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Density-functional calculations are presented for high-pressure structural phases of S and Se. The structural
phase diagrams, phonon spectra, electron-phonon coupling, and superconducting properties of the isovalent
elements are compared. We find that with increasing pressure, Se adopts a sequence of ever more closely
packed structures@-Po, bcc, fcg, while S favors more open structureg-Po, simple cubic, bgc These
differences are shown to be attributable to differences in the S and Se core states. All the compressed phases
of S and Se considered are calculated to have weak to moderate electron-phonon coupling strengths consistent
with superconducting transition temperatures in the range of 1 to 20 K. Our results compare well with
experimental data on th@-Po— bcc transition pressure in Se and on the superconducting transition tempera-
ture in B8-Po S. Further experiments are suggested to search for the other structural phases predicted at higher
pressures and to test theoretical results on the electron-phonon interaction and superconducting properties.
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. INTRODUCTION would transform from thg8-Po phase to the relatively open
simple-cubic(so structure. The sc structure was found to be
The chalcogens exist in a rich variety of crystal structuredavored over a wide range of pressures, with the bcc phase
at ambient pressures and upon compresSioat low pres-  eventually becoming stable at very high compressions. Fur-
sures, S, Se, and Te crystallize in different sequences of irther, our calculations indicated that the high superconducting
sulating twofold-coordinated molecular or polymeric struc-transition temperature observed in {BeéPo phase of S arises
tures. With enough compression, however, all three elemenf20t from strong electron-phonon coupling, but rather from a
transform into the same body-centered orthorhomibmo) ~ combination of moderate coupling and a large phonon en-
crystal structure. The bco structure is comprised of puckere8'dY scale. _
layers with each site having a coordination number of 4. Here, we present a comparative study of the structural and
With further compression, the more three-dimensionafuPerconducting transitions in S and Se, expanding our pre-
sixfold-coordinated rhombohedrg@-Po structure becomes vious work on compressed .S and presenting new TeS“"S for
stable in all three systems. At even higher pressures, Se al(ﬁjbe' Though' the .tWO mater'lals are chem_lcally similar, they
Te are observed to transform from tePo structure to the isplay striking differences in their properties under pressure.

. T In addition to the simple-cubic structure’s viability as a high-
_body-cgntered CL.'b'd.)CC) structure, cont|r_1umg _the trend of ressure phase for S but not Se, the stability of the fcc struc-
increasing coordination and closer packing with pressure. |

re is another difference between the materials. An analysis

has been speculated that S should also underg®-Ro ¢ the contributions to the total energy shows that these
—bcc transition, but compressed phases beyondBi##  stryctural differences can be understood in terms of differ-
phase have not yet been observed in S. ences between the S and Se cores. Although some of the

Electrical measurements show that S, Se, and Te are allends in the calculated electron-phonon coupling and super-
metallic in the bco structur®.Further, the metallic bco conducting properties are similar in the two materials, the
phases of S, Se, and Te are observed to be superconductiggperconducting transition temperature is higher in S than in
with transition temperatures of approximately 10, 5, and 3 KSe, even within the same structural phase. A comparison of
respectively® Recent magnetic measurements show that thehe phonon spectra and electron-phonon coupling in these
superconducting transition temperature in S jumps abruptlynaterials helps to explain the differences.
to 17 K upon transformation to thg-Po structural phase. The remainder of this paper is organized as follows. In
This is among the highest transition temperatures observe8ec. Il, we compare and contrast the calculated high-pressure
in elemental solids. Earlier calculations had predicted thestructural phase diagrams for S and Se. In Sec. IlI, the cal-
hypothetical bcc phase of S to be superconducting with @ulated vibrational spectra and electron-phonon coupling pa-
similar transition temperature of about 15 K near 550 &Pa. rameters for the high-pressure phases are presented and dis-
As yet, no measurements @ have been reported on the cussed. We also discuss ways in which our results can be
higher-pressure phases of the heavier chalcogens. tested and compared with diamond-anvil-cell-based experi-

We recently reported density-functional calculations ofments, including measurements of superconducting proper-
the structural and superconducting transitions in compresseiks, transport coefficients, and optical conductivity. Con-
S Our calculations predicted that unlike Se and Te, Scluding remarks are given in Sec. IV.
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Il. HIGH-PRESSURE STRUCTURAL PHASES
A. Method

Zero-temperature structural energetics are calculated us-
ing the plane-wave pseudopotential method within the +0.1
density-functional formalism. The pseudopotentials are gen-
erated using the Troullier-Martins meth&dKinetic-energy
cutoffs of 70 and 40 Ry are used for the plane-wave expan-
sion of the Kohn-Sham orbitals in S and Se, respectively. For
the exchange-correlation potential we use the local-density
approximation as parametrized by Perdew and Zufitjehe
nonlinearity of the exchange and correlation interaction be-
tween the core and valence charge densities is treated using a
partial core’* The Brillouin zone for each structure is
sampled on Monkhorst-Pack meshes of at leadtints™ o
Care must be taken in using pseudopotentials to describe
highly compressed matter. The accuracy of the pseudopoten-
tial diminishes as the interatomic spacing becomes compa-
rable to or smaller than the sum of the cutoff radii within
which the valence wave functions are pseudized. In addition, FIG. 1. Total energy vs rhombohedral angleat constant vol-
at even smaller interatomic distances, core relaxation effecigmes for S and Se. The results for S are from Ref. 11 and are
become important. The potentials used in this paper are comeproduced here to facilitate comparison with Se. At moderate com-
structed so that the all-electron and pseudo-wave functiongression both elements favor thigPo structure &,~104°); in-
match beyond about 1.2 and 1.7 a.u. for S and Se, respecreased compression results in the sequghé®— sc—bcc for S
tively. As the nearest-neighbor distance is about 3.7 a.u. iand 8-Po—bcc—fcc for Se.
bcc S at 500 GPa and about 4.4 a.u. in bce Se at 250 GPa, we

are still working within a regime where these pseudopoten- A first reported in Ref. 11, S is calculated to transform

0.0

E total (Ry)

60 75 90 105 60 75 90 105
o, (degrees) o, (degrees)

tials are reasonable. from the 8-Po to the sc to the bce structure with increasing
) ) pressure. For the static lattices, we find transition pressures
B. Results and discussion of 260 and 540 GPa for these structural transformations. Be-

This work focuses on the3-Po and higher-pressure cause of differences in average vibrational frequencigs
phases of S and S&.Candidate structures investigated in- (see Sec. Il the inclusion of zero-point energieg,,
clude bcc, sc, fcc, simple hexagonakHg, Cs-1V, and the =3%(w)/2, shifts the estimated transition pressures in S to
relatedB-Sn structure. Only th@-Po, bcc, sc, and fcc struc- about 280 and 500 GPa.
tures were found to be competitive in energy within the pres- In terms of coordination number and packing, Se follows
sure regime of interest. These four structures can all be déhe expected trend of increasing coordination with pressure,
scribed in terms of a single-atom rhombohedral unit cell withgoing from 6 (3-Po) to 8(bco to 12 (fcc). With each trans-
rhombohedral anglesy, of 60° (fcc), 90° (so, approxi- formation, Se adopts a more closely packed structure. Sulfur,
mately 104° {3-Po), and 109.47%bco). on the other hand, transforms from the sixfold-coordinated

Figure 1 shows the total energy for S and Se calculated a8-Po structure to the sc structure, which is also sixfold co-
a function of the rhombohedral angle at constant unit-celbrdinated, but is more operiThe ratio of next-nearest to
volumes. The curves for the two materials are strikingly dif-nearest-neighbor distances is 1.24 and 1.41 ins#i#o and
ferent, leading to different sequences of high-pressurec structures, respectivelyWhile the more highly coordi-
phases. In particular, for the range of volumes shown in Fignated bcc structure is adopted at large compressions, the
1, the simple-cubic structure is never competitive in energyeven more densely packed fcc structure is never favored. The
with the other structures considered for Se, while the fcdkey to the differences in the high-pressure phase diagrams of
structure is never favorable for S. the isovalent elements lies in their cores.

For the largest unit-cell volume shown, corresponding to Figure 2 compares the relative stability of the sc and bcc
roughly 80 GPa in Se, thg-Po structure witho,~104° is  structures of S and Se as a function of volume. To facilitate
lowest in energy. At a smaller volume of 76 aoughly the comparison, the volumes are measured with respect to
140 GPg, the local minimum forB-Po Se has disappeared, the calculated equilibrium bcc volumes VBCC: 98.6 and
and the bcc structure is favored. At even smaller volumes125.9 a.u./atom for S and Se, respectively. The total energy
the minimum ata, =60° drops below that at 109.5°, indi- can be divided into the one-electron contribution, which
cating a bcc to fcc transition. Comparison of the enthalpiesirises from the noninteracting kinetic energy and the
H=Ey+ PV calculated for the different structures yields a electron-ion interaction, the electron-electron Coulomb en-
transition pressure of 120 GPa for tgePo— bcc transition, ergy, the exchange and correlation energies, and the ion-ion
which is in reasonable agreement with the experimentaénergy, which includes the Ewald energy and a term that
value of 140 GPa. For the beefcc transition, we predict a accounts for the difference between the pseudopotential and
transition pressure of about 260 GPa. the pure Coulomb potential of the ions. In both materials, the
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Results for S correspond to a volume of 50 a.u./atom; those for Se
FIG. 2. Total-energy difference between the simple cubic anccorrespond to a volume of 70 a.u./atom. The Fermi level is at 0 eV.
bce structures as a function of volume for S and Se. Also shown arghe d-projected density-of-states, plotted in lighter lines, shows that
the energy differences in the one-electron, Hartree, exchangehe sc structure has broadebands and a higher occupation af
correlation(xc), and ion-ion contributions to the total energy. Vol- states.
umes are measured with respect to the theoretical zero-pressure
volumes ofV{®°=98.6 and 125.9 a.u./atom calculated for bce S and

Se, respectively. . . .
d,, is the nearest-neighbor distandethe shorter bonds in

the sc structure more than compensate for the lower coordi-

repulsive Hartree and ion-ion terms favor the more closelynation, leading to broadet bands in the sc phase as com-
packed bcc structure, which has a more uniform distributiorpared to the bcc phase. With marel transfer of electrons in
of both ionic and electronic charge. The attractive electronthe sc phase than in the bgmr fcc) structures, the deep &
ion Coulomb interaction favors the more open sc structurepseudopotential becomes important in the energetics, stabi-
which tends to have very nonuniform charge distributionslizing the sc phase. In Se, the sc phase similarly has latger
The difference in total energy between the two structures i®ccupation than the fcc and bcc phases, as shown in the
smaller than differences in the individual contributions to thebottom panel of Fig. 3. However, because thedSmtential
total energy. Figure 2 shows that the one-electron contribuis weak, thiss-d transfer does not lower the one-electron
tion in S favors the sc structure significantly more stronglyenergy enough to stabilize the sc structure.
than it does in Se, thereby tipping the balance to stabilize the Similar reasoning helps explain the absence of the close-
open sc structure. Further decomposition of the one-electropacked fcc structure in high-pressure S. Figure 4 compares
contribution shows that the kinetic energy favors the morehe relative stability of the fcc and bcc phases of S and Se as
uniform bcc structure. It is thus the electron-ion interactiona function of volume. Again the different structural prefer-
that stabilizes the sc S phase. ences of S and Se can be attributed to differences in the

The importance of the electron-ion interaction in produc-one-electron contributions to the total energy. With increas-
ing different stable structures in S and Se can be understoddg compression, the one-electron energy in S increasingly
in terms of the difference in their cores. In particular, sincefavors the bcc structure, while in Se it increasingly favors the
the Ne core of S contains only and p electrons, the @8  fcc structure. In both materials, the kinetic energy favors the
states in S have no orthogonality constraint with the coremore uniformly distributed fcc structure while the electron-
resulting in a strongly attractive pseudopotential in the core ion term favors the bcc structure. With the deegg@seudo-
region. On the other hand, in Se, which hhstates in the potential in S, the importance of the electron-ion termin S is
core, the repulsive Pauli component of the pseudopotentiadnhanced, stabilizing the bcc structure. The difference in
largely cancels the attractive Coulomb component in the corepenness between the fcc and bcc structures is of course
region, resulting in a relatively weat potential. much smaller than that between the sc and bcc structures, so

Under ambient conditions, the valendestates are unoc- in comparisons of the fcc and bcc structures, the energy dif-
cupied in both S and Se, but with compression,dh®nds ferences are smaller and the energy balance is more subtle.
broaden and eventually cross the Fermi level. The electronic This discussion of the differences between S and Se and
density-of-states for bcc and sc S are shown in the top panéhe important role of the presence dfstates in the core
of Fig. 3. The volume of 50 a.u./atom corresponds to abousuggests that the heavier chalcogen Te should be similar to
250 GPa, which is close to the pressure at which the sc phage in terms of high-pressure structural phases. Indeed, like
is calculated to become stable. The thin lines show th&e, Te is observed to transform from tBePo structure to
d-projected density-of-states. Since tébandwidth varies the bcc structure with pressuten our calculations, as well
roughly asC/d;:’n, whereC is the coordination number and as earlier ones by Kirchhoft al.'® this transition in Te is
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T i T i 1 T i T TABLE |. Calculated values of structural, vibrational, and
Q\s O,:,Otl"_‘jemn Se electron-phonon parameters 8¢Po, sc, and bee S at various pres-
+20 X\ =—a Hartree . sures. The electronic density of states at the Fermi IH{El) is in
sexe units of states/eV/spin/cell.
X—xX 1on—ion
= P \ ay N(Eg) <w> <wln> A
& 410 ~od| 1 (GPa  (a.u) (meV)  (meV)
VE /\g 160 57.87 104.0° 0.148 46.4 37.7 0.76
L’f / ,p/ 1 B-Po 200 54.22 104.1° 0.143 50.6 40.2 0.76
Lﬂé e x 280 48.77 104.4° 0.140 57.2 423 0.61
0 o
rd
P 280 47.80 90.0° 0.159 7138 48.1 0.52
| e | sc 320 46.14 90.0° 0.146 765 52.8 0.44
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—10 W ) ] ) ] . 1 . ] ) °
04 05 0.6 05 0.6 bcc 550 38.81 109.5° 0.136 67.0 50.0 0.70
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FIG. 4. Total energy difference between the fcc and bee strucWhere N(Eg) is the electronic density-of-states per spin at
tures as a function of volume for S and Se. Also shown are thdhe Fermi level. The double brackeis. . .)) denote a dou-
energy differences in the one-electron, Hartree, exchangebly constrained Fermi surface average as defined in Ref. 21.
correlation(xc), and ion-ion contributions to the total energy. Vol- This scattering process also contributes to the effective mass
umes are measured with respect to the theoretical zero-pressudé the electrons via the mass enhancement parameteb-

volumes ofV§*°=98.6 and 125.9 a.u./atom calculated for bce S andtained from the wave-vector- and branch-dependent contri-
Se, respectively. butions

found close to the experimentally measured transition pres-

sure of 27 GPa. In addition, we find that the close-packed fcc )\qV:L 3
structure becomes stable above about 80 GPa. Finally, as in har N(EF)wSV
Se, the sc structure is calculated to be energetically unfavor-
able as a high-pressure phase of'fe. by summing over branchesand averaging over wave vec-
torsq.
IIl. PHONON SPECTRA, ELECTRON —PHONON The electron—phonon spectral function, which measures
COUPLING, AND SUPERCONDUCTIVITY the effectiveness of phonons of a given energy to scatter

electrons on the Fermi surface, plays a central role in the

Eliashberg strong-coupling theory of superconductivity. The
The density-functional linear response metlfasiused to ~ spectral function is given by

compute the phonon spectra for each structure at several dif-

A. Method

ferent pressures. The dynamical matrices are computed using 5 1 Yav
the scheme described in Ref. 20, where the self-consistent a’F(w)= 27N(ED) > 5(w_wqy)ﬁw : (4)
change in the Hamiltonian caused by ionic displacements is Far av

obtained by solving a Bethe-Saltpeter equation for thQNithin this framework, the mass enhancement parameter
change in the charge density. The dynamical matrix is com- '

puted on a grid of & phonon wave vectorg for 8-Po S and is proportional to the inverse-frequency moment of the spec-

tral function.

3

izgwaveo.\r/ﬁgtgrrz fs;rscle?jnqnbtzce Sf E%rosi,,ccglihc?r:‘gc In the density-functional linear-response methB@yV sce
-9 pol pled 1 uls-Po, ’ is computed in the process of determining the dynamical

Brillouin zones, respectively.

. . matrices. Therefore we calculate the electron-phonon matrix
The matrix element for scattering of an electron from

tatenk to staten’k’ b h i f q elements on the same grid of wave vectors used in the pho-
S,a enxio sta gn ) y a phonon with frequenci,, an non calculations. For calculations of the phonon density-of-
eigenvectore,, is given by

states and electron-phonon spectral function, which involve
a summing oven points throughout the Brillouin zone, a Fou-
g(nk,n’k’,qv)= 1 /2Mw (k| €&, VRVscdn'k’), rier |_nterpol_at|0_n proc_edure is used to obtain the qunzgmcal
av matrix and its dissipative part on a denser mes pbints:
1) The doubly constrained Fermi-surface averageg & com-

whereV gVscris the gradient of the self-consistent potential Puted using Bloch functions on dense meshes of at ledist 30
with respect to atomic displacements. This scattering give andk’ points in the full Brillouin zone, with delta func-

rise to a finite phonon linewidth, tions at the Fermi level replaced by Gaussians of width of
order 0.01 Ry chosen to reproduce the valueNGE) ob-
Yqr=2mwq,[N(ER)1%(|9q.1%)). (2)  tained using the linear tetrahedron metidd.
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TABLE |II. Calculated values of structural, vibrational, and 50 ©00) P p— pm—
electron-phonon parameters f8rPo, bcc, and fcc Se at various P PPp PPP PPP
pressures. The electronic density-of-states at the Fermi &}) 401 /-’\(
is in units of states/eV/spin/cell. <o \

i LN | ;,M@ \
3 \ /
P Vo NE) (0 (o A s20[, \ / \
(GPa (a.u) (meV) (meV) ol \}! / Y
/ \
60 93.33 104.1° 0.180 235 18.8 0.58 0 W \

B-Po 80 87.37 104.8° 0.176 255 195 0.54 N r H P r
100 83.20 105.2° 0.174 274 216 0.50

FIG. 6. Phonon-dispersion curves in bcc Se at 120 GPa. Direc-
120 78.73 109.5° 0.201 26.6 17.6 0.89 tions and polarizations are specified in terms of reciprocal-lattice
140 75.80 109.5° 0.193 28.3 18.8 0.76 basis vectors. Phonon anomalies are present in_thﬂz)(ﬂ)olarized

bcec 160 73.32 109.5° 0.187 29.4 17.6 0.77 branch alond” to N, and in the transverse branches aldhgp H.
220 67.36 109.5° 0.182 333 21.2 0.73

260 6425 109.5° 0175 356 214 071 the (1_10) direction in terms of the reciprocal lattice vectors

fcc 260 63.82 60.0° 0.183 34.93 2523 0.59 b;], as shown in Fig. 5. Similar but less pronounced anoma-
lies exist in theB-Po phase of S. These anomalies are asso-
ciated with nesting of the Fermi surface by the wave vector
B. Results and discussion g~0.7(b;—Db,), as confirmed by calculations of the geomet-

Tables | and Il list parameters that characterize the phofi¢ nesting factor ((6(k—k’—q))). The strong Fermi-
non spectra and electron-phonon couplings in the highsurfa}ce nesting affects not only the phonon frequenmes,_ but
pressure phases of S and Se. Included are the average pie linewidths as well. The combination of low frequencies
non frequencyw) and the logarithmic\-weighted average and enhanced linewidths rgsu[ts in a large coqtrlbutlon to
phonon  frequency (wi)=exXHZq,\ quN(w0q)/ g qul- from this part of thes-Po Brillouin zone. Anomalies are also
Some of the values fak(Eg) and\ listed in Table | differ ~ Present in the phonon spectra of bec S and bee Se. Figure 6
by a few percent from those published in our earlier pHper shows the dlsperslon curves for bcc Se at 120 GPa. While
on S because we use the more accurate tetrahedron methi@t correlated with nesting vectors, the low-frequency
for calculating the electronic density-of-states in the presengnomalies in the transverse branches alond the N andl’
paper. to H lines nevertheless give Iarge contributions\to

Within each structural phase, compression stiffens the lat- 1he soft phonon anomalies in the bcc aiéo phases
tice and weakens the electron-phonon interaction, as ind@re more weakly pressure-dependent than the overall phonon
cated by the rise ifw) and fall in\. The pressure depen- SPectrum. The pressure dependenca of these phases is
dence of\ varies from structure to structure. In sc 8, strongly influenced by these2 persistent anomalies and is
varies approximately as (8)2, as might be expected from therefore weaker than thgo)”“ dependence suggested by
Eq. (3). In 8-Po S,3-Po Se, and bce Se, however, the pres-E0: (3). InscS, the electron—phonon coupling is not found to
sure dependence afis much weaker. These differences canP® dominated by any particular phonon mode, so the pres-
be understood by examining contributions\idrom differ- ~ Suré dependence 0¥, is to a good approximation, deter-
ent phonon modes. mined by that of the average phonon frequency.

In some of the structural phases, it is possible to identify AS can be seen in Tables | and lI, transformations from
specific phonon modes that contribute strongly\toln the structure _to structure are usually accompanied by abrupt
-Po phase of Se, for example, there are strong anomalies ghanges in the phonon and electron-phonon parameters. In

the phonon-dispersion curves along théo F direction[i.e., ~comparing the various structural phases of S, the simple-
cubic phase stands out in having the weakest electron-

45 phonon coupling parameters. The spectral function for sc S,
(p00) (oPp) (oPp) (pp0) )_; plotted in Fig. 7, is strikingly different from those of bcc and
‘\. L /‘ B-Po S. Both the average and maximum phonon frequencies

30 | in the sc phase are much larger than those in the other

- '\ ¥ phases. The higher frequencies in the sc phase are due to the
v shorter nearest-neighbor distances and the strong concentra-
\‘!\ ,}( V_, tion of charge along the bonds in the open sc lattice. With
]
/

these stiff bonds, the (10)-polarized transverse branch
along the(110) direction and both of the transverse branches
along the(111) direction are nearly as high in energy as the
FIG. 5. Phonon-dispersion curvesfPo Se at 60 GPa. Direc- ongitudinal branches. This leads to a phonon density-of-
tions are specified in terms of reciprocal-lattice basis vectors. Sofstates and a spectral function that are dominated by a high-
phonon anomalies related to nesting of the Fermi surface are evirequency peak. The large phonon energy scale and the lack
dent along thd" to F line. of low-energy modes that couple strongly to electrons, as

\
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FIG. 7. Electron-phonon spectral functions calculateddero,
sc, and becc S. Results fp<280 GPa are reproduced from Ref. 11
to facilitate comparison over a wider range of pressures.

evidenced by the relatively large value @b,,), combine to
drive A down in the sc phase of S.

Among the high-pressure phases of Se, the bcc phasy!

stands out in thah is largest in this phase. Although the

average phonon frequencies are similar to those in the neig

boring phases near the transition pressufes,) is signifi-
cantly depressed in the bcc phase. This is a sign of the i

portance of the low-frequency anomalies already identifie

in the bcc Se phonon spectra. These anomalies enhance

rr(;éalculated along a few high-symmetry directions and spheri-
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tial in S gives rise to a larger change in the bare potential
VrVpareWhen atoms are displaced. Furthermore, because the
d electrons are more tightly bound in S, these electrons are
less effective in screenin§y gVpae- IN combination, these
two effects result in significantly larger matrix elements of
V&rVscrin S than in Se. Combined with the smaller mass in
S, this leads to larger linewidths. This is evident in both the
B-Po and bcc phases, where the phonon frequencies in S are
a factor of 2 or more higher than those in Se, yet the mass
enhancement parameters in the two materials are close.
Our results can be compared to earlier density-functional-
based studies of the electron-phonon interactiof-iRo and
bcc Te and Se, and in bcc8%42°Soft phonon anomalies
very similar to those discussed here, have been identified to
be important in the electron-phonon coupling #Po and
bcc Te?* In addition, the electron-phonon mass enhancement
parameter has been calculated to undergo a large jump at the
B-Po to bcc transition in Te, just as we find for Se. Similar
results have been reported in a recent theoretical study of the
superconducting properties of bcc afidPo Se?° For bec S,
our value ofA =0.70 at 550 GPa is somewhat larger than the
value of 0.58 reported in Ref. 10 for a slightly higher pres-
re of 584 GPa. Since valuesiqf, are in reasonable agree-
ment along high-symmetry directions, it is likely that the
Iq_ifference arises from a difference in sampling of wave vec-
tors. In the present paper, a uniform grid of points through-
out the Brillouin zone is sampled, while in Ref. 10y, is

t%lly averaged to estimate.

spectral function at low energies, as shown in Fig. 8, and

they have a significant effect an because they appear at
low frequencies. AlthoughB-Po Se also has soft phonon

anomalies, there are fewer of them due to the lower symme-

try of the lattice, and they have a smaller effectonNo

phase.
In comparing analogous structural phases of S and Se, t

C. Making contact with experiments

The need to carry out experiments inside high-pressure
cells limits the types of experimental probes available to in-
é/estigate the electron-phonon interaction in the metallic
phases of the chalcogens. In particular, the most common

}&(obe of a®F in superconductors, quasiparticle tunnelifig,

differences in electron-phonon coupling strength reflect not> challenging because of the need to make well-

only differences in the phonon spectra, but also difference
in the electron-phonon matrix elements. The stronger poten-
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——- p-Po,100GPa

0.50 |

,,,,,,,
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FIG. 8. Electron-phonon spectral functions calculatedde?o,
bce, and fce Se.

haracterized tunnel junctions connected to leads that enter
e high-pressure cell.

Measurement of superconducting properties such as the
transition temperatur@, the thermodynamic critical field
Hc, the zero-temperature gdy,, and the isotope effect on
T, would be one avenue for probing the electron-phonon
interaction?® Since superconducting properties depend not
only on the electron-phonon spectral functiefF, but also
on the Coulomb pseudopotentjaf, it is necessary to mea-
sure a combination of superconducting properties to get a
handle on both the electron-electron and the electron-phonon
parameters. In the weak-coupling reging,, Ay, andH¢
all essentially depend on the difference betwaeand n*,
rather than orw®F and u* separately. In this cas&c and
the isotope effect o, with their differenta®F and u*
dependencies, would be the most useful combination of mea-
surements.

Figure 9 shows our calculated superconducting transition
temperatures for the high-pressure phases of S and Se for
different values ofu*, obtained by using the calculatedF
functions as input to the Eliashberg equations. Available ex-
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FIG. 9. Superconducting transition temperature of S and Se as a 20 s T i
function of pressure. Squares, circles, up triangles, and down tri- 0 0 0.1 0.2 03 0.4 0.5
angles represent results of calculations for g0, bcc, fcc, and o (V)

sc structures, respectively. The error bars show the rande &br

0.09< u* (wma<0.13 and the data points correspond to  FIG. 10. Normal-statéa) reflectance an¢b) optical conductiv-

1*(wma)=0.11. Experimental data are plotted as crosses. Théty calculated forg-Po S at 160 GPa an@i=0 K. Results are

dashed lines connecting calculated points serve as guides to the eghown for different impurity scattering times In (c), the optical

and the vertical gray bars roughly separate the pressure ranges owgnductivity with 1#/=0.1 eV is redrawn along with the corre-

which different structures are stable. sponding Drude conductivityy(w) assuming scattering by impu-
rities only. Also plotted isog w(1+X\)], showing that electron-

honon scattering narrows the Drude peak by a factor-ef 1
perimental data for bco Sebco S and 3-Po S¥?° are in- P 9 P y

cluded. The theoretical data points in Fig. 9 correspond to Although we have used the Eliashberg formalism to cal-
w* (wma9=0.11, wherew,y is the maximum phonon fre- culateT. for all the phases, the coupling is sufficiently weak
quency. This representative valueof (s, is chosen be- that the Allen-Dynes approximate formula fai.3! gives
cause it reproduces the experimentally measiiredf 17 K similar results. Furthermore, the ratiosAg/kgTc and
at 160 GPa in $.The error bars show the effect of varying yT2/HZ, where y is the linear coefficient of the specific
¥ (wmay by =0.02. While there is no reason to assupie  heat, are calculated to be close to the BCS values of 3.53 and
remains constant with changes in pressure or structure, dr.68, respectively. FoB-Po S at 160 GPa, for example, we
that u* in Se should be the same as in/8; typically lies  find 2A,/kgTc=3.70 and yT%/Hé=1.66, assuming
within the range of 0.1 to 0.14 for a wide range of materials.u* (wma)=0.11.
Furthermore, a rough upper bound far* given by As suggested above, measurement of the isotope effect on
[IN(Er/wma)] L Suggests* is less than about 0.16 in all the T¢ would be one way to obtain more information on the
phases considered here. Coulomb parameter. For S at 160 GPa, we estimate that the
The calculated transition temperatures follow the samésotope exponeniz=—dInTc/dIn M changes from 0.48 to
trends as\, with large increases i upon transition to  0.43 asu* is varied from 0.09 to 0.13, assuming isotopic
both bcc Se and bee S, and downward jumps inat the  massesM of 32 and 36. To distinguish betweert =0.09
bce—fee transition in Se and thg-Po— sc transition in S.  and u* =0.13 then requires being able to meastigeto an
As reported earliet! our analysis attributes the large. of  accuracy of better than 0.1 K.
17 K in B-Po S, not so much to strong electron-phonon cou- Infrared spectroscopy can be used to preBE indepen-
pling, but rather to a combination of moderate coupling anddent of x*.3233In the normal state, the phonons contribute
a large phonon energy scale. For analogous structural phasgsthe optical conductivity via their renormalization of the
in S and Se, the primary reason for the higher transitiorelectronic quasiparticles and by phonon-assisted scattering
temperatures in S is the stiffer lattice, which sets the energprocesses. Pandla) and(b) in Fig. 10 show the normal-state
scale forT.. T=0 reflectance and optical conductivity calculated for dif-
The high phonon frequencies suggest that vertex correderent values of impurity scattering rates f6fPo S at 160
tions might be important in these materials. The other deterGPa. The expected Holstein structure, which occurs at fre-
mining factor for the strength of vertex corrections is thequencies near the phonon frequencies, is small because the
magnitude of the electron-phonon interacti8nwhich is  coupling strength is relatively weak. Hence, it is likely that
moderate in both S and Se. Indeed, we estimate that thihe extraction ofe®F from phonon structure in the optical
effect of the vertex corrections o is on the order of 1%, conductivity data would be challenging for this system.
and can be neglected given the uncertainty.fn However, optical conductivity data could still be useful for
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estimating\. The electron-phonon interaction narrows thecompression, Se adopts a sequence of ever more closely
Drude peak associated with impurity scattering by a factor opacked structuresg-Po— bcc—fcc), while S favors more
1+\ due to the renormalization of electronic quasiparticleopen structures £-Po—sc— bcc) H These differences can
energies and weights and transfers the low-frequency weighte understood in terms of the deepiepseudopotential in S

to the midinfrared region, as illustrated in Fig.(#0 With an  arising from the lack ofi states in the S core.

independent determination of the plasma frequeagy the All the high-pressure phases of S and Se are calculated to
width and height of the Drude peak could be used to estimatBave moderate electron-phonon coupling strengths and su-
N perconducting transition temperatures in the range of 0.5—-20

K. Structure and pressure dependencies of the coupling
is via the dc conductivity. At temperatures on the order Ofstrength and ¢ can be understood In terms of chan_ges in the
the Debye temperature, the phonon-limited electrical resisphonon spectra. In particular, as first discussed in Ref. 11,

tivity is linear in temperature with a slope proportional to the Ig.rget.obsefrveﬁic 'Q B 'E)o Sis calcrlilated to atrlse frc')nm ta
y=2/dw a?F(w)lw. Like o?F, the transport spectral combination of a moderate mass enhancement pararneter

function «2F measures the effectiveness of phonons to sca and a large overall phonon energy scale. The large increase
% . S orphc in A and T, predicted upon transformation to the bcc phase
ter electrons on the Fermi surface, but it is weighted to tak

) . A §n both S and Se, is due to the presence of soft modes in the
Into .’C‘Cg;’“m the change in direction of the e!ectronbcc phonon spectra that strongly couple to electrons.
velocity> Experimental measurements of the electrical re- We suggest that measurements of the electrical resistivity
sistivity have been reported for the bco and Iower—pressurg;:1s a function of temperature, the transition temperafire
phases of S and Sé Extensions of these measurements 05nd the isotope effect ofic V\’/ould be the most promising
higher pressures would test our results for the electronayenes for testing our results on the electron-phonon inter-
phonon coupling strength. Of particular interest is the linear, tion in these compressed phases. Furtfier,measure-
coefficient of the resistivity in-Po S. We calculat®\y,  ments could be used to search for the predicted sc phase of S
=0.78 at 160 GPa, close to our result forWe believe this g the predicted fcc phase of Se since our results indicate
is the most direct way to verify our theoretical prediction ¢a¢ T should change abruptly when these structural trans-
that, despite the largéc, the electron-phonon coupling is formations take place. The calculated transition pressures for
not particularly strong in this phase. both sc S and fcc Se are within the range of current diamond-
anvil-cell experiments.

Perhaps a simpler way to determinefrom experiments
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