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P-Po Phase of Sulfur at 162 GPa: X-Ray Diffraction Study to 212 GPa
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Using diamond anvil cell techniques and powerful synchrotron sources, we carried out an energy
dispersive x-ray diAraction study on sulfur to 212 GPa and detected a transition to a new phase at
162~5 CJPa. This new phase has been indexed as the 11-Po structure based on agreement with the d
spacings and the measured diAraction peaks. This is consistent with the published results on high pres-
sure phases of Se and Te. The Raman spectra of the fully recovered sulfur indicate permanent changes
in the molecular structure. This paper represents the first experimental results in which a structural
determination has been made for the low-atomic-number materials above 100 GPa.

PACS numbers: 64.70.Kb, 62.50.+p, 64.30.+t

Two very recent high pressure studies of sulfur by Luo
and Ruoff [1] using energy-dispersive x-ray diffraction
(EDXD) techniques and Akahama, Kobayashi, and
Kawamura [2] using the angle-dispersive x-ray dif'-

fraction method with an imaging plate detector have
found an amorphous phase [1] and a base-centered ortho-
rhombic (bco) phase [2] at about 25 and 83+ 2 GPa, re-
spectively. The phase transition observed by Akahama,
Kobayashi, and Kawamura at 83 GPa is near to the pre-
viously reported pressure-induced metallization of sulfur
at 95 GPa detected by the optical methods [3], although
with a 12 GPa difference in the transition pressure, which
could be due to the sensitivity of the experimental
methods used and experimentalist's judgment in deter-
mining phase transition as well as some other factors,
such as pressure calibration method. Thus, sulfur joins
the other two VIA elements, selenium and tellurium, in

exhibiting the bco structure under high pressure [4,5].
Experimentalists have found two other higher pressure
phases, P-Po and body-centered cubic (bcc), for Se [4,6]
and Te [7,8]. It is of considerable interest and an experi-
mental challenge to search for a systematic phase transi-
tion sequence in sulfur. The P-Po phase was estimated
(by analogy with Se) to occur in sulfur at about 180 GPa
[2], and the bcc phase at multimegabars. Also, sulfur is a
relatively low atomic number material for which the
atomic scattering factor for x rays is small. Both of these
make a megabar (1 Mbar =100 GPa) x-ray diffraction
study on sulfur difticult.

In this paper we present the x-ray diffraction results of
sulfur to 212 GPa with emphasis on the phase transition
above 100 GPa.

Sulfur powders of orthorhombic structure with a purity
of 99.9995% were placed in a 50 pm diam sample
chamber of a spring-steel gasket (1% C). Diamond an-
vils with 50 pm Aats and 7.5 bevel angle reaching a cu-
let diameter of 350 pm were used in the experiments.
The gold acted as an internal pressure marker, and the
pressures were determined by comparing the x-ray mea-
sured cell volume of the fcc Au based on its first three or
four diffraction peaks to the isothermal equation of state

of gold by Jamieson, Fritz, and Manghnani [9] deduced
from shock-wave data. The experiments were performed
at the Cornell High Energy Synchrotron Source
(CHESS) using EDXD techniques. The diffraction angle
was set at 20=17.01'. Details of the experimental ap-
paratus and techniques have been described in Refs.
[10,11]. In addition, two experimental improvements
have been made in the present experiments. One is on
the collimation of the x-ray beam by use of a tungsten x-
ray aperture of 20&&20 pm size [12]. This helped us to
avoid the presence of gasket diffraction peaks in the sam-
ple diffraction patterns and to reduce the pressure gra-
dient effects [13]. The other improvement is on the
Compton scattering slit [14]. By moving the slit closer to
the sample at a distance of 50 mm and closing the slit
down to 100 pm, we greatly decreased the background,
which was mostly due to the Compton scattering from di-
amond anvils. This is crucial for this experiment above
100 GPa. The experiments were terminated without ob-
taining decompressing data because the scheduled time at
CHESS ended. The Raman spectroscopic measurements
on the totally recovered sulfur were taken on a triple
monochromator (Spex model 1877C) equipped with a
cooled optical multichannel detector. The 488 nm line of
an A+ laser was used to excite the Raman signals.

In agreement with Akahama, Kobayashi, and Kawa-
mura [2], the recrystallization process from the amor-
phous phase of sulfur was observed starting at 37 GPa
with a single intense peak at E =21.0 keV. The second
intense peak appeared at 42 GPa with E =23.3 keV.
Strong preferred orientations in the sample were present
as a result of the recrystallization process. This process
seemed completed at 75 GPa. A diffraction pattern at 78
GPa is shown in Fig. 1(a). The structure is unknown at
this pressure.

With further increasing pressure, a phase transition to
the bco structure was observed starting at 84 GPa [see
Fig. 1(b)] that has been reported by Akahama, Koba-
yashi, and Kawamura [2]. However, our data showed
that this phase transition was not completed until about
100 GPa because of the persistence of a peak from the

0031-9007/93/71(18)/2943 (4)$06.00
1993 The American Physical Society



NO@EMBER 1993VOLUME 71, NUMBER 18 PH YSICAL REVIE% LETTERS

I &
II &

I

P (Gpo)

d..i, (A)hk1

calculated d spacings for P-PoTABLE I. Observed and calcu a
al cell, a =3.277a. Referring to a hexagonal cell, a =sul ura 06.5 GP

c a =0.789, and V~it=2 .
This corresponds to a primitive rhom o e ra
atom and a =2.079 A, a =104.03'.

d.b, (A)

101
110
201
102

1.911
1.635
1.244
1.178

1.911
1.638
1.244
1.176

II & I & I

14 18 22 26 30 34 38

Energy (KeV)
-ra diffraction spectra as takenFIG. 1. Energy-dispersive x-ray i

es. Thefor sulfur at four selected pressures.at the CHESS for su ur a
17 01 . Symbols Sdiff'raction angle (28) fo pfor all spectra was

1 . (a) An un-and Au stan or su ud f lfur and gold, respective y. a n

bco atat 78 GPa, (b) mostly transformed phase (bco)
d (d) -P „h 1284 GPa, (c) bco phase at 145 GPa, an

GPa.

k V. A selected diffractionh se at about 18.5previous phase
45 GPa is shown in Fig.p o pbco hase at 1

=214464 Z=4
rameters of t e co s

GPa are a =3.3093 ~, b =4.9698, c =
arison, at ambient=8.82 A /atom. For companson, a

f thorhombic sulfur ispressure the atommic volume o or
me reduction at 1455.64 A /atom. The volume re u~atom

ectra above 160 GPa were indexed as

.34.
The diffraction spectra above

d for seleniumre similar to that propose or
GP b Ak hssure range of 60-140 a y

m ]. h P-P tructure has aKobayashi, and Kawammura[4. T e - os
e ral cell containing one atom.primitive rhombohedra ce
observed and could be assigne oi ned to thisto five peaks were observe

onal cell that has%e referred the cell to the hexagona ce aphase. %e re erre
h b hedral cell and contains

21 a, e
l t of observed d values o1(d). gFi ure 2 presents a po o

5 GP a function of pressure.diffraction line s above 85 GPa as a u

d 162 GPa in Fig. 2.

e a sin of the phase transition is

the eaks at 21.1 and 24. e o
~ ~ ~e a sin let. This beginning o e p

f llowing observations:
) d (200) k of th

+5 GPa base on e o
disa earance of the (101 an

e
' ' ' '

th relationship between de 2) discontinuity &n t e re a
'

2) d (3) Ivalues and pressure (Fig. 2; an

I
I

II ~
I I

2. t

2.0—
9

1.8—

bco
12O)

I

P-Po phasephase
0.40—

0.38—

0.36—)
(200)

1.6—
1.5—
1 .4 — (30 I )

1.3—
1.2—

80

(~3&)
(~ oz)

1 & I i ~ i I

100 120 140 160 180
Pressure (GPa)

FIG. 2. Observed d spacings oof diffraction
8S GPa as a function of pressure. The

fitted by straight lines. A discontinui y
observed at 162 ~ 5 GPa.

I

200 220

peaks of sulfur
data points are
data points was

0.34—

032 L

0 220
0.30

100 120 140 160 180 200
Pressure (GPa)

ced atomic volume V/ Vp versus pres-FIG. 3. Plot of the reduce
r. Fits of the data points to first-or er irc

the solid curves. irc es
nd trian les are for the P-Po p ase. e

0 use
'

. The fitting parameters are liste inVo used here is 25.64 . T e ing
Table II.

2944



VOLUME 71, NUMBER 18 PH YSICAL REVI EW LETTERS 1 NOVEMBER 1993

TABLE II. Parameters obtained by a fit of the first-order
Birch equation to the reduced atomic volume vs pressure data
points of sulfur.

Phase
Pressure range

(GPa) Bp (GPa) Bp (V/Vp)p=p

Orthorhombic
Monoclinic
Amorphous
Unknown
Base-centered

orthorhombic
P-Po

0-4.9
5.3-24
25-37
37-84

100-162
162-212

14.5
17.3

21.9
30.6

1

0.76

0.93
0.67
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TABLE III. Comparison of transition pressures for S, Se,
and Te in the metallic phases. All pressures are in gigapascal
(GPa).

Element

Se
Te

bco

28
6

P-Po

162

60
11

bcc

700'

140
27

Ref.

[2] and
this work

[4,6]
[5,7,8]

'The transition pressure for sulfur to the bcc phase is estimated
as an upper bound from an extrapolation of the experimental
c/a rate of this work

At 162 GPa, both bco and P-Po indices give the same
atomic volume of 8.5 A /atom.

Table I presents the indexing of the P-Po phase of
sulfur at 207 GPa. At 207 GPa, the six coordinated S
atom has its six nearest neighbors at a distance of 2.079
A and two second nearest neighbors at 2.584 A, and the
volume reduction has reached a value of 0.31 compared
to 0.39 at the beginning of the metallic phase at 95 GPa.
The relation of the reduced atomic volume V/Vo versus
pressure above 85 GPa is plotted in Fig. 3 along with first
order Birch [15] fits to the data points. The parameters
fitted to the Birch equation are summarized in Table II
together with our previous results for the low pressure
phases [1]. The volume discontinuity at the bco to P-Po
transition, if any, is negligible, indicating the transition is
of a second order. The P-Po phase remains stable to at
least 212 GPa.

With the observation of the P-Po phase in sulfur, the
similarity in the transition sequence for the metallic
phases of the Group VIB elements, S, Se, and Te, is
confirmed, except for the eightfold coordinated bcc phase
which has not been reached for sulfur. Based on the crys-
tallographic analyses at the P-Po to bcc transition in Se
[4] and Te [8], the ratio of the c/a in the P-Po phase
needs to reach a critical value of 0.72. Our data show
that the c/a ratio slowly decreases with increasing pres-
sure at a rate of —1.23 x 10 /GPa, which indicates that
the bcc phase will take place in the neighborhood of 700

FIG. 4. Raman spectra of sulfur at ambient conditions. (a)
Sample has not been compressed. (b) Sample has been
compressed to 212 GPa and then decompressed to 0 GPa. Note
that the above two spectra were taken under the same condi-
tions except a higher laser power (3 times higher) was used for
the recovered sample (b).

GPa. For comparison, the corresponding rate for the P-
Po Se is about —7.8x10 /GPa. This estimated pres-
sure for sulfur to transform to the bcc phase sets an upper
bound of the transition pressure if the volume change is
continuous. From the view of atomic packing, the initial
molecular crystal of sulfur has become a quasifourfold
coordinated layered structure in the metallic bco phase,
and then a sixfold coordinated monatomic P-Po structure.
Table III summarizes the structural transition sequence
in the metallic S, Se, and Te.

The Raman spectrum of the totally recovered sulfur is
shown in Fig. 4(b) along with a normal Raman pattern
[Fig. 4(a)] of sulfur for comparison. Figure 4(b) shows
no Raman modes in the region below 400 cm ' and only
two weak peaks above 400 cm ' at 459.2 and 475. 1

cm, respectively, indicating permanent changes in the
molecular structure. Apparently, the eight-atom ring
type sulfur molecule no longer exists after the megabar
compression and decompression. These two peaks are in
the frequency range of the S-S stretching mode. It was
also observed that the recovered sample was transparent.

In summary, similarity in the phase transition sequence
between sulfur and the other two Group VIB elements,
Se and Te, in the metallic phases has been confirmed up
to the P-Po phase which occurs in sulfur at 162+ 5 GPa.
The initial eight-atom ring type molecular solid of sulfur
is a monatomic metal with six nearest neighbors above
162 GPa.
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