electrical resistivity measurements were used.

The liquid-quenched Sn-Ge alloys were studied by x-ray diffrac-
tion and found to contain only Sn and Ge. The superconducting transi-
tions for these alloys are rather broad. For example, Té = 6.5°K and
Tc = 3.8% for the alloy Sn7OGe30, while Té = 4.5% and TC = 3.6%K for
the alloy SnZOGe80' Results of electrical resistivity measurements
- are shown in Figure 17. To demonstrate the effect of 1iquid-quenching
on pure Sn, a measurement of relative inductance is shown, together
with that of the liquid-quenched alloy SnZOGe80 in Figure 18. The
enhancement effect associated with the presence of Ge can be seen.

Relative inductance as a function of temperature for liquid-
quenched GalOGe90 is shown in Figure 19, along with that of the same
alloy in the as-cast condition. The presence of g Ga (TC = 6.4%)
(Reference 18) in the as-cast alloy is apparent; however, a much
larger transition occurring just below 4% is also observed in this
alloy. The electrical resistance of liquid-quenched GalOGe90 is shown
in Figure 20, along with the electrical resistance of 1liquid-quenched
GasoGeso. The transition temperature of alloys containing more than
10 at.% of Ga was obseryed to be less than that of GaigGegqg. The on-

set temperature of Té of the latter alloy is seen to reach nearly 8°K.
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Metal Te (°k) (calorimetric) T, (°k) (Magnetic)
Al 1.183 1.196
+ Ga (a) 1.087 1.091
(8) 6.2
) 7.62
Sn 3.722 3.7222
Pb 7.23 7.193
In 3.407 3.4035
Tl 2.38 2.39
Be <0.1 <0.1

TABLE IV. Superconducting Transition
Temperatures of Pure Metals.*

*Data taken from the 1970 edition of the Handbook of Chemistry and
‘Physics (The Chemical Rubber Co., Cleveland, Ohio, 1970).
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Unfortunately, it was impossible to ascertain the crystal structure(s)
of the Ga phase(s) in these alloys due to the low melting temperature
of Ga (29.8°C). X-ray results show the clear presence of a Ge phase,
along with many poorly defined lines associated with the Ga phase.
No superconductivity was observed in the as-cast Be-Si alloys down to
1.3%K. Electrical resistance as a function of temperaturé for two
1iquid-quenched Be-Si alloys is shown in Figure 21. These alloys,
Be,:Sige and Be,sSi,- show resistive-transitions with T ¥ 9.0°K and
Té ¥ 4.0%, respectively. Alloys containing 62 at.% Be also show
transitions with Té ¥ 9.0%K; however, the transitions are much broader
and incomplete in most cases. No transition was observed in alloys
containing 90 at.% Be. A large variation in the resistive behavior
among liquid-quenched Be-Si samples of the same composition was ob-
served. This variation could arise as a result of differences in the
cooling rate from the melt during the quenching process. Also, during
quenching, significant oxidation of Be can occur. Debye-Scherrer films
of liquid-quenched Be-Si alloys show the presence of a Be phase, a Si
phase, and varying amounts of the oxide BeO. No obvious correlation
between the presence of Be0 and superconducting properties was ob-
served. Oxidation during liquid-quenching and sample handling can not
be easily controlled.

Liquid-quenched Pb-Ge and In-Ge alloys were found by x-ray

analysis to contain only Pb and Ge, and In and Ge, respecfive]y. No

enhancement of the In transition temperature (Tc 3.41%K) was observed.
A small enhancement effect was obseryed for Pb. Results of electrical

resistance measurements for the 1iquid-quenched alloys Pb706e30 and
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Iane30 are shown in Figure 22. The Pb-Ge alloys containing less
than 70 at.% of Pb showed a smaller enhancement effect.

To clarify the role of the semiconducting phase in the observed
superconductivity of metal-semiconductor a1Toys; a study of the metal-
metal A]-A12Cu eutectic was made. X-ray analysis of the as-cast alloy
Alys 1 (l\12Cu)51.9 (eutectic composition) indicated that only the phase
Al and A]2Cu were present. A metallographic study of the as-cast alloy
shows that the microstructure consists of alternating lamellar domains
of the two phases. A metallograph is shown in Figure 2(d). The
characteristic domain size is noticeably smaller than that found in
as-cast Al-Ge or A1-Si samples. Electrical resistivity measurements
performed on the alloy show no evidence of a superconducting transition

down to a temperature of 1.25%.
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IV. ANALYSIS AND DISCUSSION

A. Enhancement of Superconducting Transition Temperatures

The most interesting result of the present study is the ob-
served enhancement of the superconducting transition temperature of
the metallic component of the alloys. For reference, the supercon-
ducting transition temperatures of the pure metals are summarized in
Table IV. The problem of explaining the observed enhancement of Tc
for the alloys studied is not simple. Several factors, all of which
may play a role in the superconductivity, deserve consideration. The
following are among the most important.

1) The presence of dissolved Si or Ge in the metallic phase
of an alloy, voids and defects in the metal lattice, and surface
effects at the metal-semiconductor interface can result in softening
of the phonon modes of the metal or a change in the electronic density
of states at the Fermi level of the metal. As a result, the electron-
phonon coupling constant A may be altered and the superconducting
transition temperature changed. McMillan (Reference 19), and others
(Reference 20), have shown how this type of structural disorder can
result in an enhanced superconducting transition temperature.

2) Quasi two-dimensional electronic states, localized at the
metal-semiconductor interface, resulting in surface superconductiyity
could be considered. Ginzburg (References 1 and 21) has proposed and

discussed this type of superconductiyity.
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3) 1In liquid-quenched alloys, new crystalline phases which are
metastable may be formed. The presence of such a metastable phase in
the alloys could explain the enhanced superconducting transition
temperature.

4) The high onset temperature T, in some alloys (e.g., 7.5%
for A1-Si and 9.0°K for Be-Si) may result from superconducting fluctua-
tions of a Curie-leiss nature, rather than a true superconducting state.

5) If electrons near the Fermi surface of the metal can
tunnel a significant distance into adjacent semiconducting domains,
then_an exciton mechanism such as that proposed by Allender, Bray and
'Bardeen (Reference 2) could be effective in enhancing the transition
temperature of the meta1.‘

These five possible explanations for the enhanced superconduc-
tivity of the alloys may not be inclusive; but, the 1ist covers most
of the mechanisms for enhancement discussed in the literature. An
analysis of each possibility is now given to determine which, if any,
are important in understanding the experimental results of this study.

1) Owing to its nearly free electron behavior, the metal Al
has an electronic density of states near the Fermi level, which is
quite insensitive to disorder. Experimental studies of the Al band
structure (Reference 22) indicate free electron approximation for the
- density of states N(E) ~ E% gives a rather good description of the
actual band structure. The introduction of defects, vyoids, or sub-
stitutional impurities in the Al matrix tends to reduce the electronic
mean free path and 1eads’to subsequent broadening of electronic energy

levels. Details in the structure of N(EF) are lost. (Reference 23.)



-50-
In the 1imit of extreme disorder, the free electron approximation is
reasonably good for the ordered material. Thus, disorder should have
little effect on the behavior of N(E). According to the McMillan
theory of superconductivity (Reference 19), the superconducting transi-
tion temperature of an Al-base alloy having the f.c.c. (face centered
cubic) structure of pure Al should be principally determined by the

McMillan average squared phonon frequency:

Wy <[] (1)

A/
where < > denotes average over the entire phonon spectrum. The
McMillan theory can be best applied to cases where the electronic
density of states N(E) is a slowly varying function of energy making
it very suitable for the present problem. McMillan (Reference 19)
derives the expression:

%

. | (2)
© 145 e U100 [t (140.62)] 7

)

for the superconducting transition temperature of an alloy. In the
formula, A is the electron-phonon coupling constant, u* is the renormal-
ized Coulomb interaction constant, and 6p is the Debye energy of the
material. For a free electron metal, McMillan shows that A can be

related to several fundamental parameters by the expression:

CLal @

(3)
s l_ (uDy/23)

2




-51-
where rs {s the radius in Bohr radii of a sphere containing one
electron. The quantity <V§> is a dimensionless average of the
electron psuedopotential matrix element squared, and “3 is the fjonic
plasma frequency of the metal. McMillan argues that for simple metals,
the important contribution to A comes from variations in <w?>M. Thus,
A is roughly proportional to 1/<w%>M for a given class of materials
(e.g., f.c.c. Al-base alloys). It can be seen that a decrease in A
can lead to an increase in T .. McMillan uses a simplified expression

containing the essential dependence of Tc on <@%>M:
1, - (o O - 0 ©

to show that a maximum value of Tc for a given class of materials
exists. In Equation (4), M is the mean atomic weight of the con-
stituent atoms in the alloy, and C is a constant which can be deter-
mined given the value of X and <w2>M for one member of the class from
A= C/M<w%>M. The maximum value of T, is obtained for A = 2 as
<“£>M is varied.

Strongin (Reference 8) has used Equation (1) and the value
Ay T 0.38 estimated by McMillan for pure Al to argue that a decrease
of 30% in 96 can account for the maximum transition temperature
(Tc = 5.7°K) obtained for ultrathin Al fi1ms evaporated on a cryo-
genic substrate. Strongin assumes that <w%>M {s proportional to eﬁ.
Paskin and Dickey have performed computer calculations using molecular
dynamic techniques to simulate the phonon spectrum of a thin film.
(Reference 24.) They found that a reduction of 25% in <w2>M could be

expected for a model Al disk consisting of 166 atoms arranged in three
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layers with one free surface. As the thickness of the model disk is
increased, the value of <w2>M rapidly returns to that of bulk Al.
Dickey and Paskin conclude that phonon mode softening is primarily
due to free surface area, and thus depends on the surface-to-volume
ratio of the model disk. According to Dickey and Paskin, Strongin,
and others (Reference 25), a significant change in <@%>vaor bulk
material is expected only when the material density changes; that 1is,
when voids, defects, and large internal surface areas are present in
a material, as could be the case in granular films with small grain
size.

In the case of liquid-quenched A1-Si alloys, a large density
change would be required to account for the observed T, = 5.7°K.‘
Strongin (Reference 23) assumes that op = CV™Y, where C is a constant
for a given metal, V the volume of the metal, and y 1s the Gruneisen
constant for the metal. For Al, vy 2 2, and thus the 30% change 1in 96
implies a change in volume of ~ 15% and a similar change in density.
This might occur for a granular cryogenic film (Reference 26), byt
for an alloy obtained from the Tiquid state, it is not possible. Such
a density change is at least three times that observed during melting
of any alloy. Unlike the case of granular films obtained by vapor
deposition on a cryogenic substrate, the liquid-quenched A1-Si alloys
do not have large free internal surface area. It is difficult to account
for a large change in <w2>M based on the preceding approach. The case
of liquid-quenched Be-S1 alloys would be considerably more difficult
since even larger density changes would be required (Tco = 0.01%K and

Té % 9%). It should be pointed out that recent tunneling experiments
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on cryogenically deposited granular Al-Ge films have failed to sub-
stantiate claims of phonon mode softening. (Reference 28.) In
summary, it is unlikely that large density changes can account for
the enhancement of TC observed in the present case. If disorder and
phonon mode softening is responsible for the present enhancement
effect, it must be viewed in another way.

Recent experiments performed by the author on transition metal
alloys suggest a relationship between the features of the phase dia-
gram of an alloy and the problem of phonon mode softening and its
significance for superconductivity. (Reference 27.) It is interesting
to apply these results to the present case.

The basic idea behind this approach is to relate changes in the
melting temperature of an alloy, as described in the liquidus curve in
the phase diagram, to corresponding changes in <“%>M' The approach
may be applied to phases which exist over a broad homogeneity range,
or can be obtained over an extended non-equilibrium homogeneity range
through, for example, liquid-quenching. The motivation behind this
approach is provided by the observation that the frequency of phonon
modes is related to the bonding characteristics of the constituent
atoms-in an alloy phase. Substitutional Si in a f.c.c. Al matrix,
for example, reduces the cohesive energy of the lattice by raising
the total energy of the electron-lattice system. In the Timit of high
Si impurity concentration, the f.c.c. structure becomes unstable and
can no longer exist. The characteristic phonon frequencies of the
lattice are progressively lowered as this 1imit of instability s

approached. This reduction in phonon frequencies is not accompanied
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by a decrease in density. The lattice parameter of the matrix actually
decreases with increasing content of dissolved Si (see Figure 11).

The melting temperature of pure Al is 660°C. The temperature
of the Tliquidus curve in the phase diagram (Figure 1) is seen to de-
crease with addition of Si to the alloy, keaching a minimum at the
eutectic composition A1895i11 of 577°C. This represents a fractional
change of 0.09 1in TM’ the melting temperature of the alloy in Ok. This
must be related to a fractional change in the Debye energy, or <wi>M’
for comparison to the McMillan theory. Since a good microscopic theory
of melting does not exist, the Lindemann relation (Reference 29) is
used as a first approximation to the relation between TM and 0. The
Lindemann relation can be derived from fundamental considerations.
Wilsdorf (Reference 30), for example, has shown that the relation can
be derived from a theory of melting based on the free energy for forma-
tion of glide dislocations in a crystal; The Lindemann relation is
expressed as:

of = %?/13 (5)

where C is a constant for a given material reciprocally related to the
mean atomic weightsof the constituent atoms. Since the atomic weights
of Al and Si (26.98 and 28.01) are almost equal, we will ignore varia-
tions in C. The parameter V is the mean atomic volume which also 1is
nearly constant since the fractibna] change in Al lattice parameter is
less than 0.001 in the A1-S1 alloys. Thus, TM can be expected to give
a reasonable representation of eﬁ. A fractional change of 0.09 in T

M
will result in the same fractional change in.eﬁ. Taking <9%>M v oﬁ,
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one can estimate the behavior of T.. With A ~ l/e% and an initial
value of A1 T 0.38 calculated by McMillan for pure Al, the approxi-
mate behavior of T, described in Equation (4) predicts that a frac-
tional decrease of 0.09 in eﬁ results in an-increase from T, = 1.18%
to T, ¥ 1.45%. An initial value of Ay = 0.30 for pure Al gives the
observed TC = 1.55%K for as-cast A1-Si alloys. The above analysis
applies to the Al phase present in an equilibrium alloy at the eutectic
composition A]895111' In particular, it describes the Al phase present
in an alloy at the eutectic composition well-annealed just below the
eutectic temperature (577°K) since the melting of this alloy is the
basis for defining the fractional change in TM' In both the as-cast
and well-annealed (at 500°C) A]QOSilo alloys, the observed supercon-
ducting transition temperature is 1.55%K.  For Al-Ge alloys, the eutec-
tic composition is A17OGe3O and TM = 4249C, which represents a frac-
tional change of 0.25 compared to pure Al. With_kA1 = 0.38, TC is
predicted (from Equation (4)) to be 1.9°K. For Agq = 0.30, T, = 2.2%K.
As-cast and well-annealed (at 300°C) samples of Al,qGegq have an ob-
served TC = 1.85% and Té = 2.2%. The agreement with the preceding
estimates is quite good.

It is now necessary to examine the phase diagram in more de-
tail. The Al phase described in the preceding argument is that obtained
at the eutectic composition on freezing of the alloy. This phase co-
exists with a pure Si (Ge) phase (the solubility of Al in Si (Ge) is
negligibly small). According to the phase diagram (Reference 9), this
Al phase contains 1.6 at.% Si (2.8 at.% Ge) in solid solution. 05 is

reduced by 10% for this phase. Assuming that (at least locally) Si is
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retained in solid solution by Tiquid-quenching up to the eutectic
composition of 11 at.% Si in Al, we can estimate (using linear extrap-
olation) the effect on eﬁ for an Al-base f.c.c. solid solution with
composition A189$111. The fact that the eutectic composition should
be taken as a natural 1limit for extension of terminal solubility has
been discussed in the literature (References 31 and 32). Linear
extrapolation gives a fractional change of 0.68'in eﬁ for a metastable
solid solution containing 11 at.% Si. Equation (4) withAA1 = 0.38
then predicts TC = 4.2%. With Mg © 0.30, TC = 7.2% for this meta-'
stable solid solution. If Si is dissolved in the Al phase of liquid-
quenched alloys up to 11 at.% in regions where the cooling rate is
greatest (near the substrate) and somewhat lesser amounts elsewhere,
then the observed maximum T = 5.7% and Té = 7.5%K would be very con-
sistent with the above estimates. The values of Ay, = 0.38 calculated
by McMillan, and}xA] = 0.30 have both been used above. Some uncer-
tainty exists in this parameter and both values are used to show how
the estimates of TC depend on it. The value 0.30 gives the best con-
sistent fit to the results.

In addition to predicting the maximum Tc obtainable (by exten-
sion of the solubility to the eutectic composition) for the Al base
f.c.c. solid solution, one can also predict the behavior of TC for
solid solutions containing less Si. This has been done and the
results (with Ap T 0.38 and 0.30) are given in Table ¥V for comparison
with the observed transition temperature of liquid-quenched Al-Si
alloys containing less than 11 at.% Si (hypoeutectic alloys) and those

with greater than 11 at.% Si (hypereutectic alloys). Of course, Si is
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Alloy Predicted T_ (°k) Observed T. and Tg (°k)
A =0.30 | A=0.38

Al 1.18 1.18

A11$199 1.30 1.25 <1.3, <1.3
A12.5Si97_5 1.75 1.55 1.3, 1.5
A155195, 2.65 2.15 1.7, 2.4
A]lOSigo 5.65 3.70 2.2, 3.9
A1155185 7.20 4.20 3.3, 5.1

A1205i80 7.20 4.20 4.0, 6.0
A1255175 7.20 4.20 . 5.6, 6.2
A1305170 7.20 4.20 5.5, 6.5
A1403160 7.20 4.20 4.0, 7.5

TABLE V. Predicted Values of T, Using McMillan
Approach for an f.c.c. Solid Solution of 31 in

Al With 3,y = 0.30 and xpq = 0.38 Compared to
Observed Transition Temperatures of A1-Si Alloys.
It Is Assumed that the Si Content of the Solid
Can Not Exceed 11 at.%.
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completely dissolved only when the Si content of the alloy is Tless
than ~ 5 at.% as evidenced by formation of Si precipitate for greater
Si concentrations. More Si-rich solid solutions (~ 11 at.%) may be
obtained in local regions near the substrate in hypereutectic alloys.
The fact that Si precipitates in.much larger quantity near the sub-
strate (see Figure 3) in such a11oys proyides eyidence for this view.
Applying the preceding analysis to Al-Ge alloys yields a higher
estimate of TC (& 8°K) than that observed if it were assumed that an
f.c.c. solid solution could be obtained up to the eutectic composition
of 30 at.% Ge. It is observed that new metastable crystalline phases
form when the Ge content of 1iquid—qUenched Al-Ge alloys exceeds about
15 at.%. (References 16 and 17.) It appears that Tc i{s limited to
about 6°K for the Al-base f.c.c. solid solution with Ge by the
intrinsic instability of this phase. This instability leads to the
formation of non-equilibrium crystalline phases in the Al-Ge system,
It is energetically unfayorable for Ge to dissolye in Al up to the
eutectic composition of 30 at.% Ge. The free energy of the metastable
phases is lower than that of the super-saturated f.c.c. solid solution
of Ge in Al. .

- The annealing behavior of Tiquid-quenched A1-Si alloys can also
be understood in terms of the above analysis. An f.c.c. solid solu-
tion containing 11 at.% Si was characterized by a fractional decrease
at 0.68 1in 95. This implies that the "effective" melting temperature
of this solid solution is roughly 0.32 Ty, ¥ 300°K. That is, the
solid solution is unstable at this temperature and will decampose into

a less Si-rich solid solution plus a Si phase. For obseryed alloys
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with T, & 5.7°C an "effective" melting temperature of 0.39Ty, ¥ 360%
is estimated from Equations (4) and (5) with App = 0.30. These pre-

~ dictions are consistent with the fact that only traces of supercon-
ductivity above ~ 6°K are observed in 1iquid-quenched hypereutectic
A1-Si alloys handled at room temperature; Furthermore, it is consis-
tent with the observed decrease in T, to ~ 3%K after annealing at 100°C
for one hour, and the decrease to % 2%k after annealing at 300°C for
one hour. It further implies that were these alloys quenched and main-
tained on a low temperature (1iquid nitrogen cooled) substrate, then a
bu'lk.Tc near 7°K could be obtained. Unfortunately, the samples cannot
be prepared and maintained during handling at this temperature, so it
is not possible to test this prediction.

A brief discussion of the enhancement effect in Sn-Ge, Pb-Ge,
and Be-Si alloys in terms of the preceding approach is now presented
for completeness. The equilibrium phase diagrams for Pb-Ge and Sn-Ge
are very similar. Both show a eutectic composition containing < 1 at.%
Ge in the metal. (References 33 and 34.) The solubility of Ge in both
metals at the eutectic temperature is less than 0.1 at.%; however, both
Pb-Ge and Sn-Ge alloys exhibit mutual solubility of the constituents in
‘the 1iquid state. The lack of significant solid solubility in equi-
Tibrium and the close proximity of the eutectic composition to the pure
metal make an analysis based on the relation between solubility and
melting temperature, as was done for Al-base alloys, infeasible. Lattice
parameters for the Pb and Sn phases of the 1iquid-quenched alloys are
within experimental error identical to those of the pure metals. No

indication of the degree of terminal solubility extension can be obtained
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from these facts. The values of Té are enhanced in fhese cases,
whereas the bulk transition temperature remains nearly identical to
 that of the pure metals. Thus, extended solubility of Ge in the metals
may occur only in local regions near the substrate, and x-ray analysis
of the entire sample would fail to detect significant changes in the
lattice parameters of the Pb and Sn phases. Explaining ﬁhe enhance-
ment effects for these alloys (Té = 6.5°K for Sn-Ge and Té = 7.8% for
Pb—Ge) requires a smaller degree of phonon mode softening than required
in the case of Al-base alloys. If one takes App = 1.12 and Ag, = 0.60
as estimated by McMillan for the pure metals, then a decrease of 5% and
45% in eﬁ, respectively, explains the maximum observed enhancement of
Tc based on Equation (4).' It is worthwhile to note that the McMillan
theory predicts a maximum T, of ~ 79K for a Sn-base alloy and ~ 9%k
for a Pb-base alloy. These predictions are consistent with the maxi-
mum observed enhancements in this study.

The case of Be-Si alloys is much more difficult to explain in
terms of phonon mode softening. For liquid-quenched Be455i55 with
Té = 9%k, a fractional change in 66 of ~ 70% is required. The atomic
radius of Si (rSi = 1.32 A) is much larger than that of Be (rBe = 1.12 A).
According to Hume-Rothery (Reference 35), this should result in very
restricted mutual solubility. No change in the lattice parameter of
the Be phase was detected by x-ray analysis. It is unlikely that the
presence of dissolyed Si1 in Be can account for a change of 70% 1in eg.
Alloy work on Be shows that small amounts of certain transition metals
can raise the T, of Be to ~ 9%K. For example, Be,,Re has T, = 9.6%K

and the electronic density of states at the Fermi leyel is three times
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that of pure Be. (Reference 36.) In pure Be, the Fermi Tevel misses
the peak in N(E). It is possible that small amounts of Si in a Be
matrix along with disorder introduced by liquid-quenching could signifi-
cantly alter N(EF). This could result in a Targe enhancement of Tc.
No evidence was found for a structural change in the Be phase of liquid-
quenched Be-Si alloys; but, the fact that the superconducting transi-
tion observed in these alloys is incomplete implies that only a limited
amount of a metastable phase along the grain boundaries could explain
the observed superconductivity. Since Be has a very lTow x-ray scattering
power (scattering power is proportioné1 to Z2), it would be difficult
to detect such a phase. In summary, the case of liquid-quenched Be-Si
alloys is more complex than that of A1-Si alloys and cannot be explained
simply in terms of phonon mode softening.

2) Although Strongin has shown that Al films may be grown
epitaxially on a single crystal of Si (Reference 6), it is unlikely
that the A1-Si interface in the present alloys is a coherent one. It
seems Tikely that an incoherent interface characterized by a varying
amount of surface electronic charge is present in the Al-Si eutectic.
The possibility that surface electronic states localized at the inter-
face regions participate in some type of surface superconductivity can-
not be readily ruled out; however, there is the objection that Tong
range order cannot exist in a two-dimensional system as discussed by
Ginzburg (Reference 1) and others.

3) The possibility that a third undetected metastable phase
exists in the as-cast alloys is remote. For the 1{quid-quenched alloys,

magnetization measurements, and electrical resistivity measurements
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indicate that the superconductivity is a bulk property of the alloys.
That a third phase undetected in the x-ray analysis could account for
~ this is unreasonable. |
4) Strongin (Reference 37) and others (Reference 38) have
pointed out that fluctuation behavior of a Curie-Weiss nature can
occur in thin films when the electronic mean free path is small. The
high onset temperature Té of liquid-quenched A1-Si, Be-Si, and Sn-Ge
may be associated with such behavior. Examination of Figure 11(b)
suggests, for example, that the portion of the resistive transition
above ~ 5.7°K has the characteristics of fluctuation phenomenon. Using
the free electron model, and the estimated value of 10"4 ocm (Section
IIT1) for the residual resistivity of liquid-quenched A1705i30, one can
estimate the electronic mean free path (the'residua1 resistivity is
difficult to calculate exactly due to the non-uniform nature of the
samples). An estimate of ~ 58 {s obtained for the mean free path. In
this case, superconducting fluctuations above Tc might be expected.
Comparison of the results of Figure 11(b) with those reported by
Strongin for granular Al films with a mean free path of 58 shows a
marked similarity. Thus, care should be exercised when defining the
“highest temperature for which a stable superconducting state exists in
these alloys. Té may not represent a true transition temperature for
some alloys.
8) Of the metals studied, enhancement of TC was obseryed for

A1, Be, Ga, Sn, and Pb. No significant enhancement was observed for
the metals In and T1. If the maximum obseryed enhancement (Té ~ Tl =

(AT,.)

clmax for each of the metals 1s plotted as a function of the Fermi
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energy calculated using the free electron model, then a systematic
trend appears. This is illustrated in Figure 23. For Al, (ATC)max is
- nearly the same for both Al-Ge and A1-S{ alloys; but, since the presence
of a metastable phase in Al-Ge alloy plays a role in the superconduc-
tivity (References 16 and 17), the maximum enhancement for Al-Si alloys
is plotted. For other metals, (ATC)maX is taken to be the result ob-
tained in a Ge matrix. Only the result for the dominant transition at
3.5%K is used for Ga-Ge since the presence of 8 Ga is 1ikely to be
responsible for the small transition at 6.4°K. It is seen that enhance-
ment occurs only when the Fermi energy of the metals exceeds a minimum
"threshold" value. This value is about 9-10eV. The enhancement effect
increases consistently as the Fermi energy of the metal increases above
this "threshold" value. The Allender, Bray, Bardeen (Reference 2) model
for an exciton mechanism predicts this type of behavior. The present
results are now discussed in terms of this mechanism. |

Consider a simple model for the A1-Si and Al1-Ge microstructure
consisting of alternating lamellar domains of Al and Si(Ge) of thickness
tA] and tois respectively. Consider, in particular, a single Al domain
sandwiched between Si layers as shown in Figure 24. Electrons near the
Fermi level of Al presumably tunnel a distance D into the Si domains
and interact with the covalently bound electrons of the Si valence band.
The exchange of virtual excitons by these tunneling electrons leads to
an attractive interaction in much the same way that the exchange of
phonons leads to attraction in the conventional BCS theory. ABB gives
the superconducting transition temperature of such a sandwich configur-

ation by the following approximate formula:
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- FIGUBE 23, MaxTwum Qbseryed Enhancement of

Tcd (Bulk Metal Transition Temperature) as a
Function of Fermi Energy Calculated From Free
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Electron Model for Yarious Metals in this Study.
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FIGURE 24. [Illustration of the Metal<Semiconductor

" Domain Geometry Used in Applying the ABB Model.

In the Diagram, M Refers to the Metal (A1) Domain
and S to the Semiconducting (Si) Domain.
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0
T o ©

geff = - Mon * (gx - w")

" (7)
1- (% - u')ln(f-—)

The parameters A;h and Agx are the renormalized phonon and
exciton interaction constants; p is the Coulomb interaction constant;
'ﬁwg and‘ﬁwF are the average energy gap of the semiconductor and the

Fermi energy of the métal, respectively; and 9 and fw o are the Debye

temperature and energy of the metal, respectively. Th?s is applied to
the present case by requiring that T, = 1.18%K (the transition tempera-
ture of bulky A1) when Ak = 0. Taking'ﬁwF = 11.6eV for Al (free elec-
tron mode])'hwg = leV, 6p = 428%K and a reasonable estimate of p=20.3
for A1). Then it is found that A;h = 0.29 for bulky Al. Now for a
given enhancement of T , an estimate can be made for Mgy In Figure 25,
a plot is shown which shows how Tc depends on A;x for the given choice of
relevant parameters. In particular, if T, = 1.8% and Te= 5.7 ?Kztken
Agy = 0.034 and %, = 0.127, respectively. The corresponding unrenormal-
ized values of the exciton interaction constant (a = ngf{l - A%, 3)
are 1ex = 0.035 a"dllex = 0.161. Using the ABB approximate expression

for Aex in terms of the characteristic parameters of the sandwich:
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FIGURE 25. ”Tﬁe bépendence of the Superconducting Transition
Temperature of an Al Domain on the Exciton Coupling Strength
, 7’2)1 Calculated from the ABB Model.
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a rough idea of the value of these parameters is obtained. In the
formu]a,-ﬁwp is the plasma frequéncy of the valence electrons of the
semiconductor calculated from the free electron model. A screening
factor s approximates the effect of the dielectric tensor (s ~ %-),
and y is a factor which accounts for the exponential decay of the metal
electron wave functions which represent tunneling into the semiconduc-
tor regions. The factor b, is the fraction of time which a metal elec-
tron spends in the semiconductor region. This factor is taken to be of
order (y(ZD)/tA]) where D is the tunneling depfh and the factor of 2
arising from the semiconductor being on both sides of the metal. Taking
‘hmg = leV and fiw, = 10eV, and assuming the estimates of S ~ %—and

p
Y %-one finds that Aax = 0.035 (Tc = 1.8%) and ey = 0.161 (T_ =

o
5.7%K) give respectively b ~ 0.012 and b ~ 0.048. Then taking the value
of TA] ~ 10008 as observed in SEM studies of as-cast A17OGe3O, one finds
D % 17R. Letting the average value of tA] ~ 2008 for liquid-quenched
A17OSi30 gives D " 143. The values of D represent a lTower bound for
this parameter since other unknown parameters (y, s) have been assigned
favorable values. A1l of this informatiﬁn is summarized in Table VI.
The above estimates for D are very rough; however, one fact
emerges from them: To account for the observed enhancement effect, a

somewhat larger value of D than that indicated by ABB must be assumed.

(o] .
ABB estimate that D ~ 5A, whereas the present results require D 3, 158,
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T, (%K) ey b tyy (pprox.) ) 0 ) (A)
1.8 0.005 0.012 1000. 17
5.7 0.161 0.048 200. 14

TABLE YI. Approximate Values for Mex? b, tm, and D for
a Given Al Transition Temperature TC. Yalues of vy ~ 1/3,

S~ 1/3, 'ﬁmp = 10e\l,’ﬁwg = 1e¥, and u = 0.3 Were Assumed.
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Concerning this fact, the following points should be noted. First,
in the alloys studied here, the{Si and .Ge phase are probably very
heavily doped with p-type Al impurities. The presence of these im-
purity levels in Si (Ge) might be essential for obtaining an increased
tunneling depth D. Second, it is 1ikely that the A1-Si interface in
the alloys is of the incoherent type. This lack of coherence could
result in surface conditions which are favorable to tunneling and thus,
to the electron-exciton interaction. Strongin, et al., have recently
reported results for ultrathin A1 films epitaxially deposited on a
1sin91e Si crystal. (Reference ?) No significant enhancement of T,
was found. The lack of p-type iﬁpurities in the Si along with the fact
that a coherent interface is formed are possibly important in account-
ing for the differences between the preseht results and those of Strongin.
Also, for ultrathin A1 films (&10—503), the effect of extremely small
dimensions dn the electronic structure, particularly the electron density
of states at the Fermi level, plays an unclear role in the exciton
mechanism. | |

The results shown in Figure 23 suggest that the obseryed enhance-
ment effect depends on the Fermi energy of the metal involved. Numeri-
cal calculations by ABB predict the functional dependence of T. on EF
(Figure 7 of Reference 2 illustrates this dependence) when other rele-
vant parameters are fixed. In particular, ABB predict that T, will be
a rapidly increasing function of EF‘ Also, the results of ABB show
that no significant enhancement should be observed below a "threshold"
Fermi energy which 1s determined by the other fixed parameters (i.e.,

1 wgs. As and A = width in energy units of the exciton spectrum). The
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behavior obseryed in Figure 23 with an apparent "threshold" of

EF v 10eV is at least consistent with the predictions of ABB. Some
- typical results obtained by ABB using numerical computer methods are

shown in Figure 26 for comparison with Figure 23.

B. Magnetic Propérties

Up to this point, the discussion has dealt only with the
mechanism behind the enhancement effect. Nothing has been said regard-
ing the observed magnetic properties of the alloys. It is important
to analyze this aspect of the problem. The magentic behayvior expected
from a microscopic array of metal and semiconductor domains will be
complex. Clearly, an intrinsic Meissner effect will not be observed
for the semiconductor domains. If a semiconduéting domain is surrounded
by superconducting metal layers (for example in a lamellar colony), then
a magnetié field may be expelled from both the metal and semiconductor.
The behavior of the bulk alloy must reflect this "shielding" effect.

To simplify the discussibn, the following simb]e model is
adopted for the microstructure. Consider a series of alternating
layered domains of superconducting metal and a semiconducting phase
as shown in Figure 27. Further, let the alloy consist of many of these
lamellar colonies randomly oriented with respect to each other. The
metal domains and semiconducting domains are characterized by ayerage
thickness tM and tgs respectively. The magnetic behavior of such a
lamellar colony containing superconducting metal domains is now analyzed
and compared to the observed behavior of the as-cast Al-Ge alloys. The

magnetic behavior of 1iquid-quenched A1-S1 alloys is then treated.
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FIGURE 26. Example of Results of Numerical Calculations
by ABB Showing the Predicted Dependence of T. on the Fermt
Energy of the Metal. In the Figure, A is the Width of the
Exciton Spectrum, and y is the Coulomb CoupTing Constant.
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FIGURE 27. [I1lustration of the Model of a Lamellar Colony Used
- in Calculating the Magnetic Properties of As-cast A1706e30.
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The thermodynamic critical field for the Al domains in the as-

cast A17OGe30 alloy can be estimated using the expression (Reference 41):

{2(0) 2
o - ‘%)N(EF)A (0)‘ (10)

and the BCS expression for the energy gap A(0) = 1.75 KpTe- (Refer-
ence 41.) The value N(EF)’= 1.7 x 1022 (states/eVcm3) is calculated
from the free electron approximation assuming a valency of three for
Al. The above procedure assumes that the A1 domain are homogeneous
and can be characterized by a single transition temperature (Tc = 1.85%).
The result is H (0) ¥ 1606. Using H (T) = Hy(0) (1 - T/T )?, (Refer-
énce 41) one obtains HO(T = 1.3%) = 80G. For a magnetic field oriented
transverse1y to a lamellar colony (see Figure 27), a complete Meissner
effect requires that magnetic flux be expelled from both the metal and
semiconducting domains. Since ty 2 2tg (see SEM micrograph in Figure 2)
this would lead to a reduction in the critical field in the transverse
direction. Designating the transverse critical field HE(T), and using
the expression

{ty + to) (HE(0))2
tyl (IN(ER)a2(0)} = y S ! (11)

which equates the condensation energy of the superconducting domains
to the magnetic energy associated with a complete Meissner effect
gives HE(T) = {ty/(ty + ts1V% H(T). Thus HE (T = 1.3%) ¥ 656. For

a magnetic field parallel to the lamellar collony, the critical field
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is just Hil(T) = HO(T) proyided that ty can be considered to be of
macroscopic dimensions. The above argument does not take into account
the possibility that type II superconducting behavior may be present,
nor the fact that dimensional effects can arise when tM is small com-
pared to the characteristic fundamental lengths A (the London pene-
tration depth) and & (the coherence length).

The measured magnetization M(H) at T = 1.3% is shown in
Figure 10 for as-cast A]70Ge30' M(H) 1is seen to be linear for H < 35G.
For H > 35G, a rapidly decreasing magnetization is observed. The be-
havior is that of a type Il superconductor with Hcl(T = 1.3%) = 356.
The magnetoresistivity measurement (Figure 5) indicates that the upper
critical field H (T = 1.3%K) ¥ 85G. Taken together, these results
indicate that the superconducting phase can be characierized by a thermo-
dynamic critical field 356 < H_ < 856 at T = 1.3°K along with a
Ginzburg-Landau parameter k = A/g = (1//?)(HC2/HO) 2 1. (References
42 and 43.) Both the estimated values Hg (1.3%K) and Hll(l.BoK) are
within the observed range for H (1.3°K). The calculated thermodynamic
critical fields are reasonable.

In order to determine whether the above value of x is reasonable,
we must attempt to calculate « from other intrinsic parameters. Both

‘Aand £ may be estimated from Tc, 1 ., and n, the density of valence

mfp

electrons. The electronic mean free path 1mfp for the Al domains can

be estimated from:

1o Bt | (12)
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where VF is the Fermi velocity estimated from the free electron model,
M is the electronic mass, and °o is the residual resistivity of the

5

alloy. Taking Py ™ 5 x 107° Qcm measured for A17OGe30 gives 1mf ~ 10R.

This does not take into account the fact that the a110y‘containspa semi-
conducting phase. If the resistivity of the lamellar colony in Figure 27
were meésured in the parallel direction, the only ~ 2/3 of the cross-
section (the Al phase) would be effective in conduction. The semicon-
ducting phase has negligible conductivity. In the transverse direction,
the conductivity is limited by conductivity of the semiconductor. An
average of the conductivity over all orientations of the lamellar

colony is obtained integrating over all orientations and noticing that
the conductivity for a given orientation is given by o ~ oM(2/3) sinZ @,
oy = Tintrinsic conductivity of the Al domains and 6 = w/2 for the

parallel orientation, while e = 0 for the transverse orientation. This

gives:

1 :
(2/3)ay JO sin? od (cos 6) (13)

4/90M

The méasured conductivity of the alloy is only n (4/9) the intrinsic
conductivity of the Al. The intrinsic mean free path should thus be
]mfp 4 20R. This is a rough approximation for the effect of the semi-
conducting phase.

The coherence length of a superconductor in the dirty 1imit s

given by (References 43 and 44):
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1 -
E(T) = 0.85 (go1mfp)2(1,_ TL) : (14)
c .
valid when 1mfp << g, and 1mfp << A. The penetration depth is given
by the Pippard formula (References 43 and 44}):
oy L 1
3¢? 2 (5 \¢ T \™%
(1) = 0.615( ) ( ) 1 - = (15)
8ﬂN(EF)VF2e2 ]mfp Tc

valid when 1 o << g and 1mfp << A. In the above formulae,

Y
£, =-ﬁVF/nA(0) and N(EF) and Vi are calculated using the free elec-

o}
tron approximation. Taking 1 = 20A for the Al phase in as-cast

mf
Al;Geqq, and T = 1.85°K givespg(T = 1.3°) ¥ 860R and A(T = 1.3%) ¥
15008. This in turn yields an estimated Ginzburg-Landau parameter
k = AE % 1.7. The measured values of Hq ¥ 356G and H., ¥ 856 from
Figure 10 and Figure 5 indicate « 7 1. The calculated value is in
reasonable agreement considering the rough nature of estimating 1mfp'
The important fact is that the observed type II behavior can be accounted
for in terms of fundamental parameters of the superconductor.

In the as-cast A17OGe30 alloy, the thickness of the Al domains
(tM) ranges down to ~ 1000R. Since the above estimated coherence
length is of the order of 10008, surface effects are expected. In
particular, surface superconductivity can be expected to persist for a

magnetic field oriented parallel to an Al domain when H > H_,. The

parallel nucleation field for a thin slab is given by (Reference 44):

ull = /6‘(3-%)—) o (T) | (16)
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Surface superconductivity can persist in the slab for fields
Hop < H < HII. Since » ~ 15007 (T = 1.300K), it is seen that for
ty v 1000&, HII(T = l.3°K)_m‘3.7 X HO(T = 1.3%). Taking the esti-
mated value HO(T = 1.3%K) = 806 gives H||m 300G. In Figure 5, the
persistence of superconductivity.up to H ~ 300G is seen. Figure 10

indicates persistence up to even higher fields. This behavior 1is
| probably associated with the parallel nucleation field of the Al
domains. In summary, the observed magnetic properties of the as-cast
A1706e30 can be accounted for within the framework of the BCS theory
together with Ginzburg-Landau formalism. A summary of parameters
relevant to the magnetic properties of the alloy is presented in
Table VII.

Attention is now given to the case‘of 1iquid-quenched A1-S1
alloys. Due to the irregular and non-uniform microstructure of the
Tiquid-quenched A1-Si alloys (Figure 3), a description in terms of the
simple model of Figure 27 is not appropriate. It is rather difficult
to take into account the influence of the Si phase on the magnetic
properties. Thus, attention is focused on the intrinsic properties
of the superconducting phase.

For 1liquid-quenched A]7OS{3O with T, = 5.8%K, we can estimate
the thermodynamic critical field using Equation (10). This gives
HO(O) ¥ 5006 and HO(T = 1.3°K) v 480G. The magnetization curve in
Figure 16 shows that a complete Meissner effect is obseryed only for
H< 1256 at T = 1.49%, The magnetoresistiyity measured at T = 1.3%
is shown in Figure 14 and shows that the upper critical field is about

3.5kG. The behavior is that of a type IL superconductor with



~79-

A1, qGeq, (As-cast)

A1705i30 (Liquid-Quenched)

Thermodynamic
Critical Field
o (T)

(Calculated)

80G

480G

Lower Critical
Field Hcl(T)

(Observed)

356G

125G

Upper Critical
Field HC2(T)

(Observed)

85G

3.5 x 1056

Ginzburg-Landau
Parameter «

(Calculated)

l<xk<1.7

7.0

Coherence Length
g(T)

(Calculated)

8608

~160-3008

Penetration
Depth A(T)

(Calculated)

~15008

221008

TABLE VII.

Summary of Parameters Characterizing the
Magnetic Properties of As-cast Al,,Ges, and Liquid-
Quenched A1705i30' The Temperature is Taken to be
1.3%K for Temperature Dependent Parameters.
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Hcl(T = 1.3%) = 1256 and HC2(T = 1.3%K) ¥ 3.5kG. Using the expression
€ = (1/YZ )(H_o/H,) and the estimated value of H_ = H (T = 1.3%) ¥ 4806
yields an estimate of « ~ 7. From Equations (14) and (15), it can be
seen that « = A/¢ is proportional to (]mfp)?l and roughly independent

of A(0) = 1.75 kBTc' This implies that 1mfp is substantially smaller
for liquid-quenched A1705i30 than for as-cast A17OGe30. Since only a
rough determination of the resistivity of the Al phase was made due

to the irregular shape and non-uniform thickness of the 1iquid-quenched
samples, ]mfp can only be roughly approximated. Taking °o 2 1.5 x 10"4Qcm
for liquid-quenched A]705130 (Table III), and using the free electron
approximation in Equation (12) with n = 18.1 x 1022 ¢p3 (for A1) gives
]mfp = 3f. Using Equation (14), the coherence Tength can then be esti-
mated. With A(0) = 1.75 kT_ and T_ ¥ 5.7°K, one obtains £(T = 1.4%K) ¥
1603. The coherence length can be estimated directly from ch(T)

using (Reference 44):

L
<I>o 3

e(M = |——— | (17)
ZTrHCZ(T)

where 2, is the fundamental flux quantum. Using the measured value
ch(T = 1.4%K) = 3.5kG gives £(T = 1.4%) = 300R. From Equation (14),

we can then find 1 . since g/ = hVF/nA(O) can be estimated using the

P
free electron model. This procedure yields an estimate of 1mfp = 53,
which is in reasonable agreement with the estimated value of 1mfp 2 33.
Such a short mean free path is consistent with the presence of large

concentrations (up to ~ 11 at.%) of dissolved Si in the Al domains as
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was discussed in Section III.

" In Figure 14 and Figure 16, it can be seen that small amounts
of superconductivity persist for H 3 10kG. As in the case of as-cast
A17OGe30, this can be attributed to the parallel nucleation field of
small Al domains situated between Si domains. From the SEM work
(Figure 3) it can be seen that Al domains ranging in size down to
ty ~ 2508 are present. Using HII(T) = /E_(A(T)/tM)HO(T) (Reference 44),
A =«E~ 7 x (300R) = 21008, and H (T = 1.4%K) = 4806, one finds that
ty ~ 2508 will yield (T = 1.4%) ~ 10kG. This is in good agreement
with the observed persistence of superconductivity for fields up to n
10kG. A summary of parameters characterizing the magnetic behavior of

1iquid-quenched A1705i30 is given in Table VII.

C. Size Effects

At this point, it is worthwhile to briefly discuﬁs what is termed
the "size effect" observed for thin films. In particular, it is impor-
tant to compare results obtained for thin films of Al, Be, Sn, Pb, and
other soft metals to the results obtained in this study. Thin films of

6 torr range show a signifi-

Al obtained by vapor deposition in the 10~
cant enhancement of T.. (References 23 and 39.) A maximum transition
temperature of ~n 5-6%K is obtained for ultrathin films of thickness ~
3OK deposited on a cryogenic substrate; however, more recent results

(Reference 6) for Al films obtained in the 10"9

torr range show that
no significant enhancement of Tc occurs under these vacuum conditions.
For this reason, the enhancement effect has been associated with the

presence of oxygen and gaseous contamination. Similar results were
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found for Sn films. (Reference 6.) Enhancements up to ~ 7°K are
found when films are deposited on cryogenic substrates in a poor
vacuum. The enhancement efféct for Sn disappears when the vacuum is

in the 10-9

torr range or better. (Reference 6.) Relatively thick
A]-A1203 films co-deposited at room temperature have transition
temperatures above 2°¢. In sum, the enhancement effect for Al films
does not result from small sample dimensions alone, but is associated
with the presence of oxygen impurities and other gaseous contamination.
There is a possibility that the enhancement may have its origin in the
excitonic mechanism. On the other hand, the softening of phonon modes
can also provide a consistent description of these results. The "size
effect" observed in thin films of Be is even more pronounced. Thin Be
films have been found to have Tc " 9°K, and Be films co-deposited with
dielectric material have T  ~ 11°¢. (Reference 40.) The metal Be |
readily forms a highly stable oxide Be0, and unless an extremely high
vacuum is used (s 10'8 torr), the presence of significant amounts of
this oxide is unavoidable. Finally, it is extremely interesting to
note that very similar enhanced transition temperatures have been
observed for Al, Sn, and Be in both the present case and in the case

- of thin films. For this reason, it seems likely that both effects are

related to the same underlying mechanism.
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V. SUMMARY AND CONCLUSIONS

The superconducting properties, microstructure, and crystal
structure of several metal semiconductor eutectic alloys were investi-
gated in this study. Using the Tiquid-quenching technique, the character-
istic scale of the microstructure was varied. It was demonstrated that
the typical domain sizes could be reduced to the order of IOOK for
A1-Si alloys when the cooling rate from the Tiquid state is of the
order 106 0C/sec. This provides a potentially favorable setting for
the observation of effects arising from an interface interaction on
the superconductivity of the metallic phase. In particular, it pro-
vides a possible setting for the observation of the "excitonic" en-
hancement of superconductivity proposed by Allender, Bray, and Bardeen.
(Reference 2.) |

Enhancement of the bulk metal superconducting transition
temperature Tco was observed in simple eutectic alloys based on the
metals Al, Be, Sn, and Pb combined with Ge and Si; whereas no effect
was found fdr the metals In and T1. The enhancement of TC was found
to depend on the cooling rate from the melt; samples in the as-quenched
condition showing the largest effect. Prolonged annealing of the
samples above room temperature resulted in the Towering of Te to the
value observed in the as-cast alloys.

Several explanations of the obseryed enhancement effect were
considered. Two of these, the McMillan theory of phonon mode softening,

and the ABB model were dealt with in considerable detail. The McMillan
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approach yields a consistent account of the observed transition
temperatures in Al-Ge and A1-S1 alloys. It was suggested that the

mean square phonon frequency <9%>M of equilibrium (as-cast and annealed)
alloys could be related to the melting temperature of the alloys given
in the phase diagram. The Lindemann relation was used to relate the
melting temperature to <?%>M' Further, it was shown that the phase »
diagram can be used to obtain the "effective" melting temperature of
non-equilibrium alloys. The non-equilibrium (Tiquid-quenched) alloys
are treated by assuming that the terana1 solid solubility of Ge and Si
in Al is extended by 1iquid quenching. Changes in <w2>M for the equi-
Tibrium solid solution arethen extrapolated 1inear1y:to obtain values
of (w2>M for the metastdb1e solid solutions. This description implies
that significant softening of the phonon spectrum can occur without
large density changes or the presence of large internal surface area

as assumed in previous work on thin films. In addition to accounting
for the observed behavior of T., this description also explains the
observed annealing behavior of the liquid-quenched A1-Si alloys, and
the tendency to form metastable crystalline phases in the Al-Ge system.
Although a detailed analysis based on the phase diagram was not possible
for the Pb-Ge and Sn-Ge alloys, it was shown that the maximum enhance-
ment for these alloys could be predicted from the McMillan approach and
agrees well with the observed values of Té. Results for the Be-Si
alloys can not be easily described in terms of softening of phonon
modes. It was suggested that a significant change in the electronic
density of states at the Fermi Tevel might occur as a result of dis-

order introduced by 1iquid-quenching or the presence of small amounts
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of dissolved Si in Be.

The ABB model was used to evaluate the possible role of an
interface interaction in the.enhanced superconductivity of the metals.
Although a consistent descriptioh of the enhancement effect in Al1-Si
and Al-Ge can be given, it involves several experimentally inaccessible
parameters. An interesting relation between the Fermi energy of the
metals calculated using the free electron model, and the maximum ob-
served enhancement of Tc was pointed out. Metals having the highest
density of‘free electrons show the greatest increase in TC. This
relation is consistent with the ABB model.

In addition to the discussion of the transition temperature,
it was shown that the magnetic behavior observed for the alloys could
be explained within the framework of the Ginzburg-Landau theory of
type I and type II superconductors. The thermodynamic critical field
H0 observed is consistent with the BCS relations A = 1.75 kBTc, and
Hg = 4ﬂN(EF)A2 where the electronic density of states at the Fermi
level is calculated using the free electron model. The Jarge increase
in the upper crticial field ch of the 1iquid-quenched alloys as com-
pared to fhat of the as-cast alloys can be simply understood in terms
of the reduction in the electronic mean free path. In summary, there
are no indications of unusual behavior in the magnetic properties of
the alloys.

Recently several criticisms of the ABB model have been made
(Reference 4%). The fact that several experimentally inaccessible
parameters are involved in applying the ABB model to the present

results make this interpretation rather doubtful. In yiew of the
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simpler consistent description of the results in terms of the McMillan
approach, it seems at present unnecessary to invoke the ABB model to
explain them. Unless further evidence is found, it must be concluded
that the case for "excitonic superconductivity" is not very convincing

in the present study.
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