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Superconductivity in the chalcogens up to multimegabar pressures
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Highly sensitive magnetic-susceptibility techniques were used to measure the superconducting transition
temperatures in S up to 2@t5) GPa. S transforms to a superconductor withof 10 K and has a disconti-
nuity in T, dependence at 160 GPa corresponding to the b@Ro phase transition. Above this pressurg,
in S has a maximum reaching about 178.5) K at 200 GPa and then slowly decreases with pressure to 15
K at the highest pressures measured. This trend in the pressure dependence parallels the behavior of the heavier
chalcogens Se and Te. Superconductivity in Se was observed from 15 to 25 GP wiftanging from 4 to
6 K and above 150 GPa wifh, of 8 K. Similarities in theT, dependences for S, Se, and Te, and implications
for oxygen are discussed.
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[. INTRODUCTION ther compression in the bco phase, S, Se, and Te transform to
the rhombohedral3-Po structure. If compressed to even
Comparative study of the high-pressure behavior othigher pressures at room temperature, Te and Se transform to
groups of elements with identical valences provides detailethe body-centered cubico structure at 27 GP&Ref. 9
insight into the effects of compression on electronic structuré@nd 140 GP4Ref. 10, respectively.
and its control of physical properties. The chalcogen ele- The high-pressure structural and electronic properties of
ments, or members of group Vla, exhibit a variety of phaseghese elements have been the subject of a variety of theoret-
as a function of pressure and temperature and exhibit a brodgal studies. Pseudopotential total-energy calculationave
range of interesting physical propertie3he lighter mem- been performed for three high-pressure phases of S. They
bers of the family form molecular crystals. The first is oxy- suggested that S should transform from g0 to the bcc
gen, which forms a diatomic molecular crystal and persists iPhase at 545 GPa that would have a strong electron-phonon
a variety of molecular phases to at least 100 GRalso has  coupling leading to a superconducting transition temperature
peculiar magnetic interactions, being the only magnetic insuof 15 K. More recent first-principles calculatidAspredict
lator among the elementsAt very high pressures, however, that compressed S favors the simple cuB€) structure
oxygen not only becomes metaflicbut is also over a wide range of pressures from 280 to 540 GPa before
Superconductirfg above 95 GPa. Theoretical calculations transforming to a bcc phase. The later work also showed that
predict that the high-pressufeO, phase(above 95 GPais  Upon entering the simple cubic structure, the average phonon
a molecular metal, while unambiguous experimental evi- frequency(w) increases substantially, leading to a smaNler
dence of its molecular character is still not available. Sulfurand thus smallefl.. It was predicted thal, would drop
the next member of the family, has one of the most complespelow 10 K upon entering the proposed simple cubic
diagrams of the elementsUnder ambient conditions, sulfur phase'
is molecular and consists of Species that form rings in the ~ Recent experimental studiés* showed that sulfur be-
crystalline state. Under pressure, sulfur undergoes a series @@mes metallic and superconducting at 93 GRéth T,
both stable and metastable phase transitions up%® GPa, =10.1K) and when pressurized above 160 GPa ingHeo
finally becoming metallic at higher pressufes. phase it has one of the highest known transition temperatures
Under pressure the Vla elements below oxygen undergémong the elementd7 K). Here, we present a comparative
structural phase transitions involving nonmolecular or ex-study of pressure-induced superconductivity in the chalco-
tended structures and become metdlliith the exception of gens up to multimegabaf>200 GPa pressures. We ex-
Po that is a metal at room pressur8ulfur, selenium, and tended the measurements of superconductivity in S by mag-
tellurium follow similar trends in the sequence of observednetic susceptibility up to 23%5) GPa, which appears to be
crystal structures. At comparatively low pressures, they crysa record pressure for such an experiment. We also present
tallize in base-centered orthorhomibiro) structures and are results forT. in Se by direct resistance measurements from
metallic and superconducting. The situation is more complexd5 to 25 GPa and by magnetic susceptibility up to (88)
at pressures below the stability range of the bco phase. THéPa in the bcc phase.

observed sequence of phase transitions in Se below 30 GPa Il EXPERIMENTAL DETAILS
depends on the starting phase of the matérah. unidenti- '
fied metallic phase was found in $&tarting from about 13 We performed the measurementsigfof S and Se using

GPa that was observed to be superconducting with  an improved extension of a highly sensitive diamond-anvil
=5.2K at 17 GP4. Sulfur also has an unidentified phase cell magnetic-susceptibility technique described previotisly.
below 90 GP& which is, however, semiconductiigdn fur-  This technique is based on the quenching of superconductiv-
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ity and suppression of the Meisner effect in the sample by adliameter and~10 um thickness. Pressures were measured
external magnetic field. The susceptibility of the metallic by the ruby fluorescence technig(gasihydrostatic scafé
diamagnetic parts of the diamond cell is essentially independsing Ar® and Ti-sapphire laser excitation situ at low
dent of the external field. Applying a magnetic field to the temperatures.

diamond cell(and samplewill therefore change the signal For Se we performed direct conductivity measurements of
coming from the sample while the background arising fromsample resistance up to 35 GPaFour electrical leads
the surrounding diamagnetic parts will be nearly constantformed from platinum foil allowed four-electrode measure-
The measurements are done with four cggdbown in Fig. ments of the resistance. To insulate the electrodes from the
1). The two small coils consist of a signal coil, which is metallic gasket, an insulating layer made from a mixture of
wound around the sampld) and a compensating cao(R) cubic boron nitride powder and epoxy was used. The super-
connected in opposition. The excitation c@) encompasses conducting transition was detected by direct resistance mea-
both the signal and compensating coils. An alternating highsurements and by using a modulating technique similar to
frequency magnetic field at the signal coil is created by théhat used in the susceptibility experiments. At higher pres-
excitation coil fed from the high-frequency generator. Thesures(up to 180 GPa we used the magnetic susceptibility
alternating magnetic field excites electromotive forces in théechnique described above. The configurations of the cell,
signal coil. The fourth coil4) placed around the diamond
cell is used to destroy the superconductivity in the sample
near the superconducting transition by application of a low-
frequency €=20Hz) magnetic field with an amplitude of MMM
several tens of Oersteds. This leads to a change in magnetic "

susceptibility of the sample from1 to O twice in a given 231“""W T,
period and produces a modulation of the signal amplitude in 227GPa
the signal coil with a frequency 2 A lock-in technique is
used to record this signal as a function of temperature. The
technique sensitivity was improved recently by using a
higlréer modulation frequency in the excitation-pickup coil set
up:

185 GPa

Samples of 99.9995% purity S were loaded in Mao-Bell 175GWW
cells” made from Be-Cu and modified for measurements W\
down to liquid helium temperatures. The gaskets made from 168GWW%W
nonmagnetic Ni-Cr alloy were used together with tungsten

inserts to confine the sample, and no pressure transmitting ] ‘
. . . 15 25

medium was used. The gasket and insert may be responsible T &

for the temperature dependent background seen in the raw

temperature scan.g., Fig. 2. To reach pressures above  FIG. 2. Typical signal recorded for S during low-temperature

200 GPa we used beveled diamonds with/60-flats and  scans. The top scatbackgroundl was measured after the high-

300 um outer culets. The initial sample size wa85 um in  pressure run.

203 GPa

194 GPa

Signal (arb. units)
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can be represented as the complex variabteAg, ge'#s+8 and the FIG. 5. Temperature dependence of resistance and resistance
interpolated background is jut=Age'?e. (b) The signal is equal modulated by the magnetic field for Se. Inset: micrograph of the
to S=U-B. four-probe electrode arrangement used in these measurements.

diamonds, gasket, and ruby fluorescence measurement tedfi€ Peak at 17 K becomes visibly split. This splitting is arti-
nique were identical to that used in the S experiments.  /cial and only reflects the fact that the signal amplitude has
increased substantially with respect to the backgrdind.

The background signal in our measurements appeared to
be ferromagnetic, as its phase is approximately opposite that
A. Superconductivity in Sto 230 GPa of the signal from the samplé&iamagnetit (see Fig. 2

Several runs were made with decreasin mole siz B((fcause the background signal changes smoothly with tem-
| Several runs were made ecreasing sample sizes a rature, we can separate the signal from the background by
diamond culet dimensions to successively higher pressure

IIl. RESULTS AND DISCUSSION

R . &he vicinity of the superconducting transition, allowing us to
however, a peak characteristic of the superconducting trans Y P 9 . 9

. : g Lee these changes both in amplitude and pfiaige 3. It is
tion to the superconducting state was obse/VeT}, is iden- straightforward to interpolate the background in the range of

tified as the temperature where the signal goes to zero on tl}ﬁ-e superconducting transition with a smooth polynomial

h|Eh—gemperattlj|reﬂ5|d(ae.g., IFItgi % V\t'h'Chtr']S therﬁ%?é?t at function. The total signal can be represented as the complex
We:I:( ;chrl]:aﬁ ué(er?%rgg elezyK?ngisﬂ E §I'6rl1e eé’:’; d variable U=Age'?S, and the interpolated background Bs
peaks y'S B : S =Age'?B; our signal is therS=Age'*S=U—B (the differ-

b.road peak at lower temperatures arises from t_he sample OUl: e of two complex variablgs
side of the flat culet, where pressure is considerably lower The signal with background subtracted is shown in Fig. 4

than in the middle of the culet. At pressures over 190 GP::})\S in previous work we observed the appearance of a

signal at~ 93 GPa at 10 KT gradually increases and upon
entering theB-Po phase at 165 GPa it jumps to 1(Z:0.5
K. For the next 35 GPa, it still slowly increases, reaching a

weak maximum of 17@3-0.5 K at 180-200 GPa; it then
231 GPa decreases on further compression, dropping to 15 K at 231
GPa.

227 GPa

B. Superconductivity in Se to 180 GPa

210 GPa Two sets of experiments were performed on Se. In the

194 GPa first experiment, we used 99.999% pure amorphous Se as the
starting material with NaCl as pressure transmitting medium.

w Raman spectra showed that Se crystallized at around 11
GPa?! A measurableT,, signal appeared at25 GPa at 5.8
W K, in agreement with previous studi&sFigure 5 shows the
dependence of resistance and its modulations by the mag-
10 15 20 netic field as a function of temperature. In both cases, the
T K) onset of the superconducting transition in the sample is
FIG. 4. Processed signal at a series of pressures for sulfur. Thelearly seen. After reaching 35 GPa, the pressure was re-
wide peak at lower temperatures is from the sample outside of théeased. TheT . signal was observable down to 18 GPa and
culet. decreased with releasing pressure.

Signal (arb. units)
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In the second set of experiments amorphous Se was pres-
surized up to 180 GPa afig was measured by susceptibility ?
technique. Currently, it is difficult to measufig signals of
~30 um in diameter samples with this technique if the tem- 17}
perature of the superconducting transition is el K due
to a developing background signal that is probably related to
paramagnetic signal from the gaskatngsten inset and Ni-

Cr-Al alloy gasket material We were able to detect the su- g
perconducting signal in the bcc phase from 140 to 180 GPa.
On decompression below 130 GPa, the measurable signal 12}
disappeared.

beo B-Po (a)

C. Comparison of T, among the chalcogens

N

The pressure dependencesTof in the group Via ele- 7
ments are shown in Fig. 6, together with the observed tran- ® P (GPa)
sition pressures between the phases. It should be noted thai
the phase boundaries were determined by x-ray diffraction at
room temperature while the observations of superconductiv-
ity were done at temperatures ranging from 2 to 18 K. It may
be assumed that the phase boundaries at low temperéfures
any) would be shifted in pressure. The observed structures 11T
are illustrated in Fig. 7.

Tellurium becomes superconducting in the monoclinic
phase at~4 GPa. As shown in Fig.(6), T. rises linearly €
with pressure in this phase upon transforming to the bcc
structure, it levels off and starts to decrease, passing through 6}
the field of stability of theB-Po phaseT. then jumps by
almost a factor of three and starts to come down again. This
jump in T, happens at 35 GPa while room-temperature phase
transition to bcc phase happens at 27 GPa.

Under ambient conditions, Se can be found in trigonal,
monoclinic, or amorphous forms. Akahama, Kobayashi, and
Kawamurd showed that monoclinic and trigonal Se become
metallic at 12 and 23 GPa, respectively. Under pressure
amorphous Se crystallizes in a trigonal structure and be- 9}
comes metallic at 12 GPa. It was shdwnhat if ot
a-monoclinic Se used as the starting material, it transforms
at 12 GPa to an unidentified metallic phase that is supercon- ;|
ducting at 17 GPa but no pressure dependencé.ofvas
given. Figure @) shows our results for Se combined with 6
the results of Ref. 22. The trend in tiig dependence for Se i
is remarkably similar to that of Te, although unlike the latter,
Se becomes metallic and superconducting in an unidentified 4|
phase from 14 to 23 GPa. The structural sequence is identical
to that of Te starting from 23 GPa where Se enters the mono- 3
clinic phase. Unlike the situation for Té&. within this phase
changes little with pressure. When Se is compressed further,
the abrupt decrease i, starts at 33 GPa which can be 1 =
attributed to the transition to the bco phase; this happens at P(GPa)
27 GPa at room temperature. There are no experimental mea-
surements off ; for Se from 60 to 150 GPa, but theoretical
calculation$® predict a decrease df, in the 8-Po phase,
followed by an increase to much higher values around 140
GPa where Se transforms to the bcc structate800 K). The FIG. 6. Temperature dependencesTefP) in (a) S, (b) Se, and
values ofT, in Se at 150-170 GPa measured here are veryc) Te. The experimental points for Se and Te shown as open dia-
close to those calculated in Ref. 24. monds are from Refs. 22, 23. Theoretical results for Se are shown in

The structures of the semiconducting phases of S belowb) with open circles(Ref. 24. The dashed lines are the phase
the 90 GPa transition are not known. The material becomeloundaries measured at room temperature by x-ray diffraction.
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(a) (b) (c) obtained in these calculations are within the range of the
experimentally observed, for Se and Te in their monoclinic
@ and bco structures. Howeveér, is virtually independent of
ﬂ » phonon spectra but instead depends\oRrom experimental
@ data,\ increases with pressure, meaning tNEEE)(12) in-
5 g creases faster thavi{w?) (which does not change substan-
P P P tialy in our simplified model, where A=N(Ef)
FIG. 7. Comparison between tiia) bco, (b) 8-Po, and(c) bcc X<|2>/M<.w2>’ according to l\_/Ichlllanz.G HereN(E)(1) is
structures. the Hopfield parameter, which is generally assumed to be
inversely proportional to volume in simpls-p metals®
metallic and superconducting in the bco phase. Unlike thdhus, the increase ifi; observed in the monoclinic phase of
behavior of Se and Tél . in this phase of S increases with Te and the unidentified phase of Se where covalent bonding
pressure and jumps abruptly upon entering B@o-type is still significant is most probably governed by the increase
phase[Fig. 6@]. In the B-Po phaseT, slowly decreases in Hopfield parameter with pressure. Sulfur has increa$ing
with further compression. This decrease is consistent wittin its bco phase where covalent bonding is still present.

Vg

& o e

the theoretical calculations of Rudin and Lfuwhich pre- The bco- B-Po—bcc structural sequence may also be
dicted a decrease in the electron-phonon coupling parametppssible for oxygen, although the stability of its diatomic
\ as the sc phase is approachéd. state appears to extend to very high press(ire$00 GP&).

It can be clearly seen from the behaviorToffor the three It remains to be determined at what pressures the oxygen
elements that the transition temperatures cannot be simpliyolecules dissociatéat low temperature and what crystal
explained by the existence of phase transitions and similagtructures would form. The additional complication with
values for electron-phonon coupling alone. On the otheoxygen is its magnetic properties, which could play an im-
hand, the similar trends are broadly consistent with changegortant role in determining .. If oxygen follows a similar
towards higher-symmetry structurésansformation of lay- structural trend in its nonmolecular state, a similardepen-
ered phases to the close-packed structures at the highest prédsnce might be expected. Recent calculafivsaggest that
sure$ with weakening of the directional covalent bonding, ascould be in 1 TPa range.
we now discuss.

Mossbauer studies of Te showed a decrease in the quad-
rupole splitting with pressure that was ascribed to strength- IV. CONCLUSIONS

ened interactions between neighboring chains and weakening )
of the covalent bonds within the chaihThe splitting disap- We have measurel; of S up to 231 GPa, a record pres
sure for both superconductivity and magnetic susceptibility

peared when Te was pressurized into the bcc phase where ?eochniques. The value F, at the highest pressuréss K

covalent bonding is present. Thus we assume that the cony Ve 200 GPa. decreasing from 17 K at 160 @Raccord

tinuous Wef”‘ke”'”g O.f the c_ovalent bqnds with INCTEasNg, ith the original theoretical predictions for the hypothetical
pressure arises from increasing screening by free carriers d%e

. . ) ; ¢cc phase and more recent calculations for gaeo struc-
to increasing density of states at the Fermi level. ) : .
. ) : ture. The superconducting behavior of Se was observed in an
To analyze the possibl€. increase in the lower-pressure

phases of the chalcogens due to changes in phonon spectlr{':rl“dentlfIecj phase from 14 to 20 GPa. Thefor Se is also

we estimated’;; in the lower symmetry “layered” structures " very good agreement with recent first-principles
c f 4 . 3
(i.e., monoclinic, bcpusing the Allen-Dynes formufa with calculations* (assumings-Po, bee, and fee structuresThe

literature values ofv (electron-phonon coupling constant data obtained in the present work, previously published ex-
* . pr ipling perimental data, and recent theoretical calculations for the
andu* (effective Coulomb repulsion potentjialVe assumed

4* =0.1 and variech. The values of wiog) and (?), the chalcogens allow us to conclude that at lower pressiliggs

averages of the phonon frequencies weighted to represent t 8ntro|led atleast in part by changes in covalent bonding. In

strength of the electron-phonon coupling, were estimated igher pressures the bcc phases of these materials, the behav-

with a phonon density of states that was assumed to have wor of T, resembles normal metals and decreases with pres-

cutoff Debye frequencies with values typical for Se and Te e
corresponding to intralayer bond-stretching and interlayer vi-
brations. In our estimates af, vs pressure, the lower-energy

peak attributed to interlayer vibrations was allowed to move
towards higher energies with pressure while the higher- We thank A. Liu for sharing results on Se prior to publi-
energy peak representing intralayer bond-stretching modesation and S. Rudin and P. Dera for helpful discussions. This
was assumed to be pressure independent. The valu€g of work was supported by the National Science Foundation.
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