A New Dense Form of
Solid Germanium

Abstract. A new form of solid ger-
manium, of greater density than ordi-
nary cubic germanium, can be formed
by compressing cubic germanium at
pressures exceeding 120 kilobars and
reducing the pressure back to that-of
the atmosphere. The crystal structure is
tetragonal, with a equal to 5.93 ang-
stroms and c, to 6.98; 12 atoms per
unit cell; and theoretical density, 5.91
grams per cubic centimeter. Electrically
it behaves like a semiconductor. At
temperatures above 200°C it reverts
rather rapidly to the cubic form.

A new form of solid germanium has
been prepared which has a density
about 11 percent greater than that of
the ordinary cubic form. It is produced
by compressing ordinary cubic germa-
nium, at room temperature, at a pres-
sure in excess of 120 kilobars [at this
pressure it is converted to a form that
is a high conductor of electricity, as
discovered and reported by Minomura
and Drickamer (7)], then reducing the
pressure back to that of the atmosphere.
The material produced in this way is
recovered as a solid polycrystalline
body of gray metallic appearance.

The new form was discovered after
a pressure calibration had been run on
a high-compression General Electric
belt apparatus (2). In the calibration
study a little bar of cubic germanium
(0.020 by 0.025 by 0.080 inch) was
used as the resistance element, and the
transition at pressures greater than 120
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Fig. 1. Plot of resistance versus press force
for a germanium sample in a General
Electric high-compression " belt apparatus.
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kbar was looked for. The remarkable
resistance behavior reported by Mino-
mura and Drickamer was observed, as
shown in Fig. 1; the transition pressure
was consistent with that observed for
an iron sample in the same apparatus
at 130 kbar (3). The sharp rise of re-
sistance during the unloading (Fig. 1)
was interpreted as being the reverse of
the transition that took place during
loading. However, when the little ger-
manium bar was observed after the run,
it appeared to be thinner than before.
The best dimensional measurements that
could be made indicated that the bar
had decreased in volume by roughly 15
percent. Such an increase in density
would suggest the presence of a new,
more dense form of germanium. Ac-
cordingly, an x-ray diffraction study
was made to check the structure.

The resulting Debye-Scherrer pattern
was that of a crystalline material, dif-
ferent from that of ordinary germa-
nium. It was of considerable complex-
ity and could not be readily indexed. No
special effort at interpretation seemed
justified until it could be demonstrated
that the pattern was that of a single
phase and was reproducible. A quick
proof that only germanium was present
was obtained by heating the specimen
to 800°C; the Debye-Scherrer pattern
of ordinary cubic germanium was the
result. Then, a considerable number of
high-compression tests were made, al-
ways with the same end product and
the same complex pattern. This was
true even for tests in which the sample
was heated to high temperatures while
under pressure exceeding 120 kbar. Tt
was noted that the crystallites must be
quite small, since a progressive line
broadening with increase in Bragg angle
occurred, and since no spottiness in the
arcs could be observed when the speci-
men was stationary during an X-ray
exposure.

All the powder lines could be in-
dexed for a tetragonal cell with a equal
to 5.93 angstroms and ¢, to 6.98. With
12 atoms in the unit cell, the theoretical
density is 5.91 g/cm® as compared to
5.32 g/cm® for ordinary germanium.
This density was confirmed by -E. L.
Simons by means of an ingenious buoy-
ancy method (4), the results of deter-
minations on two samples being 5.86
#+ 0.12 and 5.90 = 0.12 g/cm® Appli-
cation of the same buoyancy method to
bars of single-crystal cubic germanium
of similar size yielded values of 5.32
= 0.12 g/cm® in agreement with the
theoretical value. i

From the systematic absences, the
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Fig. 2. A projection of the structure of the
new dense form of germanium onto (001).
The elevations along ¢ (in fractions of the
cell length) are given by the numbers in-
side the circles.

space group P4:2:2-D4° (or its enanti-
omorph P4:2.2-D4*) is indicated; and
with 12 atoms per cell, two sets of po-
sitions are called for: 4(a) xxo, and so
on, and 8(b) xyz, and so on. Approxi-
mate values of x = 0.075 in 4(a) and
ofx="V%,y = 3%,and z = ¥ in 8(b)
were found by trial and error to give
quite good intensity agreement and to
conform to acceptable interatomic dis-
tances.

The resulting structure, illustrated in
Fig. 2, consists of linkages of rather
distorted tetrahedra. The tetrahedral
environments of the two kinds of ger-
manium atoms are shown by the bond-
ing scheme in Fig. 2. There are three
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Fig. 3. Plot of resistivity against the re-
ciprocal of absolute temperature for the
new dense germanium,
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different bond lengths, but they are es-
sentially the same as in ordinary ger-
manium (2.45 angstrom). The bond
angles vary from 91 to 120  degrees.
At the present stage of investigation the
distances and angles have not been very
precisely determined.

The new dense germanium proved
to be quite stable at room temperature,

but at moderately elevated temperatures

it reverted to the cubic form. At a tem-
perature of 125°C, about half reverted
to the cubic form in 8 hours. At 200°C
the dense germanium was transformed
almost completely within 6 hours. More
measurements of the rate of conversion
as a function of temperature will be
required to determine the activation
energy of transformation from the
tetragonal to the cubic form.

Measurements of the resistivity of
the new dense material as a function of
temperature showed that it behaves as
a semiconductor. A typical set of data
for low temperatures, obtained by S. J.
Silverman, is shown in Fig. 3. Measure-
ments at higher temperatures were
meaningless because at these tempera-
tures the material reverted to the cubic
form. The dense germanium was tested
for superconductivity at cryogenic
temperatures by H. R. Hart, Jr. Tests
made at temperatures down to 0.33°K
gave no indication of transition to a
superconducting state.

It is of interest to establish the re-
lationship of this new dense form of
germanium to the highly conducting
form found at pressures in excess of
120 kbar. Judging from the resistance
behavior—particularly the sharp and
great increase in resistance during de-
compression—one would expect the
final state to be different from the high-
ly conducting high-pressure form. In
the absence of direct experimental in-
formation on the density and crystal
structure of the high-pressure phase,
and without full experimental phase dia-
gram data, the conclusion that the two
forms differ is only tentative. Perhaps
the set of transformations reported here
in germanium is an example of the re-
action mechanism proposed recently by
Libby (5).

Meanwhile, we believe the pressure-
temperature phase diagram may well
be as constructed by Jayaraman er al.
(6), who took into account the work
of Hall (7) on the effect of pressure on
the melting point of germanium, and
the room-temperature transition of Mi-
nomura and Drickamer (7). This dia-
gram calls for a triple point for Ge I
(cubic)/Ge I (high-pressure form)/-
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liquid at 500°C and 115 kbar. The
room-temperature transformation . at
120 kbar would then be a transforma-
tion to a new solid state (Ge II), not a
melting phenomenon. In this system,
the new dense germanium would be
a metastable, low-pressure form, which
could be called Ge III (8).

F. P. Bunpy

J. S. KAsSPER
General Electric Research Laboratory,
Schenectady, New York
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Azeotrope of Isopropyl Alcohol
and Isopropyl Borate

Abstract. An azeotrope which boils
at 82.0°C (corrected) is formed from
i-propyl alcohol and i-propyl borate.
The azeotrope contains at least 5.4 per-
cent by weight of ester.

Several azeotropic systems are formed
from alcohols with esters of inorganic
acids, such as mixtures of methyl alco-
hol and methoxytrimethysilane (7 ) and
of i-propyl alcohol and i-propyl tita-
nate (2). Similar azeotropes of alcohols
with borates have been reported. Two
of these, that of methyl alcohol and
methyl borate (3, 4) and that of ethyl
alcohol and ethyl borate (5) are well
characterized; others including that of
ethyl alcohol and methyl borate (6),
t-butyl alcohol and methyl borate (7)
and n-butyl alcohol and ethyl borate (6)
or i-amyl alcohol and ethyl borate (8)
should be regarded with suspicion be-
cause of the probability of transesterifi-
cation reactions (9) which occur in
systems containing a free alcohol and
the borate of a different alcohol. For
example, i-butyl alcohol with ethyl bo-
rate is known (10) to form ethyl alcohol
and i-butyl borate,

Azeotrope formation between i-propyl
alcohol and i-propyl borate has not
been reported; however, we have fre-
quently observed boron in condensates
distilling below 100°C from reactions
of i-propyl borate in which there is re-
lease of i-propyl alcohol.

(i-Pr 0):B ———

(i-Pr O);B
i-Pr OH ——— volatile B compound
< 100°C

We postulated formation of an azeo-
trope; several distillations were carried
out to test the hypothesis.

Distillation of a 1:1 by volume mix-
ture of i-propyl alcohol and i-propyl
borate from a simple still yielded a
condensate containing 0.76 milliequiva-
lents of boron per milliliter (meq bo-
ron/ml). A similar 1:1 mixture of al-
cohol dried with CaH: and freshly frac-
tionated ester was fractionally distilled
through a short, helix-packed fraction-
ating column. The condensation tem-
perature remained at 82.0°C during the
distillation, and the condensate con-
tained 0.87 meq boron/ml. Finally, a
mixture of 10 g of freshly fractionated
i-propyl borate and 90 g of i-propyl
alcohol dried with CaH. was fraction-
ally distilled through a vacuum-jacketed
column packed with wire gauze and
containing 95 plates. The reflux ratio
was about 30:1. The head temperature
was steady at 82.0°C (corr.). Samples
of the condensate were analyzed peri-
odically. They averaged 1.63 meq bo-
ron/ml. The first and last fractions had
the same boron content. Analysis of a
weighed sample from one fraction indi-
cated 0.31 percent boron, equivalent
to a concentration of 5.4 percent
i-propyl borate.

The increased concentration of boron
in the distillate as efficiency of frac-
tionation is improved suggests that its
presence is not caused by entrainment.
Any entrainment involves instead the
presence of excess alcohol when low
efficiency fractionation is carried out.
This is not surprising considering the
small difference in boiling points be-
tween alcohol and azeotrope. The ob-
served boron content of the distillate
may not be the maximum which can be
obtained with a more efficient column.
Similar entrainment behavior is usually
observed in the azeotropic distillation
of methyl alcohol and methyl borate
used for boron analysis; the observed
boiling point throughout the distillation
is that of methyl alcohol owing to the
large excess of alcohol and the use of
a simple still. ‘
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