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Crystal structure of the superconducting phases of S and Se
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Compressed S and Se are studied by x-ray diffraction with synchrotron radiation up to 160 GPa. Phase IV
of S is shown to have a body-centered monoclinic structure and is stable between 83 and 153 GPa, where it
transforms to S-V with a primitive rhombohedi@Po structure. Observation of the modulation reflections in
S-IV up to 135 GPa shows that its crystal structure is incommensurately modulated, the same as known for Se
and Te. Our study on the stability range of the modulated phase #&#&/) shows that Se-IV transforms to
the B-Po phase Se-V at around 80 GPa. Pressure dependence of the structural parameters of these high-pressure
phases in S and Se are discussed in relation to their superconducting behavior.
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I. INTRODUCTION Te-lll and Se-I\?*transforms tg3-Po at 1625) GPa, which

Recent discoveries of incommensurate host—gue§§ stable up to at least 212 GPaThe stability of the bco
structure’ and incommensurately modulated structires —Structure for SRefs. 18,19 as well as for S¢Ref. 20 and
in elemental metals at high pressure suggest that aperiodie (Ref. 21, was not confirmed by theoretical calculations.
structures are a common phenomenon among the element§Us, in light of recent experimental reports of incommen-
under pressure. An aperiodic structure with large modulaSurately modulated phases of Te-lll and SéI\the struc-
tions in atomic positions is found in the metallic phases ofturé of S-IV should be reexamined with advanced experi-
group-VI elements Te and Se, Te-lll and Seé¥/and is mental te_chnlques. Moreover, the metallic phases of S, Se,
described as an incommensuratéig) modulated structure and Te discussed above are known to be superconductors
with two atoms in the body-centered monoclirilecm) av- with a vgrlable a_nq complex pressure dependence of super-
erage cell with modulation along theaxis. According to the ~ ¢onducting transition temperatut®ef. 22, and references
harmonic modulation wave, atoms are displaced from theipherelr). Accurate d.etermlr_1at|on of the crys'gal structures of
ideal positions mainly along the axis. The bcm structure metalll_c S anq Se is crucial for understanding the complex
can be considered as a distortion of tePo (primitive ~ behavior ofT; in the group-VI elements.
rhombohedral structure. On compression, the monoclinic  Here we report the determination of the crystal structure
distortion of Te-Ill and Se-IV decreases and the bcm averag@f S-1V, stable above 83 GPa, as incommensurately modu-
structure approaches ti2Po; at the same time the modula- lated. We obsgrve the structural modulation in S-IV up to
tion reflections become weaker indicating a decrease of th&35 GPa, the highest pressure a modulated structure has been
modulation amplitude. reported so far. The mc_ommensurately modulated phases in

To distinguish between the modulated monoclinic and th0th S and Se are confirmed to transform to fhBo struc-
rhombohedralB-Po structures, one needs to obtain high-ture. Superconductmg_properues ar_1d pressure dependence of
resolution diffraction data with low background and high Tc in S and Se are discussed in light of present structural
signal-to-noise ratio. Such experimental stublissow that data.
Te-1ll with a modulated bcm structure, stable above(2).5
GPa, transforms directly to a body-centered culiico Il. EXPERIMENTAL METHODS
structure(Te-V, Ref. § at 29.27) GPa omittingB3-Po struc-
ture. The modulated bcm phase of Se-IV is stable from 29 Samples of 99.999% purity uratroni¢ and 99.99%
GPa to at least 70 GPaAssuming a continuous phase tran- purity of Se (Alfa Aesa) were loaded in Mao-Bell piston-
sition from a modulated bcm t8-Po structure, extrapolation cylinder diamond anvil cells with an opening allowing prob-
of the Se-IV structural parameters suggested a transitiolilg up to 27° of 2 of the angle-dispersive x-ray diffraction.
pressure of 82 GPawhereas thgs-Po phase of Se is known Powder x-ray diffraction data were collected at beam line
to transform to bcc at 140 GPalhese resulfs’ revised the ~ 16-ID-B (HPCAT) at the Advanced Photon Source. Focused
phase transition sequence of the metallic Te and Se reportédonochromatic beams of different wavelengtfs=0.36
earlier®-15 However, the question of whether the modulated-0.42 A) were used and the data were recorded on MAR
Se-IV phase transforms 8-Po above 70 GPa remains open image plate calibrated with a Cg@r Si standard. Samples
and the nature of this transitioffirst or second ordgris  of S and Se were studied at room temperature up to pressures
unclear. of 160 and 150 GPa, respectively. Samples were loaded in

The lighter group-VI element S with its metallic phasesthe diamond anvil cells with neon as a pressure transmitting
has been reported to be isostructural with Te and®$e. medium in order to obtain the diffraction patterns of high-
S-1V, stable above 83 GPa with a base-centered orthorhonpressure phases with less stress and strain. Our diffraction
bic (bco structure'®1” the same as previously reported for patterns show that the starting material was always the
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known ambient orthorhombic S-1 and trigonal Se-1 phases.
To determine the pressure, we useditu fluorescence mea-
surements of ruby chips that were loaded in the sample
chamber. The well resolved ruby spectra show that neon pro
vides quasihydrostatic condition. Powder diffraction data
were integrated azimuthally usimr2p,?® and structural in- ‘
formation was obtained usinpaNA200024

IIl. RESULTS

With an increase in pressure above 36 GPa, we obtair
diffraction patterns that correspond to the S-lll phase, re-
ported recently as having body-centered tetragonal structurt , | $Vat102GPa
with 16 atoms in the unit cellspace group4,/acd).?>260ur
present data give the following lattice parameters for S-IIl at "
76 GPa:a=7.7081)A, ¢=3.0611)A, atomic volumeVy g
=11.36 A. Diffraction lines of S-IV phase appear at 83 GPa 2
observed together with the remaining S-1ll, and the diffrac- Ez_
tion patterns of pure S-IV are observed above 94 GPa. We
obtained a quasisingle crystal of S-IV, which gave severalg by
arcs on a diffraction pattertFig. 1, upper pangl At each
pressure, three patterns were collected from the samplc 97
placed at 0° and +4.0° between the diamond-anvil cell axis A S S P P R S A P
and the incident beam, to obtain information from a larger 20 (deg.)
portion of the reciprocal space. The integrated profile is ob- _ o
tained from integration of the diffraction arcs. The resulting _F!G- 1. (Upper pane) A diffraction image of S-IV at 10&)
integrated diffraction pattern obtained from S-IV at (B2 .GP.a. Some of the dl.ffractlon reflections are |ndexeq with thkim
GPa is shown in Fig. Zlower panel. The fitting of this indices. A powqer Im_e from _the tu_ngsten gasket is marked “G.”
pattern with the previously proposed bco Stru&ﬁ(ﬂpper (Lower pape) Diffraction proflle c_>f mcommensuratg S-IV at 102
tick marks in Fig. 1 shows that some reflections remain G.P a (ibta'ned Xom the integration of th.e above image, collected
unfit. These extra reflections are similar in their positions to‘f'.vIth A=0.3675 A. The Upper and lower t.'Ck marks below the pro-
the modulation reflections reported in literature for the lle Sh.o w the peak. pos'tlons.Of the main and first-order Sate."'te

. reflections, respectively. The inset shows the low-angle reflections.
modulated phases Te-lIl and Se‘(ﬂefs- 6.7 and found in g0 of the diffraction reflections are indexed with teidm in-
our own diffraction data on Se-I\Fig. 2). Application of the

. dices. Diffraction peaks from gasket are marked “G.”
incommensurately modulated structure model proposed for

Te-lll (Ref. 6 to the diffraction pattern of S-IV at 102 h,k,I,m, according to H=ha +kb"+Ic"+map", where
GPa shows that the positions of the extra reflections can bg'b*,c* define the reciprocal lattice of the becm structure.
fit as modulation reflectionglower tick marks in Fig. 1, several modulation reflectiodsvith modm)=1] are clearly
lower pane). _ visible in the diffraction image of S-IV at 102) GPa(Fig.

The structure of S-IV is IC modulated body-centereds) The pressure dependence of the value of the modulation
monoclinic with two atoms in the average unit cgfligs. \yavevector(0q0) for S-IV is obtained from the least-square
3(a) and 3b)] with the lattice parameters 1@ GPa(ob- it of the 5 to 10(main and modulationdiffraction reflec-
tained from the least-square fit of the diffraction peak positigns using theu-FIT computer prograr® and the result is
tions) a:2.82118_)A, b=3.46989)A, ¢=2.21874)A, B shown in the inset to Fig. 4. The value of the modulation
=112.953)°, atomic volumeV,=10.001)A% at 1023) GPa, vectorq decreases in S-1V fror(0,0.2891),0) at 1023) GPa
and the superspace grouif?2/m(0q0)s0, wherel’” denotes  down to (0,0.2691),0) at 1293) GPa. The modulation re-
centering in 40%7 As was proposed for Te-lll and Se-W,  flections decrease in intensity with pressure but are still vis-
the atoms in S-1V are displaced from their ideal positi@s ible in the 129 GPa diffraction pattern of S-I\Fig. 2(a)].

0 0 and (1/2 1/2 1/3 along x and z direction due to a Only a faint trace of one modulation reflection is found in the
harmonic modulation with wavevector along thexis. The 135 GPa diffraction image, and in the 146 GPa image the
amplitude of the atomic displacements in S-IV could not bemodulation reflections are completely absent. Thus, similar
determined in present work because of the insufficient difto the behavior reported for Te-lll and SefiVthe intensity
fraction intensity information. However, the reliably deter- of the modulation reflections in S-IV decreases with pres-
mined peak positions of the modulation reflections allow ussure. In S-1V, the disappearance of the modulation reflections
to determine the period of the modulation wave in S-IV,at 14Q5) GPa correspond to the transition from IC modu-
which is incommensurate with the lattice periodresulting  lated to a non-modulated phase.

in modulation vecto(0q0)=[0,0.2891),0] at 1023) GPa. With increasing pressure, we observe a decrease in the

Using this structural model, all the observed diffraction doublet splitting of the main reflections 1100 and -10a0D
reflections can be indexedFig. 1) using four integers 26 around 10.2° and reflections 0110 and 020@&t 20
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5 1_‘ FIG. 3. (Color online) Structural relationship of the metallic
] phases in the group-VI elements) The modulated bcm structure
oL o JLL JU A of Te-lll and Se-IV(four unit celly viewed down thea axis (from
| ot H pieooen Ref. 6. The six nearest-neighbor distances for each atom are
4 ' é ' ,'; ' 1'0 ' 1'2 ' 1'4 ' 1]6 ‘ 1]8 ' 2'0 ' 2'2 ' -‘;'4 ' shown, and those atoms at the body centers are labeled with “1/2.”
© The modulation wave is indicated by the dashed liflesRelation-
3-5=03675A Se-V at 46 GPa ship between the average bcm struct{inén lines and a primitive
- modulated bam rhombohedral structure @-Po (thick lines. The monoclinic angle
-*E 2 B and the rhombohedral angteare shown(c) Structural relation
3 ] between the primitive rhombohedral structitieick lineg and the
i 14 body-centered cubic structufthin lines. The rhombohedral angle
§ | a(=109.479 is indicated.
0- T e around 12.17[Figs. 1 and !@)] in thg pressure range of 100
[ e X to 150 GPa, becoming a singlet within errorbar at 156 GPa
11 ——— corresponding to the phase transition frénon-modulateg
4 6 8 10 12 14 16 18 20 2 24 bcm structure tgB-Po at 1585) GPa. The pattern of S at 160
2 {0 . GPa [Fig. 2(b)] is fit with primitive rhombohedrals-Po
~ |A=04167A . g;\’latﬂOGPn structure, witha,,=3.37801)A, ¢,=2.69193)A (in hexago-
ﬁ ] nal setting, anda,=2.1471)A, «,=103.771)° (in rhombo-
€ 1. hedral setting and resulting atomic volum¥,=8.87 A.

‘é Ne Pressure dependence of the lattice parameters across the bcm
8 1 Ne to B-Po transition in sulfur is shown in Fig. 4. The transition
0 \ pressure of 15%) GPa is lower than the pressure of 152
) o e ro il GPa reported in Ref. 17. In contrast to the results reported in

Ref. 17 based on low-resolution energy-dispersive x-ray
f ’ ” i data, present data allowed us to observe small splittings of

1T 17T 717 1T 1T 7T 71T 71T 77 . . . .. . .
6 8 10 12 14 2153 18 0 2 24 the reflections associated with the monoclinic distortion of
(deg.)

the B-Po structure, because of the spatial separation of these
reflections in the diffraction imaged-ig. 1).The extent to

FIG. 2. Integrated x-ray diffraction spectra@ S-IV at 1243) which residual devatoric stresses contribute to the splitting

GPa,(b) S-V at 16@3) GPa,(c) Se-IV at 461) GPa, andd) Se-V . .
| X . emains to be determined.

at 110(3) GPa, taken on pressure increase. Full profile Rletveldr We al f d hiah tudi f th talli

refinement is shown for Se-IV on the basis of the modulated bcm € also periorme Igh-préssure Studies o e metallic

structure and for Se-V on the basis of tBd”o structure. Dots and phases of the next member of the Cha'cog,e” family Se. On
lines denote the observed and calculated profiles, respectively. THYE€SSUre increase above 29 GPa, we obtain the Se-IV phase
tick marks below all profiles indicate the predicted peak positionsWith @an incommensurately modulated bem structure, in ac-
For S-IV and Se-IV, the upper and lower tick marks correspond tocordance with previous studly. Our Rietveld refinement

the positions of the main and modulation reflections, respectivelydf Se-IV at 461) GPa [Fig. 2(c)] gives the following
Below the tick marks is the difference curve between the observegtructural parametersa=3.22261)A, b=3.98961)A, c

and calculated profiles. “G” denotes the diffraction reflections from=2.55961), B8=113.26%4)°, and V,=15.121)A® and

the gasket materiatungsten, and “Ne” indicates the diffraction (0g0)=(0,0.28476),0). The value of the modulation vectqr
peaks from neon used as pressure transmitting medium. is observed to decrease with pressure in the pressure range
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Se-IV, bem Se-V,p-Po cannot rule out a slight monoclinic distortion. At 90 GPa, the

T - <

%3-5- Sol\gc:: m@iﬂpi 2 40 W"""Z 0000 observed diffraction pattern can be fit with primitive rhom-

5 30 . g 35 an é bohedralB-Po structure, indicating that Se-IV transformed to
E S oo s g ey g0 é Se-V at a pressure around 80 GPa. Rietveld refinement of the
R 2.5 T 830 . ‘é 004 Se-V phase at 118) GPa[Fig. 2(d)] on the basis of3-Po

5 Lol o S 8, Q00067 o 0 o structure gives the lattice parametesg=3.84115)A, ¢,

=2.86142)A (in hexagonal setting anda,=2.4141)A, «,

"; . =105.421)° (in rhombohedral settingwith atomic volume
M52 Ty 15y V,=12.181)A3. We observe the Se-V phase to be stable up
£ %o ﬁg\e g to 14013) GPa, where it transforms to Se-VI with a bcc struc-
Q414 & “1a. 0 8 ture, in accordance with Ref. 9. The relationship between the

z B-Po and bcc structures is shown in Figc)3

3
&
<
SN\
<

A R %o The pressure dependence of the lattice parameters
3 = "y ¢ of the bcm and3-Po phases in S and Se is shown in Fig. 4
00 ppm 200 30 40 60 8o 100 150 (upper and middle pgne)l;The relation between the bcm
Pressure (GPa) Pressure (GPa) structure and the primitive rhombohedrgtPo structure
18- . can be seen in Fig.(B), where a,,=a,(3+6 cosq,)?=c,,
18] sy 5% e, 6{ 4, SelV—>Se-v bn=a,(2-2 cose,)?=a,, c,=a, and B,=arccof—(1/3
g 14 2 e.0s “o +2/3 cose,)Y?]. The continuous change of the lattice pa-
=129 AAWA e = . rameters across the transition from the modulated bcm to
10; AA. . . Y B-Po phase indicates a nearly second order character for both
100 csmoe (GPa 0 2 A ey 22 S and Se. We point out that the presence of residual stresses

. ) . complicates the identification of the true order of such
FIG. 4. Upper and middle panel: Pressure dependence of Iattlcteransition?0 To examine the possible weak first-order charac-
parameters for the body-centered monocliiem S-1V and Se-1v ter of the bcm toB-Po transition, more detailed structural
and rhombohedraB-Po S-V and Se-V structure@n monoclinic L G
setting. Open diamonds denote data from the present work. ThétUdIeS in the vicinity of the transition should be performed

data at 206 GPa for S-V denoted with “x” is taken from Ref, 17. @S @ function of compression and decompression.
Insets in the middle panel show the pressure dependence of the 1Ne structural data obtained in the present work in com-

modulation vectorg, with open diamonds denoting data from Dination with the data available in the literature allow us to
present work, and the dashed line denoting data from Ref. 7. Soli@nalyze the interatomic distances of Se over a wide pressure
lines are guides to the eye. Lower panel: Pressure dependence of tfehge from ambient pressure up to 150 GPa, through the
temperature of superconducting transition in S and Se, with opetransition from semiconducting to metallic state. Apart from
symbols denoting experimental datsiangles from Ref. 22, dia- Se phases Il and IA*2the data on the interatomic distances
monds from Ref. 3pand solid symbols denoting data from theo- of all the known phases of Se are summarized in Fig. 5.
retical work3’ Vertical dotted lines and dashed areas denote proThese are Se-[trigonal structure with triangular atomic
posed transition pressures. chaing,®® Se-VIl (tetragonal structure with squared atomic
chaing,?® Se-IV (modulated bcm(Ref. 7 and present woyk
between 35 and 53 GREig. 4, inset in the middle panein Se-V (rhombohedralB-Po and Se-VI(bco (Ref. 9 and
accordance with Ref. 7. The refined modulation parametergresent work Se-VII can be obtained at room temperature
which characterize the displacements of atoms from theiafter heating Se-Ill to 450 K, and also known to transform to
ideal positions due to the modulation wave, aBs, Se-IV above 29 GPa on pressure incre®se.
=0.0202) and B,,=0.0831) at 461) GPa?® These values The nearest interatomic distance of the chain structures
are in agreement with those reported previously for Sé-1V. Se-l and Se-VI(2.36 A) is determined by covalent bonding
In our work, we were able to measure the modulation reflecand is pressure independent. The second nearest interatomic
tions up to pressure of 53 GPa, whereas Ref. 7 reports thdistance(four distancesof Se-l and Se-VIl corresponds to
observation of the modulation reflections up to the maximunthe interchain distance and decreases drastically with pres-
pressure of 70 GPa reached in that study. The difference isure. In the metallic Se-IV phase with a modulated bcm
the observations can be possibly accounted for by the differstructure, a new interatomic distance of 2.6 A appears, indi-
ent pressure transmitting media used in the two studies. cating a change in the atomic bonding in comparison to Se-
On pressure increase from 29 to 70 GPa, the splitting o¥Il. The distance of 2.6 A is unaffected by modulation and
the main reflections in Se-IV decreases, as does the intensigonnects the atoms in linear chains running alongctlagis
of the modulation reflections, indicating a reduction of theof the bcm cell of Se-IV. In addition, in Se-1V there are 2
monoclinic distortion. Modulation reflections can be used to+2 distances that are modulated and their values are ranging
obtain accurate lattice parameters of Se-IV and to determinbetween min and max values shown in Fig. 5. The minimum
the degree of the monoclinic distortidrzor the diffraction  value of the modulated distance in Se-IV is limited by the
patterns of Se obtained in present work between 70 and 9€ovalent bonding. At higher pressure, in {Bd>0 Se-V struc-
GPa, it is impossible to distinguish between the bcm andure, the 2+2+2 distances become equal and decrease
B-Po structures; although the patterns resemble those thalightly with pressure. The ultimate high-pressure phase of
would be expected from a primitive rhombohedral phase, wee, Se-VI, has 8+6 nearest neighbors in its bcc structure. A
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non-metallic } o toiie structures In Fig. 4, the pressure dependencelgfin S and Selower
chaln structures: pane) is shown in comparison with the pressure dependence
Se-| Se-VII; Se-IV . Se-V,p-Po : of the structural parameters of the modulated bcm @b
< . ; Mmodulated : hombohedral , phases. The differences T correlate with the different be-
§ 3.0 %\D\ ~o_ 2 D o : havior of both the modulation vectgrand the cell angle of
& 2.8 \f 2 5 ‘D*D\D.\D' 5?— -0 the bcm structure. The value of for S decreases linearly
2 1 : -\\\m&ax : o *u with pressure, in contrast to the strong nonlinearitygafb-
Q 2-6‘_ 52&&& A i ﬂE 6 i g served in Sé.Also, the pressure dependence of the cell angle
§ 2.4 \ma - e TP 0= _F R C B of the modulated bcm structure is distinct in S-IV and
3 29 : : : Se-IV. Additional first-principles calculations would be help-
E"r- ful to examine the relationship between the different struc-
0 20 40 60 80 100 120 140 150  tural behavior of the metallic phases of S and Se and their
Pressure (GPa) electronic structure, including the different pressure depen-
FIG. 5. (Color online) Interatomic distances for the Se phasesdence ofT, in these phases.
up to 150 GPa. The data on Ségreen trianglesare taken from Group-VI elements S, Se, and Te now all confirmed to

Ref. 33, the data on Se-Vlred squaresare taken from Ref. 25. have an incommensurately modulated phase at high pressure
The data on Se-IV, V, and Mblue, brown, and pink squaneare  and all appear to have superconducting states at low tem-
from present work and are in agreement with the literature dta. peratures and high pressures. First-principle calculations
The numbers indicate how many of the distances are present in théhould be now employed to investigate the possibility of an
structure. The vertical dotted lines indicate the proposed transitiog|ectronic nesting instability, a possible development of a
pressures. charge-density wavéCDW) and enhancement of electron-

phonon coupling at the origin of the incommensurability.
very similar picture of interatomic distances is expected forFurther theoretical studies would be helpful to examine cor-
sulfur in its nonmetallic phases Il and Iltriangular and relation and possible competition of incommensurate modu-
squared chain structurg® modulated bcm structure of lations and a superconducting state in these systems.
phase IV and3-Po structure of phase V.

IV. DISCUSSION V. CONCLUSION

Superconducting transition temperature in Te and Se in We have shown that phase IV of sulfur stable above 83
the pressure range corresponding to the modulated bcm ai@Pa is incommensurately modulated, as found earlier for
B-Po phases show strongly nonlinear behavior with a maxiSe-1V and Te-Ill. The modulated bcm structure of S-IV and
mumT.=4.2 K at 5.3 GPa in Te and 5.8 K at 25 GPa in SeSe-IV is shown to transform to th@-Po structure of S-V and
with a decrease of, on further compressida3435(for T.in  Se-V at pressures of 153 and approximately 80 GPa, respec-
Se, see Fig. 3, lower paneTheoretical calculations &f, for  tively. Analysis of the interatomic distances in Se from am-
Se and Te in this pressure range, using Bo structure, bient pressure to 150 GPa shows changes in bonding prop-
reproduce the value of, and its decrease with increasing erties on compression from covalent to metallic. The
pressuré®37A jump to a highefT, of 7.4 K is observed in Te  pressure dependence of structural parameters in the metallic
at higher pressure of 35 GPRef. 35 (probably correspond- phases is found to be essentially different for S and Se,
ing to a phase transition to bcc, Ref), 8confirmed which may account for the difference in the pressure depen-
theoretically3® For bcc SeT, is calculated to be 10-11 K at dence of superconducting transition temperatures in these
120-130 GPa with a decreaseTipwith further increase in  materials.
pressuré/38 this is consistent with experimental data at Note added in proofRecent study on metallic phases of
150-170 GP&? sulfur*! confirms the incommensurate nature of sulfur above

Metallic sulfur is superconducting witfi, of 10 K at 93 83 GPa and reports Rietveld refinement of S-IV at 100.2
GPa, and the superconducting transition temperature rises @pPa. It also indicates an existence of another previously un-
to 14 K at 157 GP4&? in contrast to a negativdT./dP ob-  reported phase of S stable between S-lll and S-IV with a
served in the heavier superconducting Se antPPgump in triclinic structure, the same as recently reported for Te-Il and
T. up to 17 K is observed in S at 157 GPa, which is attrib-Se-I11.3?
uted to the bcgs-Po phase transitidh (Fig. 4, lower panel
The T, for B-Po phase of sulfur is calculated as 17 K at 160
GPa(Refs. 37,40 in agreement with the experiment. For a ACKNOWLEDGMENTS
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