Pressure-Induced Phases of Sulfur

Abstract. At least three phases of sulfur may be induced at pressures between
16 and 65 kilobars. A fibrous form obtained at pressures of 27 kilobars and
higher appears to be closely related to the form obtained when plastic sulfur is

chilled and stretched. Crystals of the fibrous form are orthorhombic with a = 13.8,

b=2324, and ¢ =9.25 A. Thus far the results are in accord with deductions
made by Prins and co-workers that the sulfur atoms are arranged in helices with
ten atoms and three turns per 13.8-A period, and that these helices are essentially
close-packed. The unit cell contains 16 ten-atom chain lengths. The probable space
groups to which the crystal may belong are Ccmm, Cc2m, or Ccm2;. These
imply that the structure must contain both right- and left-handed helices and that
at least half the helices have some disorder about their axes. The other two phases
appear to have structures related to that of the fibrous form, but analyses of them
has not progressed as far. One of these phases appears to be w-sulfur.

Three pressure-induced phases of
sulfur have been obtained reproducibly,
retained metastably at zero pressure for
long periods of time, and have not
been affected by long exposure to MoKa
or CuKqy x-irradiation. Two of these
phases may have been obtained earlier
by other means. Difficulties in obtain-
ing good single crystals have thus far
allowed us to determine lattice constant
and space group data for only one of
these phases. Partial information of this
type has been obtained for another.

Specimens of 99.999+4 percent sul-
fur (ASARCO grade A-58) were
packed into tantalum or stainless steel
containers and subjected to pressures

Table 1. Summary of experiments and pro-
duced phases. P, plastic.

Pressure Temp. Phases
(kbar) an(r})egl)ed obtained

10 125 P+ a

15 150 P+a

16 100 P+ a

16 195 P+a+1

17.5 240 P+1

20 280 1

23.5 290 1

25 200 Py

25 250 P 4+ III

27 150 Pt

27 330 I4+1I

27 380 Pi

29 260 P 4 III

34 200 Pt

34 275 P+ II 4+ III

34 350% 11

35 430 Pi

35 455 Pi

40 225 Py

40 260 Pt

40 300 11

65 300 11

* After 3 hours at 350°C, the specimen was
cooled to 130°C in 13 hours and then quenched.
All others as in text. + Temperature too low
to induce nucleation. + Temperature probably
above melting point.
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to 65 kbar and temperatures to 1000°C
in furnaces and piston cylinder devices
similar to those described by others
(1). To map phase boundaries, experi-
ments were carried out with 1.25-cm
(1%-inch) diameter furnaces; 2.5-cm di-
ameter furnaces were used in attempts
to grow single crystals.

In all cases the pressure-induced
phases were obtained by first melting
the sulfur at a given pressure, then re-
ducing the temperature to points below
melting and holding at these tempera-
tures for 3 hours. If the annealing tem-
perature was too low (Table 1), the
specimen did not crystallize; on cool-
ing and releasing pressure, the speci-
men was plastic. If the specimen was
quenched from the melt and pressure
was released, it was plastic also. In no
case was a new form obtained if the
specimen was not melted. The new
forms may all be retained metastably
for periods, thus far, in the range of
several months and at least two of these
(phases I and II) are not affected by
exposure to MoKa and CuKe irradia-
tion in excess of 200 hours.

Table 1 gives the results of our ex-
periments with respect to the regions
of existence of the high-pressure

", phases. In all cases a correction of 10

percent was made on the pressure for
friction; pressures are probably good to
=+ 1 kbar. No correction was made for
temperature, but most of these are
probably good to 5°C (2). Chromel-
alumel thermocouples were used.

At first, I made use of the melting
diagram of Deaton and Blum (3), but
after some experiments that gave the
plastic form at temperatures at which
this apparently should not have oc-
curred, I was informed by Deaton and
Ward (4) that they had redetermined
part of this diagram with new results
which were closer to those of Susse,
Epain, and Vodar (5), and which made

my results appear to be more plausible.

The highest pressure phase (II) is
fibrous; phase I has a foliated texture:
thin films of the material may be
cleaved from crystals. No sizable crys-
tals of phase III have as yet been ob-
tained. The well-known orthorhombic
phase « appears to be stable to about
16 kbar. Phase I exists in the pressure
region of 16 to 27 kbar, phase II in
the range == 27 kbar, and phase III in
the range ~ 25 to 34 kbar but at some-
what lower temperatures than phase I.
All the pressure-induced phases were
actually obtained in the temperature
range 200° to 350°C.

The x-ray powder data (CuKq radi-
ation) for phases I and II are given in
Tables 2 and 3, respectively. All the
phases are related; phase III has essen-
tially the pattern of phase II, but with
the following lines missing or much re-
duced in intensity, d-spacings: 3.53,
2.66, and 2.32 A. Lines with spacing
smaller than 2.32 A are broader than
those of phase I. The missing lines are
definitely not a result of preferred ori-
entation.

The crystals of phases T and II ob-
tained with larger furnaces and longer
annealing times were always twinned.

Table 2. Pressure-induced phase I sulfur and
w-sulfur. Abbreviations: w, weak; m, medium;
s, strong; v, very; I, intensity; rel., relative.

Phase I w-Sulfur

d d

(A) Il‘el. (A) Irel.
4.47 s 4.50 m-s
4.05 vs 4.02 S
3.53 vvs 3.56 s
3.04 vvs 3.07 s
2.66 m-s 2.71 vw
2.32 m 2.30 vw
2.24 w
2.09 m-s 2.10 w
2.07 m
2.02 m
1.93 w-m
1.88 w
1.82 m
1.78 m
1.75 m

1.72 vw

1.69 w-m

1.65 vw

1.61 w-m

1.57 w-m
1.55 w

1.53 m

1.50 vw

1.47 vw

1.41 w

1.33 m
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Fig. 1. Rotation photograph about fiber
axis (a) of phase II (CuKa radiation,
57.3-mm diameter camera).

It has been possible, however, to de-
termine the unit cell and probable space
groups of phase II. The crystals are
pseudohexagonal, but the diffraction
symmetry appears to be mmm. The lat-
tice constants are a=13.8, b =324,
¢ =9.25 A (probably not better than
to = 0.5 percent). The powder pattern
of phase II has been indexed on this
basis (Table 3). For conciseness, the
indices of those reflections not observed
on the Weissenberg photographs (~ 24-
hour exposures) have been omitted. The
pseudohexagonal c-axis is in the a-
direction which is the axis of the fibers.

The “single crystal” Weissenberg and
Buerger precession camera patterns of
phase II also indicate C-centering, that
is, all reflections with A + k 5« 2n are
absent. Further, reflections Okl are pres-
ent only when k and ! are both even.
Thus the probable space groups are
Ccmm,Ccm2,0rCc2m.

A fibrous form of sulfur was discov-
ered over 30 years ago by Trillat and
Forestier (6), studied further by Meyer
and Go (7), and elucidated by Prins,
Schenk, and Wachters (8). The last au-
thors found that the fibrous sulfur ob-
tained by extending plastic sulfur con-
sists of two crystalline constituents, only
one of which is actually fibrous and
which they designated ¥-sulfur. The ro-
tation photograph of these fibers shown
by Prins et al. bears a close resem-
blance to the rotation photograph (Fig.
1) taken about the a-axis of a crystal
of phase II. In our case, the coherent
reflections are obtained to much larger
Bragg angles than indicated by Prins
et al. (8, fig. d).
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We prepared some of the fibrous
sulfur by extending plastic sulfur. The
powder photograph of the Ww-skeleton
obtained after washing with CS, ap-
peared to be very close to, but not pre-
cisely the same as, the photograph of
phase II. A rotation photograph of the
¢-sulfur (8) about the fiber axis
showed the presence of the w-phase.
The superposition of the ¥-phase pho-
tograph on the photograph of phase II
was very close.

Thus the main deductions made by
Prins et a!. on the structure of ¥-sulfur
also apply to phase II, namely that
there exist helical chains of sulfur
atoms along the ag-axis of 13.8 A, this
period including 10 sulfur atoms in 3
turns. Further, Prins et al. have de-
duced that, as in hexagonal Se, the
helices are close-packed with side
length (for S) equal to 4.7 A. Our c-
axis is 2 X 4.63 A, and b = 8 X 4.05 =
8 X 4.63 X 14V3 A. This implies that
the unit cell of phase II contains 160
atoms and the x-ray density at atmo-
spheric pressure is 2.06 g/cm3 (slightly
lower than that, 2.09 g/cm3, of o-sul-
fur). The density of phase II was de-
termined by obtaining a mixture of 1-
bromo-2-iodobenzene and 1-chloro-3-
iodobenzene in which pieces of phase
II sulfur remained suspended. This mix-
ture had a density of exactly 2.06 g/
cm3, further demonstrating the validity
of the Prins et al. proposal. As indi-
cated by Prins et al., the pitch of the
S helix is less than that of the Se helix,
while the reverse is true of the helix
radii. Because of the orthorhombic sym-
metry of phase II, we refer here only
to an “average” pitch and radius.

In further experiments on the w¥-
phase, Prins and Tuinstra (9) have
speculated on the possibility, which I
think is reasonable, that the crystal may
contain alternating left- and right-hand
S helices. But our phase II does not
appear to be monoclinic. Because the
crystals are not yet very good, the ro-
tation-photograph interlayer spacings
are difficult to measure accurately.
However, the data collected on Weis-
senberg and Buerger precession camera
photographs indicate that the fiber axis
most likely is 13.8 A long (9).

The phase II twin-axis is the fiber
axis (our a-axis) and the twinning re-
peats at very nearly 120° (Figs. 2 and
3). According to our axial lengths, the
001 plane makes an angle of almost
120° with the 021 plane, the angle be-
tween the 021 and 021 planes is about
119°, and the angle between the 010
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Fig. 2. Zeroth-layer Weissenberg photo-
graph (CuKa radiation, 57.3-mm diameter
camera) about the «-axis of phase II. Note
the pseudohexagonal character and that
one of the twins is much larger than the
others.

and 021 plane is very nearly 120°. The
100 pinacoidal reflections of phase II
are related to the 001 pinacoidal re-
flections of hexagonal Se. The trans-
formation of indices from the hexa-
gonal to the orthorhombic (related to
the pseudoorthohexagonal) cell is: 8h,
+ 4k, = K,, 2k, = L,. Thus the hex-
agonal h00 transform into the ortho-
rhombic 0K0O, K = 8n accounting for
the presence only of 0KO, for K = 8n.
The hexagonal 010 transforms into the
orthorhombic 042, 020, into 084, and
so on, and these are the only orders of
orthorhombic 021 present. The {080},
and {042}, reflections are by far the
most intense among the OKL reflec-
tions. Among the moderately intense
reflections not orders of 010 or 021,
the orthorhombic 0,20,2 derives from
the hexagonal 210, the 0,16,4 from:
the 120. In brief, the OKL reflections
are present only when L = 2n and K
= 4m. Thus the hexagonal indices from
which these derive are h = Y2 (m — n)
and k = n. Of course, as is to be ex-.
pected, there are some reflections pres-’
ent for which m — n is odd.
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Fig. 3. Third-layer Weissenberg photo-
graph (CuKa radiation) about the a-axis
of phase II. The twinning is more evident .
because of larger deviation from hexago-
nality. '
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Examination of the possible space
groups deriving from the systematically
absent diffraction data (see above)
leads to the conclusion that a structure
consisting of S helices and the given
unit cell could not belong to space
group C ¢ m m. In space group C ¢
2 m, all the S helices must be disor-

Table 3. Powder data for pressure-induced
fibrous sulfur (phase II). CuKgq radiation.

Abbreviations: w, weak; m, medium; s,
strong; v, very.
d

hkl — (4) Iier.

Calc. Obs.
002 4.63
310 4.55 4.59 vw*
080 4.05 .,{
042 4.02 4.03 vvs
370 3.26
191 3.26 3.24 m-s
312 3.25
352 2.91 2.92 m
390 2.84 2.84 m
372 2.67 2.67 w-m*
392 2.42 2.41 vywE
423 2.27 2.28 m*
3,11,2 2.19 2.18 vw#
463 2.12
660 2.12 211 vw
0,16,0 2.03
334 2.03 2.02 w#
084 2.01
3,13,2 1.98 1.99 w-m
6,10,0 1.88
4,14,1 1.88 1.88 VWi
4,10,3 1.87
3,15,2 1.80
394 1.79 1.79 w#
205 1.79
175 1.70
791 1.70 1.70 w*
3,11,4 1.69
733 1.64
2,16,3 1.64
6,14,0 1.63
195, 1.63 1.63 w#
4,143 1.63
624 1.62
425 1.62
7,11,1 1.61 1.61 w-m*
753 1.61
1,17,3 1.61
4,18,1 1.57
773 1.56
2,10,5 1.56
664 1.56 1.56 w-m*
465 1.56
1,11,5 1.56
2,20,1 1.55
10,0,1 1.36
6,18,2 1.36
3,23,0 1.35
0,24,0 1.35
992 1.35 1.35 wt
715 1.35
10,4,1 1.35
9,11,1 1.35
2,16,5 1.34
735 1.34
0,12,6 1.34 1.34 w-m*
6,14,4 1.33
* Broad. ¥ Very broad.
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dered about their axes, while in space
group C ¢ m 24, half the helices must
be so disordered. Both these space
groups, however, require the presence
of both right- and left-handed helices.
If the condition requiring a glide plane
is relaxed, the additional possible space
groups still do not permit packing of
the S helices in a completely ordered
manner. Partial disorder of Sg puck-
ered rings has been found in B-mono-
clinic sulfur. The evidence, therefore,
appears to support the main ideas of
the proposal made by Prins and co-
workers regarding the nature of fibrous
sulfur. Needless to say, the complete
structure analysis is required for con-
firmation.

The twinning of crystals and pseu-
dosymmetry of phase I has thus far
prevented a clear determination of its
unit cell. It appears to be pseudotetrag-
onal but may be monoclinic. The axis
perpendicular (or almost so) to the
principal cleavage plane is exactly
equal in length to the b-axis of the
fibrous form, that is, 32.4 A. In fact,
in both cases, reflections are present
only when the order is equal to 8n.
The other two (possibly pseudo) axes
of phase I are very nearly equal with
length = 6.55 A, that is, ~ 4.6y2 A.
It is probable that the eight-membered
rings characteristic of the g-orthorhom-
bic (10) and g-monoclinic (1) forms
or the six-membered rings character-
istic of the rhombohedral (7/2) form
are not present in this modification.
Inasmuch as it is highly unlikely that
the S atoms have other than 2-coordi-
nation, it is probable that, because this
form is film-like as contrasted with the
fibrous nature of phase II, the sulfur-
helix axes in the former, as in the lat-
ter, lie in planes perpendicular to the
32.4 A axis, but are skew to each other
from plane to plane.

The phase I or one very closely re-
lated to it is the “white sulfur” desig-
nated » by Das (/3) who prepared it
by hydrolysis of S,Cl,. The spacings
and relative intensities of the seven
lines of Das’ powder pattern agree well
with those of the strongest lines of the
powder pattern of phase I (Table 1).

We know least about phase III; it
is even possible that it is not an equi-
librium phase because experiments in
larger furnaces involving longer anneal-
ing periods do not seem to produce it
even under the same conditions of tem-
perature and pressure as given in Table
1. But because it is so closely related

to phase I, it is possible that it co-
crystallizes with it, and perhaps this
is one of the reasons that we have not
yet been able to clarify phase 1. We
intend to continue the studies of these
phases also.

Recently, a new high-pressure form
of sulfur was reported by Badk (I14).
While my experiments were not carried
out by this technique, in several cases
pressure and temperature in the ap-
propriate region of Baak’s proposed
phase diagram were reduced very rap-
idly. My experiments did not yield this
form. I cannot argue that this is not
a high-pressure form of sulfur simply
because it was not reproduced. How-
ever, it must be pointed out that Badk
has not indexed his x-ray powder pat-
tern properly; it is unlikely that the
pattern is one of a cubic material or
that a cubic modification of sulfur
would exist except perhaps at ultra-high
pressures. If indeed the S helices give
greater packing efficiency at the mod-
erately high pressures than any of the
ring forms, it is difficult to see how
such helices could be arranged in a
cubic crystal so as to maximize density.

S. GELLER
North American Aviation Science
Center, Thousand Oaks, California
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