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Incommensurate sulfur above 100 GPa
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S-lll, the high-pressure phase of sulfur stable above 80 GPa, is found to have the same incommensurately
modulated monoclinic crystal structure as Te-lll and Se-IV and is the first element observed to have a modu-
lated structure above 100 GPa. A previously unreported phase is found between S-1l and S-1ll on pressure
decrease, and there is also evidence that the same phase exists on pressure increase. This phase has the same
triclinic structure as Te-Il and Se-Ill.
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Sulfur is a member of the group Vla elements and existgately modulated structure as Te-lll and Se-IV, with an in-
in a large number of complex allotropic forms at ambientcommensuratg vector and modulation amplitudes similar to
conditions'> Numerous high-pressure forms have also beerthose seen in these other group Via elements. We also find a
reported, and it is only recently that this extremely complexpreviously unreported high-pressure phase of sulfur between
behavior has begun to be simplifiédThe stable crystal S-1l and S-lll, the triclinic structure of which is the same as
structure at ambient conditions comprises covalently-bondethat of Te-ll and Se-lIf8
S rings arranged in an orthorhombic structéfeOn com- Powder diffraction data were collected on station ID09a at
pression at room temperature, this orthorhombic form is rethe European Synchrotron Radiation FacilifeSRB,
ported to undergo a gradual transition to an amorphous fornGrenoble, using an incident x-ray wavelength of 0.41756 A
such that above 26.5GPa no diffraction peaks arend abeamsize of 1@mXx 10 um. The powdered sample of
observed~’ Further compression results in recrystallisation,orthorhombic § was provided by Mezouaf(ESRAP!® and
with diffraction peaks first reappearing at 37 GRand com-  was loaded into a diamond-anvil cell with He as a pressure
plete recrystallization occurring at 54.5 GRRef. 7 or  transmitting medium. The pressure was measured using both
75 GP& The structure of this recrystallized form, named the fluorescence from a small grain of SE8:Sn?* placed
S-ll, has long been uncertain, but recently it has been showwithin the gasket holé? and from the lattice parameters of
to have a body-centered tetragonal structure comprising pathe helium within the irradiated part of the sample via its
allel chains of atoms with dand 4 symmetry running along equation of statéEOS.?* At pressures above 35 GPa, the
the ¢ axis®® A further phase transition, to S-lll, occurs on principal fluorescence peak from the S€B:Sn?* was ob-
further compression to 83—86 GPA&} although peaks from served to broaden, and the pressure determined from the
S-1l are observed at pressures up +d00 GP& S-lll is  SrB,0,:Sn?* and the He-EOS differed, suggesting a pres-
reported to have the same base-centered orthorhofipbdr ~ sure gradient across the gasket hole. The maximum pressure
structure as Te-lll and Se-I\Refs. 6, 7, and 10and is both  gradient of 6 GPa was observed at a pressure of 70 GPa, and
a metal! and a superconducté?;1*with a superconducting at pressures above this the pressure gradient decreased. At all
temperature that increases from=10to 14 K over the pressures above 35 GPa, therefore, the sample pressure was
pressure range 90—160 GPa. On further pressure increadetermined from the EOS of the helium as this gave a better
Luo et al. observed a transition to the rhombohedBaPo  estimate of the true sample pressure. At the highest pressure
structure at 162 GPa, and this phase is stable to at leastached in this study, 100.5 GPa, the pressures determined
212 GP& The B-Po phase is also a superconductor, with aby the SrBO;:Sn?* (102 GPa and He-EOS(100.5 GPa
maximumT, of 17.35) K at 200 GP&* differed by only 1.5 GPa. The diffraction data were collected

Recently, we have shown that the phases of Te and Sen an image-plate detector placed approximately 365 mm
previously reported as having the bco structure, Te-lll androm the sample. To improve powder averaging, the sample
Se-1V, are in fact monoclinic, with incommensurately modu-was oscillated by +3° during the 40 s exposures. The result-
lated atomic coordinatés:16 In McMahonet all® we com- ing two-dimensional diffraction images were integrated us-
mented that the bco structure of S-lll might have the saméng FIT2D (Ref. 22 to give standard diffraction profiles.
incommensurate structure, but that the earlier S-1Il diffrac-Rietveld refinement of these profiles was performed using
tion data of Akahamat al” and Luoet al® were of insuffi-  the JANA2000 software packagé
cient quality to observe any of the satellite diffraction peaks On pressure increase, we observe S-I to transform directly
arising from the modulation. A recent reinvestigation of S-11l to tetragonal S-Il at 37(8.5 GPa, with no evidence of any
has reported that the structure is indeed incommensuratelptermediate amorphous form. We suggest that the previous
modulated’ To investigate the structure of S-lIl further, we reports of such a phase arose because of the absence of any
have performed diffraction studies of sulfur to 100.5 GPahydrostatic medium in those studie§éThe transition from
We show that it does indeed have the same incommensis-Il to S-1ll was observed to start at 75 GPa, and two phase
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FIG. 1. Powder diffraction profile of S-1ll at 100.5 GPa. The

strongest peak from the He pressure medium is identified. For com- FIG. 2. Rietveld refinement of incommensurate S-lil at

parison with the S-Ill profile, the inset shows a diffraction profile 100.5 GPa. The upper tick marks below the profile show the calcu-

from incommensurate Se-1V at 42 GPa. lated peak positions from the main and modulation peaks, while the
lower tick marks show the calculated peak positions from the He

S-I1/S-11l mixtures were observed up to 95 GPa. The single-ressure transmitting medium. The difference between the observed

phase diffraction profile of S-IIl observed at 100.5 GPa, theand calculated profiles is shown below the tick marks. The inset

highest pressure reached in this study, is shown in Fig. 1 anghows the pressure dependence of the incommensurate wave vector

is clearly similar to those from Se-#¥,a diffraction profile 9 both as a function of pressure and volume per atom. Filled

from which is shown in the inset to Fig. 1 for Comparison.f'”ed) symbols denote data collected on pressure increase

All the diffraction peaks from S-lil can be indexed on the (decrease

same|'2/m(0q0)s0 super spacegroup as SeVwith &  |ation. However, the next-nearest-neighbor contact distance
=2.8082) A, b=3.4572) A, ¢=2.2102) A, B=113.12)°,  varies from 2.08®) A to 2.4412) A as a result of the
andq=0.2793) at 100.5 GP&? modulation, with an average distance of 2.043R.26 The
Although all the peak positions in S-lll can be accountedclosest approach distance at 100.5 GPa is similar to the av-
for by an incommensurate Se-IV-like structure, the relativeerage S—S bondlength of 2.068) A found within the $
peak intensities in S-lll and Se-1V are differefsee Fig. 1  molecules at ambient conditiohsand with the S—S
as a result of preferred orientati¢RO) in the S-1ll sample. bondlengths of 2.07@) A and 2.0967) A found within the
The best Rietveld fit to the S-lll diffraction profile at chains of the polymeric form of sulfur recently reported to
100.5 GPa, which included the refinement of a correctiorexist at 3 GPa and 400 °Thut is slightly longer than the
for preferred orientation and the refinement of the amplitudes—S intrachain distance of 1.05 A we find in S-ll at
of the atomic modulationB,, andB,,,* is shown in Fig. 2.  85.4 GPa—the highest pressure at which we could refine the
The refined structural parameters ase=2.8021) A, b detailed structure of S-II.
=3.4551) A, c¢=2.2081) A, pB=113.1%1)°, and q On pressure decrease, the sample was found to remain
=0.28%1), with B,=0.0281), B;,=0.1181), and a single single-phase S-Ill down to 90 GPa. Although additional dif-
atom at(0, O, 0. Tests to determine the effect of different PO fraction peaks appeared at this pressure, and they increased
corrections on the modulation amplitudes at 100.5 GPa ren intensity on further pressure decrease, as illustrated in Fig.
vealed that the refined value Bf, was almost independent 3, diffraction peaks from S-IIl were visible at all pressures
of the choice of PO model, but that the valueBaf varied in ~ down to 63.7 GPa. The pressure dependence of the incom-
the range 0.002-0.028. However, the overall fit to the S-llimensurateq vector was obtained by least-squares fitting to
profiles was very poor for many of these PO models, and théhe positions of the S-Ill diffraction peaks and is shown in
values forB;, and By, given above are those from the best- the insert to Fig. 2. As in Te-lll and Se-M,'6 q varies
fitting model. strongly with volume, and, over the pressure range
The modulation amplitudes in S-lll at 100.5 GPa are64-100 GPa, decreases approximately linearly with volume
similar to those observed in Te-lll at 8.5 GPa, wh&g at the rate 2.1(6) X 1072 A=3. This is only ~20% less than
=0.02159) and B,,=0.09257),° and in Se-IV at 42 GPa, the linear pressure dependence of 21k 102 A=3 observed
whereB;,,=0.023611) andB,,=0.090@8).16 In the unmodu-  in Se-IV between 34 and 42 GRRef. 16 and is consider-
lated S-IlII structure, which has spacegrd@pm, each sulfur ably larger than the pressure dependence of (6)35
atom is six-fold coordinated with two nearest neighbors at ax 102 A=3 observed in Te-lll between 5.0 and 8.5 GPa.
distance of 2.208) A and four further atoms at a distance Although the pressure dependenceqo initially linear in
of 2.2252) A. The nearest-neighbor distance is equal to theboth Te-Ill and Se-IV, at higher pressures the pressure depen-
c-axis lattice parameter and is thus unaffected by the modudence becomes strongly nonlinéat® Further data over an
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FIG. 3. Diffraction profiles collected from sulfur on pressure
decrease. Diffraction peaks from the He pressure medium are la- FIG. 4. The compressibility of sulfur from 40 to 101 GPa.
beled. The most intense sulfur-V peak first appears at 90 GPa, ddlled (unfilled) symbols denote data collected on pressure increase
identified by the arrow in profiléa), and it increases in intensity as (decreasg The data point plotted as a star at 89.4 GPa, is from Ref.
the pressure is decreased, as identified in proftesnd (c), and 7. The unfilled circle at 63.7 GPa is from triclinic sulfur-V.
enlarged in the left-hand inset. The mixed-phase profile at 63.7 GPa
is very similar in appearance to the diffraction profile from a mix- group here as the same close structural relationship exists
ture of Se-l1l/Se-1V at 30 GPa, as shown in the right-hand inset fobetween S-1lIl and S-V. The compressibility of sulfur from
comparison. The uppeflower) tickmarks beneath the 63.7 GPa 40 to 101 GPa is shown in Fig. 4. The volume change
profile show the calculated peak positions from SS£IIl). The (AV/Vy) at the S-I- S-lII transition is 1.61)%, while no
single peak in the 63.7 GPa profile not accounted for by either S-lliolJume change, within error, is observed at the Sl
or S-Vis identified with an asterisk. S-V transition. The density of the bco structure of S-IIl re-
orted by Akahamat al,’ reinterpreted using a Te-lll-like
dnoclinic unit celP® is in excellent agreement with our
results.

extended pressure range are necessary to determine whet
similar behavior is observed in S-llI.

The weak additional peaks that first appear in the S-llI Sulfur thus joins its group Via neighbors Se and Te in

{:)hrofltlets at 90|GSPI<':I1—§ee prg'![ﬁ) of tE'g' 3_‘.";.”3 not :rc;m thaving a phase with an incommensurately modulated crystal
€ tetragonal S-1l phase. Ratheér, their positions relative Qg .y e gt high pressure, and is the first element observed to

the S-Ill peaks are reminiscent of the positions of peaks fron, e 5,ch 4 structure above 100 GPa. The reasons why these

Te-ll and Se-lll relative to those from Te-lll and Se-lV, elements should adopt such complex structures is still not

. 5 . . : .
rglspectwelyl,_ a? |Ilus%t;2ted _for dsg III?StIhI? |nts£et to iltg 3. dcompletely clear. Howeverab initio calculations of the

0s€ Examination of the mixed S-l/s-l patterns oblainedg g/ iy cture using commensurate approximants wjith
between 75 and 95 GPa on pressure increase clearly shows

) - - =5 andng have indicated that the incommensurate modu-
Hha 4 7
that the most intense .Of these_a_ddltl_onal pe(_ tindicated lation might arise via a Kohn anomaly that reduces the en-
by the arrow in Fig. Bis also visible in a profile collected at

91 GPa on compression. We call this new high—pressureergy of a phonon mode =2k to below zero. The result-

phase of sulfur S-V. As with Te-Il and Te-#E S-1ll and S-V ihg pseudogap at the Fermi energy reduces the overall energy
' ’ of the structure?

form mixed-phase profiles, but attempts to obtain a single- In conclusion, we have shown that S-lll is isostructural

phase profile of S-V at lower pressures were unsuccessful as i i . i
both the gasket hole and diamonds failed on attempting tﬁ\ﬂ\”th Te-lll and Se-V, and has an incommensurately modu

ated crystal structure. Although the current study was lim-
decrease the. pressure bglow 63'7 GP‘?‘ Although thf?ed to 100.5 GPa, the previous study of Lebal. suggests
63.7 GPa profile shown in Fig. 3 still contains many reflec- e
tions from S-Ill, it is possible to index all but one of the that S-Ill is stable to 162 GFaalthough the more recent
o ’ P S .~ study of Degtyarevaet al. reports a transition pressure of
rema‘”'gg peaks on a trlclmg\: body-centeredATe-ll-hke 153 GP4&L’ Triclinic S-V has not been observed in previous
Etructur with _ a—2.96°(18) - b-10.(?>663) ’ studies of sulfur, but the observation of this Te-lI-like struc-
=2.2842) A, a=86.672)°, pB=111.891)°, and vy

. K o ture, the isostructural nature of S-lll, Se-1V, and Te-lll, and
=91.301)° at 63.7 GPa. Although this cell is nonprimiti/e

) ) _the recent observation of a S-ll-like structure in
and thus nonstandard, we chose it previously to describga|aniumf 917 reveals that the high-pressure behavior of S

Te-Il and Se-lll because it highlights the close relationship togs  41d Te is much more similar than previously believed.
the (commensuradestructures of Te-Ill and Se-1V when their ’

q vectors are(O,%,O), and thus when thelp axes are tripled This work was supported by grants from EPSRC and fa-
in length!® We have chosen to use the nonstandard spaceilities provided by the European Synchrotron Radiation Fa-
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