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The structure of high pressure phases, selenium-II8 sSe-II8d and sulfur-II(S-II), for a-Se8 (monoclinic Se-I)
anda-S8 (orthorhombic S-I) was studied by powder x-ray diffraction experiments. Se-II8 and S-II were found
to be isostructural and to belong to the tetragonal space groupI41/acd, which is made up of 16 atoms in the
unit cell. The structure consisted of unique spiral chains with both 41 and 43 screws. The results confirmed that
the structure sequence of the pressure-induced phase transitions for the group VIb elements depended on the
initial molecular form. The chemical bonds of the phases are also discussed from the interatomic distances that
were obtained.
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I. INTRODUCTION

Sulfur, selenium, and tellurium of the group VIb elements
form many polymorphs at ambient pressure and temperature.
The a forms are typical molecular crystals consisting of S8
(Ref. 1) and Se8 (Ref. 2) ring molecules and are often called
orthorhombic S-I(a stable form) and monoclinic Se-I(a
metastable form). Amorphization takes place at 20 GPa(Ref.
3) when compressing S-I at room temperature, and recrystal-
lization occurs around 35 GPa with further compression.
This phase is called S-II(Ref. 4) and has an electrical prop-
erty of being a semiconductor.5 The structure of S-II is not
known. This phase transforms to an orthorhombic S-III(4)
with a puckered layer structure at 83 GPa and further to a
b-Po structure of S-IV(Ref. 6) at 162 GPa. From the elec-
trical and optical studies, S-III and IV have been reported to
be metallic5 and become a superconductor at low
temperature.7,8 For monoclinic Se-I at room temperature, a
crystalline Se-II8 appears directly at 10 GPa without show-
ing amorphization.9 Its structure is also unknown, although
many investigators have observed the transition from a semi-
conductor to a metal, which corresponds to the structure
transition.10–15 By further compression, it undergoes a tran-
sition to Se-IV (orthorhombic) with the puckered layer
structure9 at 33 GPa. Recently, the structure of Se-IV was
reported to be incommensurately modulated.16 Our recent
Raman studies have suggested that Se-II8 is isostructural
with S-II and does not follow the sequence of the pressure-
induced structure transitions of trigonal-Se with a spiral
chain structure,17 which is a stable form for Se.

Our objective is to investigate the crystal structures of
S-II and Se-II8. They are essential for understanding the met-
allization process and how the ring molecules change to the
layered structure. They are of great importance, but their
structures are not known. From this reason, we performed
powder x-ray diffraction experiments and were able to suc-
ceed in determining their structures.

II. EXPERIMENT

A powder sample of S-I with a stated purity of 99.9999%
was put in a diamond anvil cell(DAC) used for pressure

generation and loaded to 48 GPa at 77 K to avoid recrystal-
lization. A single crystal of monoclinic Se-I was softly
ground to avoid oxidation and the transition to trigonal Se.
Then the powder was mounted immediately into a gasket
hole. Pressure transmitting media were not used for fear of a
chemical reaction with a fragment of a dissociated molecule,
since the transitions from the molecular phase to the higher
pressure phases are related to a molecular dissociation. The
pressures were determined with the ruby pressure scale.18

Angle-dispersive powder x-ray diffraction experiments were
performed on three synchrotron facilities with an image plate
detector(IP) at room temperature. The two-dimensional dif-
fraction images were integrated by the software PIP(Powder
pattern analyzer for IP) into 2u-intensity patterns.19

An experiment(run 1) was performed on Se-II8 on the
BL-10XU beam line at the SPring-8. The x-ray beam was
monochromatized to a wavelength of 0.4964 Å and was col-
limated to a 40-mm square. Figure 1 shows an example of
the raw diffraction pattern at 15.3 GPa recorded on an IP. A
second experiment(run 2) was performed on Se-II8 on the
BL-18A beam line at the Photon Factory with a 0.4860-Å

FIG. 1. Powder diffraction image of Se-II8 at 15.3 GPa recorded
on an image plate.
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and an 80-mm diameter beam. A third experiment(run 3)
was performed on S-II on the ID-30 beam line at the Euro-
pean Synchrotron Radiation Facility(ESRF) with a
0.4246-Å and a 25-mm square beam. When the sulfur was
compressed normally, the background level of the S-II pat-
tern became very high from passing through the amorphous
phase. Therefore, the powder was compressed once to the
S-III region beyond 84 GPa, then downloaded to the S-II
region.

III. ANALYSIS

Since the 15.3-GPa data in run 1 gave the smoothest
Debye-Scherrer rings with no contamination peaks, an in-
dexing was done with this pattern. All of the peaks were
successfully indexed with a tetragonal cell as shown in Fig.
2(a). The cell was found to have an I-centered symmetry
based on the entire extinction ruleshkl:h+k+ l =2nd. Addi-
tional disappearances of the 110 and 011 reflections uniquely
determined its space group to be D4h

20— I41/acd (no.142)

which has an extinction rule ofhk0:h,k=2n and 0kl :k, l
=2n. By comparing the volumes of the cell to that of Se-IV,
the cell was allowed to contain 16 selenium atoms. Only the
16 f Wyckoff site of this space group, which has the extinc-
tion of hkl: l =2n+1 or 2h+ l =4n, could match the disappear-
ances of the 202 and 402 peaks, and the appearances of the
211 and 321 peaks. Thus a Rietveld refinement with the 16 f
sx,x,1 /4d site of origin choice 1 was successfully made, as
shown by a solid curve in Fig. 2(a). The cell and atomic
parameters were refined to bea=9.148±0.001 Å, c
=3.626±0.001 Å, andx=0.132±0.001. The axial ratioc/a
was 0.3964±0.0002, and the volume per one selenium atom
became 18.965±0.009 Å3.

The tetragonalI41/acdstructure was also applied to a run
2 pattern at 18.4 GPa. This pattern had a higher diffraction
angle data up to 33° and provided more reliable lattice pa-
rameters. By a Rietvevld fit shown in Fig. 2(b), the cell pa-
rameters were refined to bea=9.148±0.001 Å andc
=3.615±0.001 Å. Since the Debye-Scherrer rings for run 2
did not have uniform intensity due to the preferred orienta-
tion effect, the atomic parameterx was fixed to 0.132 of the
value obtained in run 1. The axial ratio and the atomic vol-
ume were determined to be 0.3952±0.0002 and
18.908±0.009 Å3. The higher angle data from 25° to 33°
which could not be obtained from the data of run 1 could be
fitted by this tetragonal structure. All the unassigned peaks
marked IV in Fig. 2(b) were found to belong to those from
the higher pressure phase Se-IV. Previous patterns from Ref.
9 which reported the first observation of Se-II8 could also be
fitted by this tetragonal and Se-IV structures.

The diffraction pattern of S-II at 55 GPa was quite similar
to that of Se-II8 and showed the same structure. A Rietveld
analysis, shown in Fig. 2(c), revealed that its structure also
belongs to the same tetragonal space groupI41/acd, which is
made up of 16 sulfur atoms in the unit cell. The cell and
atomic parameters were refined to bea=7.841±0.001 Å,c
=3.100±0.001 Å, andx=0.136±0.001. The axial ratio and
the atomic volume were determined to be 0.3953±0.0002
and 11.912±0.007 Å3.

IV. DISCUSSION

Figure 3(a) displays the tetragonalI41/acd structures of
Se-II8 determined at 15.3 GPa. A spiral chain can be seen
along thec axis. A special feature of this tetragonal structure
is the coexistence of both the 41-screw and the 43-screw
axes. That is, the bottom-left chain in Fig. 3(b) corresponds
to the right screw. The adjacent bottom-right and top-left
chains correspond to the left screws. For the group-VIb ele-
ments, this spiral chain structure is commonly seen in
trigonal-Te, trigonal-Se as shown in Fig. 3(c), and the high-
pressure high-temperature phase of sulfur(high-PT phase).20

However, all of those crystals only have a 31- or a 32-screw
chain. Namely, the coexistence of both screw chains occurs
under high pressure.

A pitch of the spiral chain corresponds to a length of thec
axis for each case of Se-II8, trigonal-Se, S-II, and sulfur
high-PT phase. The pitch for Se-II8 (3.626 Å at 15.3 GPa)
was 27% shorter than that for trigonal-Se[4.954 Å at 1 bar
(Ref. 21)]. The pitch for S-II(3.100 Å at 55 GPa) was 28%

FIG. 2. (Color online) Diffraction patterns and Rietveld fits of
(a) run 1 for Se-II8 at 15.3 GPa,(b) run 2 for Se-II8 at 18.4 GPa,
and (c) run 3 for S-II at 55 GPa. The arrows marked IV in(b)
represent the peaks from the higher pressure phase of Se-IV. The
arrows marked III in(c) represent the peaks from the higher pres-
sure phase of S-III. Typical R factors of the Rietveld fit wereRwp

=12% andRp=7%.
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shorter than that of the high-PT phase[4.302 Å at 3 GPa and
400 °C (Ref. 20)]. The ratios of the pitches were almost the
same for both cases of selenium and sulfur. The intrachain
bond angles for Se-II8 (98.6°) and S-II (99.1°) were also
similar, but were smaller than those for trigonal-Se[103.1°
(Ref. 21)] and sulfur high-PT phase[102.7° and 101.7°(Ref.
20)].

The first-nearest distance of Se-II8, corresponding to the
intrachain distance, was determined by the Rietveld analysis
to be 2.34±0.01 Å at 15.3 GPa, as shown in Fig. 3(a). This
value is almost the same as the averaged intramolecular dis-
tance of monoclinic Se-I[2.336 Å (Ref. 2)] and the intrac-
hain distance of trigonal-Se[2.373 Å (Ref. 21)], as shown in
Fig. 3(c). This is also true for S-II(1.95 Å at 55 GPa), S-I
[2.041 Å average at 1 bar(Ref. 1)], and the high-PT phase

[2.070 Å and 2.096 Å at 3 GPa and 400 °C(Ref. 20)] rela-
tion. These facts show that the intrachain bond is covalent
and remains strong.

The second-nearest distances, corresponding to the closest
interchain distances, were determined to be 3.02±0.01 Å at
15.3 GPa, as shown with dashed lines in Fig. 3(a) and are
important for discussing the electrical property. The intermo-
lecular distance of monoclinic Se-I at 1 bar(3.48 Å
average2) is still longer than twice the selenium constant en-
ergy radius[2rA

* =3.16 Å (Ref. 22)], which is a criterion for
the existence of the overlapping of the molecular orbitals or
of the covalent bond formation. This means the intermolecu-
lar interaction is weak and its electrical property is an insu-
lator at ambient pressure. After the phase transition to
Se-II8, the closest interchain distance became 3.02 Å at a
pressure of 15.3 GPa as shown in Fig. 3(a), below the critical
value of 3.16 Å. At this pressure, the interchain interaction
should strengthen the forwarding metallic state. This theory
also applies for sulfur. The intermolecular distance of S-I at 1
bar (3.31 Å average1) is still longer than twice the sulfur
constant energy radius[2rA

* =2.92 Å (Ref. 22)]. The closest
interchain distance of S-II decreases to 2.63 Å at 55 GPa.
These results agree with the electrical behaviors for selenium
and sulfur that the present tetragonal phases exist as an in-
termediate state between the insulator and the metal.

Figure 4(a) displays the pressure dependence of the vol-
ume per one atom for various selenium phases. The volume

FIG. 4. (Color online) Pressure versus atomic volume for(a)
selenium and(b) sulfur. Open and closed triangles represent the
data for trigonal-Se from Refs. 25 and 26. Diamonds show the data
for the starting molecular phases of Se-I(Ref. 9) and S-I(present
work). Squares represent the tetragonal Se-II8 and S-II data deter-
mined by this work. Circles represent the data for the puckered
layer phases of Se-III(Ref. 27), Se-IV (Ref. 27), and S-III (present
work).

FIG. 3. (Color online) (a) The triple cells along thec axis of the
tetragonalI41/acd structures for Se-II8 at 15.3 GPa.(b) Top view
of the ab plane of the same cells.(c) The double cells along thec
axis of the trigonal-Se at 1 bar(Ref. 21) for comparison. The first-
nearest-neighbor Se-Se distance was depicted with sticks in each
figure. The second-nearest-neighbor distance was drawn with
dashed lines.
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of trigonal-Se(open and closed triangles) is smaller than that
of monoclinic Se-I (diamonds). This corresponds to
trigonal-Se(a stable phase) having a higher packing index
and to monoclinic Se-I(a metastable phase) having large
spaces between the Se8 molecules. The transition to Se-II8 is
accompanied by molecular dissociation. As a result, such
spaces decreased and the volume became comparable to that
of trigonal Se. The transition from Se-II8 to Se-IV was irre-
versible, and Se-IV transformed into a trigonal Se with de-
creasing pressure. The pressure dependence of the volume of
sulfur is also shown in Fig. 4(b). A volume jump was not
recognized for sulfur, since the volume of the amorphous
phase was not known. However, the volume of S-II seemed
to be consistent compared with that of S-III. The transition
between S-II to S-III was reversible. In a pressure releasing
cycle, S-II was reproduced around 59 GPa. Therefore, the
S-II phase can be considered to be a stable high-pressure
phase.

In this study, the pressure-induced dissociation of Se8 and
S8 ring molecules was revealed from the structural aspect.
Up to now, the Se-II8 phase has been proposed to be isos-
tructural with S-II and did not follow the sequence of the
pressure-induced structure transitions of a trigonal Se with a

spiral chain structure.17 The present study also confirmed this
suggestion.

The tetragonal structure that was determined by this study
has not been seen in other elements. However, we can find a
similar structure with the same space group in a molecular
crystal of hydrogen sulfidesH2Sd. In a high-pressure phase
IV appearing above 12 GPa, the sulfur atoms of H2S mol-
ecules contact each other directly and form the same spiral
chains23 with the 41-screw and the 43-screw axes along itsc
axis. The interchains are connected by hydrogen bonds. For
Se-II8 and S-II, there may be other kinds of attractive forces
to stabilize this structure. After a molecular dissociation of
H2S above 27 GPa, the dissociated sulfur atoms behave like
elemental sulfur and form the S-II structure.24 The diffraction
pattern in this reference has now been identified by the te-
tragonal structure determined in this study.
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