umes of all the ortho- and metasilicates
listed by Robie and Waldbaum (3) and
Helgesson (2) except for the Al,SiO;
polymorphs, ZrSiO,, and CaMgSiO,.
The éntropy of CaMgSiO, listed in Robie
and Waldbaum was not determined ex-
perimentally; ZrSiO, is the only silicate
with a tetravalent cation. The relation-
ship of Al,SiOj; to the other orthosilicates
is complicated by the substitution of Al
plus O for two divalent cations.

The relationship between the molar
volumes and the entropies of ortho-
silicates of Be, Mg, Ca, and Zn including
grossularite (Ca3Al,Si;O,,) is given by

—23.3129 + 1.0365nV =nS (1)

where n is one divided by the number
of tetrahedrally coordinated ions in the
silicate, V is the molar volume (in cubic
centimeters per mole), and S is the
entropy (in gibbs per mole) (1 gibbs = 1
cal/’K). Entropies estimated by the use
of Eq. 1 have been listed in Table 1.

For orthosilicates containing the tran-
sition elements Mn and Fe, atoms with
unfilled d subshells, Eq. 1 does not hold.
(Unfortunately, data on such ortho-
silicates as C0,SiO4 and Ni,SiO, are not
available.) From the two data points on
the orthosilicates of Mn and Fe we have

—38.7322 + 1.591nV =nS (2)

Equation 2 may be improved when more
data are available on other orthosilicates
with nonspherical ions. It has been in-
cluded here because it yields an accept-
able value of entropy for almandine
(Fe;3AlSi;0,,) as discussed below.

Relations similar to Egs. 1 and 2 have
been obtained for metasilicates. These
are

—1.1508 + 0.5439nV =nS (3)

for the metasilicates of Mg, Ca, and Na-
Al and

—20.7522 + 1.2870nV =nS (4)

for FeSiO; and MnSiOj;. For the metasili-
cates of transition elements, we have, as
with the orthosilicates, only two data
points: The entropy for MnSiOj; is from
Robie and Waldbaum (3), and the value
for FeSiO; has been estimated by Saxena
“@).

The entropy-molar volume relation-
ship for feldspars and feldspathoids is

—2.1205 + 0.4092n V =

nS (+ ZRI’n 2) (5
where R is 1.987 and 2R /n 2 is the dis-
order entropy. The value of n here is the
total number of tetrahedrally coordi-

nated cations divided by the total charge
on such ions. For example, n for KAl-
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Si;Og is 4/15, where the numerator of
the fraction represents the number of
cations other than K and the denominator
represents the sum of the charges.

A comparison of the entropy differ-
ences in Table 1 reveals that Egs. 1, 3,
and 5 generally yield better estimates of
entropy than the oxide summation meth-
od. In particular, the entropies of gros-
sularite, feldspars, and feldspathoids esti-
mated by the method presented here are
superior to those estimated by the oxide
summation method. However, the en-
tropy of y-Ca,SiO, calculated from the
entropy-volume relationship is grossly
erroneous.

The entropy-molar volume relation-
ship for the hydrous silicates is given by

(6)

Here n is defined as in Eq. 5. As the data
in Table 2 show, this relationship is less
useful than those for the anhydrous sili-
cates.

Table 1 shows the standard deviations,
o, for the least-squares fit. It is difficult
to determine a reasonable estimate of er-
rors with the entropy-volume method be-
cause of uncertainties in the molar vol-
umes and in the experimentally deter-
mined entropies.

Garnets are important rock-forming
minerals in the deep crust and upper
mantle. Therefore, a knowledge of the
entropies of almandine (Fe;Al,SizO,,)
and pyrope (Mg;Al,Si;O,,) is essential to
an understanding of the phase equilib-
rium relations and to the construction of
models of evolution of the earth. The
entropy-volume method may be used to
estimate the entropies of pyrope and
almandine. The molar volumes of these

2.7468 + 0.4344nV =nS$

silicates are 113.27 and 115.27 cm®mole,
respectively. Using Eq. 1 for pyrope, we
have —23.3129 + 1.0365 (113.27/3) =
S/3 = 15.82, or S = 47.47 gibbs/mole.
The summation of the entropies of the
constituent oxides for pyrope is 61.14
gibbs/mole. Considering the difference
between the experimental entropy and
the oxide sum entropy of grossularite
(Table 1), the estimated entropy of
pyrope appears to be of the right or-
der. For almandine we have (from Eq. 2)
—38.7322 + 1.5991 (115.27/3) = S/3 =
22.71, or § = 68.13 gibbs/mole, which
compares very well with the value of
68.3 = 3 gibbs/mole calculated by Zen
(5) using data on phase equilibria.

The results of these calculations in-
dicate that the entropies of most an-
hydrous silicates can be estimated with
accuracy with the use of these entropy-
volume relationships. These relation-
ships, however, depend upon the nature
of the cations, and, although significant
correlations have been found here for sili-
cates of several ions, these relations
must be used with caution for silicates of
other ions.

SURENDRA K. SAXENA
Department of Geology,
Brooklyn College, City University
of New York, New York 11210
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A W

A Hexagonal (Wurtzite) Form of Silicon

Abstract. The existence of a hexagonal (wurtzite) form of silicon, similar to that
form of diamond (carbon) observed in meteorites and in the laboratory, has been
identified by x-ray diffraction in reaction-bonded silicon nitride containing unreacted
silicon. The presence of this phase is due to stresses created in the silicon by the

nitridation reaction.

We prepared reaction-bonded silicon
nitride (Si;N,) by maintaining a com-
pacted volume of finely powdered (=200
mesh) silicon in a nitrogen atmosphere at
temperatures between 1250° and 1500°C
for several hours to several days. During
an extensive microstructural character-
ization of this material, we used x-ray dif-
fraction to check the relative amounts of
a- and B-SizN,, the extent of reaction,
and the existence of any impurity com-
pounds. We obtained powder patterns

with CuK« radiation on a Nonius diffrac-
tometer using monochromatic radiation
(graphite-focusing crystal); the intensity
as a function of 20 (where 6 is the dis-
persion angle) was recorded between 12°
and 72°. Unreacted silicon was always
present and was used as a standard. All
of the x-ray peaks expected for a- and -
SisN, and unreacted silicon (diamond
cubic) were observed and easily identi-
fied by reference to the Joint Committee
on Powder Diffraction Studies powder
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diffraction file (numbers 9-250, 9-259,
and 5-0565).

In a number of samples, especially
those where the B form was pre-
dominant, there was a family of peaks
that could not be identified. Although not
intense by comparison with the other
phases present, many samples contained
all or some of these peaks. One sample
of silicon powder (nominally —200 mesh
particle size and 99 percent pure, with no
impurities detectable by x-rays before
heat treatment) that had been maintained
at a temperature of 1000°C for 12 hours
exhibited unidentified peaks. This tem-
perature is sufficiently low to preclude
nitride formation, and, when diffraction
patterns were taken, only unidentified
and diamond cubic silicon peaks were ob-
served. After 3 months at ambient tem-
perature, some of the unidentified peaks
either vanished or were replaced by new
peaks, indicating the instability of the un-
identified phase. In order to explain
these peaks, we considered the possi-
bility of another crystallographic form of
silicon.

A literature search revealed a number
of investigations which set forth evi-
dence both for and against the existence
of forms of silicon other than the dia-
mond cubic. In 1947, using crude Debye-
Scherrer x-ray diffraction equipment,
Heyd et al. (1) reported the observation
of a phase change in silicon when very
fine powder was heated to 1050°C. Draw-
ing an analogy with carbon, they sug-
gested that the new phase was hexagon-
al. Only limited experimental detail was
reported: it was stated that some impu-
rities might help the conversion and that
it was reversible. In 1956, Wood (2), hav-
ing carried out some related experi-
ments, argued that the hexagonal phase
does not exist.

A number of investigations have re-
vealed several phases of both silicon and
germanium at high temperature and pres-
sure. Tetragonal (3) (see Table 1), body-
centered cubic ¢), and hexagonal (5)
structures have been proposed for sili-
con. It was found that transformations of
the first two of these structures were en-
couraged by shear or compressive
stresses, or both, and both had specific
volumes about 1.9 percent less than the
diamond cubic form of silicon. More par-
ticularly, it has been proposed (6) that
the white tin (tetragonal) structure could
be formed by compression along one of
the cubic axes and by expansion along
the [110] direction. It has been observed
(5) that the dense phase (body-centered
cubic), upon heating, might undergo a
phase change to a hexagonal structure
with lattice parameters of ¢ = 3.80 A
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Table 1. X-ray data assembled from 49 specimens. Abbreviations: s+, very strong; s, strong;
m, medium; w, weak; —, not observed; 0 indicates reflection coincident or overlapping with
SizN, or diamond cubic silicon. The calculated intensities differ somewhat from the observed
ones because the structure is distorted as a result of stresses. The experimental technique used
by Jamieson (3) made it difficult for him to assign intensities.

Jamieson’s
Wurtzite tsitrr;'cg&?:l
(c = 6.60 A, dyps Intensity Jamieson’s (cla 0.552,
a=4.044) (A) dons (A) ¢ =2.585 A,
a = 4.686 A)
hkl d(falC(A) Icalc Iul)s d(-alc hkl
100 3.5 3.79 32 mtos+
002 3.3 3.276 18 s
101 3.08 3.138 16 0 Si 3.085s+
2.88 m
2.67 S 2.613s
2.46 m
102 2.4 2.378 7 s 2.351s 2.343 (200)
2.244 0 Si;N, 2.265m+ 2.263 (101)
110 2.03 2.03 13 m
103 1.86 1.86 13 s 1.865s
200 1.74 1.75 2 s
112 1.72 1.70 8 w 1.713w+
1.657 (220)
201 1.69 1.638 2 0Si
1.628 211)
004 1.65 0 -
202 1.54 1.54 2 s 1.592s
104 1.496 1.52 0 w

and ¢ = 6.28 A. However, no corre-
sponding x-ray data have been pub-
lished.

After we had explored all possible
known phases of silicon, we calculated
the expected d-spacings (interatomic dis-
tances) for a new hexagonal form of sili-
con. The data could be fitted for a wurt-
zite type structure with a unit cell com-
posed of four atoms at 000, 00 35,
25 15 V5, and %5 V3 78. The lattice parame-
ters are a = 4.04 A and ¢ = 6.60 A
(Table 1). The c/a ratio is 1.63, which is
exactly the same as the c/a ratio reported
for a similar form of carbon found in me-
teorites (7) and produced in the laborato-
ry (8).

The experimental observations sum-
marized in Table 1 were reduced from x-
ray data taken from 49 samples. Because
the intensities for each unidentified peak
varied from sample to sample, the letters
s, m, and w are used to represent strong,
medium, and weak as compared to the
strongest unidentified lines present. The
value reported is the most often ob-
served intensity. In only one case
(d = 3.79 A) was this value difficult to as-
sign.

Further substantiation of the possi-
bility of this new phase was obtained
from an electron diffraction study (9),
which identified a hexagonal substance
with a d-spacing of 1.89 A. No explana-
tion could be found for this observation
other than hexagonal silicon.

We believe that during the formation

of SizN,, especially the B phase, there
are stresses in the interior of the silicon
grain due to the 22 percent volume in-
crease during nitridation (10). The hexag-
onal (wurtzite) phase may form along
with, or as a result of, the formation of
the dense tetragonal silicon under the in-
fluence of stress and heat. The observed
x-ray data (Table 1) suggest that both
phases may be present in our uniden-
tified substance. Some of Jamieson’s un-
identified lines (3) match well with lines
of the proposed hexagonal phase and sug-
gest that he also may have had both
phases present.

H. M. JENNINGS
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Division of Engineering,
Brown University,
Providence, Rhode Island 02912
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