-

View metadata, citation and similar papers at core.ac.uk brought to you byff CORE

provided by Kansai University Repository

@ BIFRFRMIR IR

Kansai University Institutional Repository

Structural and superconducting transition iIn
selenium at high pressure

0ad Otani Minoru, Suzuki Naoshi
journal or PHYSICAL REVIEW B

publication title

volume 63

number 10

page range 104516-1-104516-8

year 2001-02-20

URL http://hdl _handle.net/10112/2202

doi: 10.1103/PhysRevB.63.104516


https://core.ac.uk/display/228730286?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

PHYSICAL REVIEW B, VOLUME 63, 104516

Structural and superconducting transition in selenium at high pressure

M. Otani*
Division of Material Physics, Department of Physical Science, Graduate School of Engineering Science, Osaka University,
1-3 Machikaneyama-cho, Toyonaka 58%31, Japan

N. Suzuki
Division of Material Physics, Department of Physical Science, Graduate School of Engineering Science, Osaka University,
1-3 Machikaneyama-cho, Toyonaka 58%31, Japan
and “Research Area” CREST, Japan Science and Technology Corporation, Japan
(Received 27 April 2000; revised manuscript received 29 September 2000; published 20 February 2001

First-principles calculations are performed for electronic structures of two high-pressure phases of solid
selenium,3-Po, and bcc. Our calculation reproduces well the pressure-induced phase transitigg rorto
bcc observed in selenium. The calculated transition pressure is 30 GPa lower than the observed one, but the
calculated pressure dependence of the lattice parameters agrees fairly well with the observations in a wide
range of pressure. We estimate the superconducting transition tempéfatirdoth the 3-Po and the bcc
phases by calculating the phonon dispersion and the electron-phonon interaction on the basis of density-
functional perturbation theory. The calculat&d shows a characteristic pressure dependence. In bc€Se,
increases considerably with decreasing pressure and its maximum may exceed 18- Rol8e, T, depends
sensitively on the lattice constants we have used. For the lattice constants estimated by calculation, the values
of T, is as high as that in bcc phase and decreases with increasing pressure. For the lattice constants determined
by measurements, on the other haifid,is less pressure dependent and there is a large junip &t the
transition fromB-Po to bcc.

DOI: 10.1103/PhysRevB.63.104516 PACS nuniber74.25.Kc, 61.50.Ks, 71.15.Mb, 74.25.Jb

[. INTRODUCTION culate the superconducting transition temperature in both the
B-Po and bcc phases as a function of pressure.

Recently, with the development of high-pressure experi-
mental techniques, research on pressure-induced structural ||. STRUCTRAL TRANSITION FROM g-Po TO BCC
phase transitions of the group VIb elements O, S, Se, and Te IN SELENIUM
has progressed greatly. At high-pressures both metallic tellu-
rium (Te) and selenium(Se transform fromB-Po to bcc
phase at 27 GP&ef. 1) and 150 GPé,respectiver. The The calculations of electronic states for thePo and bcc
B-Po type structure is rhombohedral and can be described &sructures of Se have been done according to the following
a simple cubic lattice deformed along th&l11] direction  procedure with use of the FPLMTO program. For exchange-
keeping the edge length unchanged. By changing the ratigorrelation functional we have adopted the formula proposed
c/a of the rhombohedral lattice we obtain the bcc structureby Gunnarsson and Lundgvisind the generalized gradient
whenc/a=/6/4. In Te superconducting transitions are ob-approximation (GGA) correction proposed by Perdew
served in both3-Po and bcc structures at low temperatureet all® has been taken into account. Inside the muffin-tin
and a jump inT, from 2.5 to 7.4 K is observed at 32—-35 (MT) spheres the scalar-relativistic calculations are per-
GPa? Theoretically, Mauriet al. suggests that the jump in formed for valence electrons, and the core states are recalcu-
T. is related to the phonon softening in the bcc phaselated at each self-consistent iteration with relativistic effects.
namely with decreasing pressure the phonon anomaly effhe MT radius has been taken to be 1.07 A. Kaspace
hances the electron-phonon couplihtn Se, on the other integration has been performed by the improved tetrahedron
hand, there is neither experimental observationaipinitio ~ method* with use of (12, 12, 12 grid of the samplingk
calculation for the pressure dependence of phonon frequemoints[189 points in the irreducible Brillouin zon@BZ)].
cies, the electron-phonon interactionTy. We have used @-spd-LMTO basis set(27 orbitalg: «?

The purpose of the present paper is to estimate these —0.1, —1.0, and—2.0 Ryd. In the interstitial region the
guantities by usingab initio calculations. First we calculate basis functions are expanded in plane waves up to the cutoff
the total energies of th8-Po and bcc phases of Se by using corresponding approximately to 200, 350, and 650 plane
the full-potential linearized muffin-tin orbitalFPLMTO)  waves pers, p, andd orbitals, respectively. The charge den-
method in order to discuss the pressure-induced phase trarsities and the potentials are expanded inside the MT spheres
sition from B8-Po to bcc. Then we calculate phonon frequen-by spherical harmonics up tg,,,=6 and in the interstitial
cies and electron-phonon coupling constants using the linearegion by plane waves with the cutoff corresponding to the
response FPLMTALR-FPLMTO) method>® The validity (16, 16, 16 fast-Fourier-transforniFFT) grid in the unit cell
of this method is demonstrated in Refs. 5-8. Finally we cal-of direct space. The final convergence is within $Ryd.

A. Calculational procedure
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FIG. 1. The band structure and the density of states of Se al _jo| T e
. 1 " 1 L 1 L 1 L 1
atomic vqumeV=.14.82 A (& B-Po type strucf[ure an¢b) bcc 0.56 0.64 072 0.80 0.88
structure. The horizontal line denotes the Fermi level. c/a
B. Results FIG. 2. The total energy g8-Po Se as a function of c/a for the

fixed atomic volume. The inset indicate the results for volumes near

As the first step to investigate the phase transition fronthe phase transition. All the energies are referenced to the bcc struc-
B-Po to bce we have calculated the electronic band structuriére, i.e., AE=E-Ep..
and the total energy of3-Po Se at atomic volumé/,
=14.82 A. At this volume thg8-Po structure is known to be ture is no longer a quasistable structure, that is, the total
stable by experimental measurements. For comparison wenergy has a single minimum ata= \/6/4 corresponding to
have calculated the electronic band structure and the totahe bcc structure.
energy of the hypothetical bcc structure with the same Figure 3 shows the total energy of tigePo and the bcc
atomic volume. The calculated energy band structures anstructures of Se as a function of volume. At larger volumes
the density of state€©OS9) for the 8-Po and the bcc struc- the 8-Po structure is more stable than the bcc structure. At
tures are shown in Fig. 1. The lowest band is mainly derivedmaller volumes the total energies of both the structures are
from the 4 component and the next three bands from the 4 quite close, but the bcc structure is more stable thaiBtiro
component. The band structures of both the structures amgructure at volumes smaller than2 A3,
similar to each other on the whole. However, remarkable It is noted here that the transition fro-Po to bcc is
differences can be seen in the band structure and the DO&arly second-order character and hence it is rather difficult
near the Fermi level. Firstly, the band structure of the bcao see clearly the crossing behavior of the two energy curves
structure along th® andA lines has much larger dispersion even in enlarged energy scale. If we plot the Gibbs free
than that of theB-Po-type structure. Secondly, the DOS atenergy defined in the following, however, we can clearly
the Fermi level of the bcc structure is larger than that of theecognize the crossing of the two free-energy curves as a
B-Po structure because in bce Se thgoint is a saddle point  function of pressurésee the inset of Fig.)3
of the third energy band from the bottom which crosses the In order to estimate the transition pressure fr@aiPo to
Fermi level near thé point. By deforming from bcc t@8-Po  bcc we calculate the Gibbs free ener@yr enthalpy as a
the L point energy of the third band goes up away from thefunction of pressure. Then, to evaluate the pressure as a func-
Fermi level and the states of the fourth band in the middle of
the P line come down under the Fermi level. As a result the

DOS of B-Po Se has a relatively large peak at 0.225 Ryd. “**T osf
below the Fermi level. This is the reason why {iePo-type -4860.00 |- 2 %
structure is relatively more stable compared with the bcc 56005 | % 03
structure. 5t o
To investigate the pressure-induced structural transitiong; -4sso.10 - 3 B-pPo
we have to calculate the total energy of #ePo and the bce & o0 o 2% 90 w0 10 120 130
structures as a function of volume. For {BePo structure we & I Pressure [ GPa
have optimized:/a at each volume, namely, we have calcu- = -48020
lated the total energy of th8-Po type Se as a function of 436025 | o bee
c/a with the atomic volumé/, being kept constant. Figure 2 [ o pPo 8-
shows the total energy wa for several fixed atomic vol- Rl N , , , o
ume and the inset shows the results for a volume range nee 10 12 14 16 18 20
the phase transition. All the energies are referenced to that o Volume [ A”]
the bcc structure, i.e., the energycta=\/6/4. For a large FIG. 3. The total energy calculated as a function of volume for

volume such as 16.30%the energy takes the minimum at the g-Po and the bcc structures of Se. The lines are obtained by
c/a~0.85 and thec/a of bcc is an inflection point. With  using Murnanghan’s equation of state. The inset depicts the Gibbs
decreasing volume the value of tltéa starts to decrease free energiegG) as a function pressure near the phase transition.
gradually toward the bcc structure. Finally, tBePo struc-  The free energy of the bcc phase is taken to be the origi@. of
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tion of volume we fitted the calculated total energies by the [~ T T A S S
Murnaghan’s equation of statge09:'? ule O p-PoExp.
) ® ® p-Po FPLMTO
B,V 1 \V/ B(,) o [ [ ] V bee Exp.
E(V):—O, - VO +1|+ const, = B VAnlf ® A bec FPLMTO
B, |By—1 2ot ll I8 o :
- m]
where B, and B is the isothermal bulk modulus at zero § 12 Ji‘ A, a |
pressure and it's derivative, respectively. The pressure is de i o Q &
. uk | Vv
termined from M BT P B N
' T T T T T T | T
o — 40 | o0 ° !
p:& (l) Bo_l °< _Q'G.cm %% o § o
Byl Vo g 36| |
< | ]
The Gibbs free energy is defined W(P)=E(P) § 4, L '
+PV(P) and the transition pressure between the two phase: § e - . !
. . : _ i °
is obtained fro_m the relatlo@B(_P) Gy(P), whereG, and g 28 | i2°eed A A A A ‘ Ave
G, are the Gibbs free energies of tlf®2Po and the bcc A | ° .T ] 4o
structures, respectively. 30 ——t— ———
The transition pressur®. from B-Po to bcc has been 1 '
estimated as 120 GPa by our present calculation. This valunz 30 e E.‘ & '
is higher than other calculated transition pressures, 95 GPi— 5 L4 o !
(FLAPW method without GGA* and 110 GP4Pseudopo- §, 28 nnn. @ o o 3 i
tential method without GGA™ but still lower than the ex- § | oo O oo
perimental value of 150 GP&.The origin of this discrep- g 26 - ae N '
ancy between theory and experiment may be ascribed to th & | [ I'l’n'lﬂ L KX AAa g A v
local density approximatiofLDA) with GGA itself and/or 1 o o ]
numerical accuracy of the total energy. With respect to the o 8'0 ' 1(')0 _ 1;0 L 1;0

latter point we note that Fig. 3 shows that the volume-energy
curves for the two structures are almost parallel near the
phase transition. Therefore a small change in the total energy G, 4. The pressure dependence of atomic volume, lattice con-
for one of the phases is expected to cause a large change f@nts, and bond length of selenium. The filled circles and filled
the value ofP; if the total energy of one of the two phases triangles indicate the results of the present calculations and the open
is shifted by 1 mRyd., the value &t changes by 20 GPa. squares and open inverse triangles represent the experimental val-

Figure 4 shows the pressure dependencies of the atomies (Ref. 13 The solid and the dashed vertical lines indicate the
volume V,, the lattice constanta and ¢, and the bond boundary of the phase transition frog+Po to bcc, determined
lengthsr, andr, which are defined as the nearest neighbortheoretically by us and experimentally by Akahaetzal, respec-
(n.n) and next n.i{n.n.n atomic distances, respectively. tively.

Note that in the bcc phase=(\6/4)a, and r,=r,

= (\/3/2)a. The filled circles and filled triangles indicate the irreducibleq points on a(8, 8, 8 reciprocal lattice gri29
results of the present calculations and the open squares aR@ints in the 1BZ for the bce structure an, 6, 6 recipro-
open inverse triangles represent the experimental vafues.cal lattice grid[32 points in the 1BZ for the 5-Po structure.
The solid and the dashed vertical lines indicate the boundaryhe (,J,K) reciprocal lattice grid is defined in a usual man-
of the phase transitions determined theoretically by us anfer: Gjj=(i/1)Gy+(j/J)G,+(k/K)Gs, where G;,G,,Gs
experimentally by Akahamat al.*3 respectively. are the primitive translations in the reciprocal space.

As seen from Fig. 4 the volume variation as a function of ~ The self-consistent calculations are performed for every
pressure below 120 GPa{Po) and above 150 GRacc  Wave vector with use of the following basis set and criteria.
shows good agreement with the observatibiiEhe obtained We use k-spd-LMTO basis se(27 orbitalg with the one-
pressure dependence af ¢, and the bond lengths of the center expansions performed inside the MT spheres up to
ﬁ-PO phase agree well with the experimenta| re§a|@r- Imax:6- In the interstitial region the basis functions are ex-
thermore, the volume reduction at the transition frgaPo  panded in plane waves up to the cutoff corresponding to 134
to bee is estimated to be 0.06 Awhich is in good agreement (110, 176(170), and 320(320 plane waves pes, p, andd

Pressure [ GPa ]

with the experimental volumébout 0.08 &).*3 orbitals for bcc 3-Po) structure, respectively. The induced
charge densities and the screened potentials are represented
. LATTICE DYNAMICS, ELECTRON-PHONON inside the MT spheres by spherical harmonics ug {gx
INTERACTION, AND SUPERCONDUCTIVITY =6 and in the interstitial region by plane waves with the

cutoff corresponding to the(16, 16, 16 fast-Fourier-
transform grid in the unit cell of direct space. Tkespace

Actual calculational procedures are as follows. We findintegration needed for constructing the induced charge den-
the dynamical matrix as a function of wave vector for a set ofsity and the dynamical matrix is performed over tié, 16,

A. Calculational procedure
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12, 12 grid [185 points in the IBZ for the 8-Po structure, : )
which is twice denser than the grid of the phonon wave vec-
tors g. The integration is performed also by the improved 1 (*de
tetrahedron method. However, the integration weights for the ®log= exp—f — a%F(w)log w. (6)
k points at these grid have been found to take precisely into Ao o
account the effects arising from the Fermi surface and th
energy bands. This is done with help of the band energie
generated by the original FPLMTO method at 32, 32,
32) grid [897 points in the IBZfor the bcc structure an@4,
24, 24 grid [1313 points in the IBZfor the 8-Po structure. 15
This procedure allows us to obtain better convergence resul% In. case of monatomic metals can be exoressed also in
with respect to the number &f points. the following form: P

For calculation of the electron-phonon coupling the cor- 9 '
respondingk-space integrations are more sensitive than the N(ep)(12)
dynamical matrices to the number of samplikgoints. It A= °F __" ' 7
has been performed with the help of 82, 32, 32 grid for M{w?)  M{w?)
bcc and(24, 24, 24 for B-Po in the IBZ by means of the
tetrahedron method.

The superconducting transition temperatiiteis calcu-

16) grid [145 points in the IBZ for the bcc structure and 2, = a?F(w)
A= ZJ dw
0

sually \ is called the dimensionless electron-phonon cou-
pling constant,w|oy the logarithmic-averaged phonon fre-
guency andu* the effective screened Coulomb repulsion
constant whose value is usually taken to be between 0.1 and

where M is the mass of the atoms af&?) denotes the
average of squared phonon frequencies which is given as

lated by using Allen-Dynes formula which is derived on the 2
: . : aF(w)
basis of the strong coupling theory of phonon mechanism. f w2 do
Instead of describing the details of the strong coupling (0?)= w ®)
theory, here we give only the necessary equations to calcu- a’F(w)
late T.. In the following we completely obey the description © i

of the referencé.

For the electron-phonon spectral distribution functionsFurther(I?) represents the Fermi surface average of squared
azF(w), we employ the expressib?]in terms of the phonon electron-phonon coupling interaction which is defined by
linewidths vy,

Z 2 |ggiqu,kj|25(8kj_3F) 5(8k+qu—£|:)

2 = — & — qv kjj/
R (0)= 5 Ny 2 w2000 (O (12— ,
whereN(eg) is the electronic density of states per atom and % % 0815~ 8F) B ~ o)
per spin at the Fermi level. When the energy bands around 9

the Fermi level are linear in the range of phonon energies,
the linewidth is given by the Fermi “golden rule” and is &
written as follows:

nd 7=N(eg)(1?) is called the Hopfield parameter.

B. Results for bcc Se

yqyzzwquz |92«V+qu kj|25(gkj —ep) 8(esq—&F), We first calculated the phonon dispersion curve along the
kjj’ ’ high symmetry line 'N) for bcc Se at different 4 volumes
(2)  (pressures 10.37 B (214.2 GP3 11.11 & (165.6 GPa
q11.85 & (128.6 GPa and 12.59 R (102.59 GPa The
results are shown in Fig. 5.
As the pressure decreases, the overall tendency of de-
g% o =(k+qj'| Ve k] 3) crease of phonon frequency is seen. In particular, the fre-
k+ai’ki € ' guency softening is remarkable for one of the transverse
wherekj denotes the one-electron badfg; and 6"V is  modes(shown by the solid curygand this mode exhibits a
the change in the effective potential induced from a particunotable phonon anomaly, i.e., a dip in the middle of the line.
lar qv phonon mode. Precisely speaking, the electron-phonofihe same phonon anomaly is obtainedit? This softening
matrix element must be corrected for the incompleteness a#f the transverse mode does not cause directly the bcc
the basis functions, but we do not discuss it here. The ex— B-Po transition with decreasing pressure because both of
pression ofT, derived by Allen-Dyne¥ by modifying the the 8-Po and bcc phases have one atom per unit cell. How-

where gﬁiqj, xj Is the electron-phonon matrix element, an
conventionally written in the form

McMillan formula® is given as ever Zakharov and Coh&hhave pointed out that it plays an
important role in changing the coordination number from
Wiog 1.041+\) eight to six during the bece B-Po transition.
Te= 1280 ~ N—u*(1+0.62) ) 4) Mauri et al. have performedb initio linear-response cal-
K ' culation for lattice dynamics of bcc Te under pressdres.
where They reported the same anomaly for the transverse mode

104516-4
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25 ; 25 TABLE I. The electronic DOS at the Fermi levél(eg), the
20t ;’:g"é‘s /,,.—-—"“"". [ V=114’ — 20 Hopfield parameten, the logarithmic average frequencieg,, the
sl ¢ _/,/' 1 1656 GPa /_/’" s average of squared phonon frequendieg), the electron phonon
— o T coupling constani and the superconducting transition tempera-
o 0 ,./" Jik 10 tures T, calculated as a function of pressure for bcc Se. The two
B st 0 e T e 5 values forT, correspond to two different values @f* (0.10 and
5 o="" SIS Jo 0.12. The units of N(ef) and 7 are state/Ryd./atom/spin and
g 2 25 Ryd./A? respectively.
g 2 v=11.943 |[ v=126A% 1o
I T 15 P(GPA N(ep) 7 oK) (0 (K N T (K)
10 P il e 110 128.6 2.73 0.73 224.73 29195 0.83 11.29, 9.90
5 ',/'/ T o || '/’/ I b 149.6 2.62 0.75 248.03 31641 0.73 9.53,8.11
0k Sl Jo 165.6 255 0.77 264.62 33511 0.66 8.03, 6.64

Wave vector

FIG. 5. The phonon dispersion along th& line for bcc Se.  while the value of\ increases, but the rate of changelof
The chain line denotes longitudinal mode, and the solid and dasheglxceeds that 0f0|og- As a result the value of increases
lines the transverse modes. considerably with decreasing pressure. Sihcean be ex-

pressed by
along thel'N line and found that with decreasing pressure
the phonon frequencies in the middle of thil line become N(gg)(1?) 7
imaginary in a pressure region where tBePo structure is - M(w?) - M(w?)’
stable. In our calculation complete softening of the trans-
verse mode has not been observed even at 100 GPa whéhe frequency softenin(decrease ofw?)) is considered to
the 8-Po structure is stable. Complete softening may occueontribute to the increase af with decreasing pressure.
at even lower pressures. As for the value ofu* we have adopted tentatively two

Figure 6 shows the pressure dependence of the phondypical valuesu* =0.10 and 0.12. Usually* takes a value
dispersion along several symmetry lines and the phonon demf 0.1~0.15, and F. Maureét al®usedu*=0.12 and 0.14 in
sity of state(DOS) calculated at three volumésr pressures  estimating T, of bcc Te under pressures. If we use the
11.85 & (128.6 GPj 11.41 & (149.6 GPj and 11.11 &  Thomas-Fermi model for describing the screened Coulomb
(165.6 GPa It is noted that except along tH&N line all the  interaction and adopt the free electron model, the value of
phonon frequencies soften linearly with decreasing pressurg* can be evaluated eas In fact, if we assume sip
(or increasing volume electrons of each Se atom behave as free electrons, we obtain

By using the Allen-Dynes formula we have estimated theu* =0.093 at 128.6 GPa=11.9 A% and 0.094 at 165.6
superconducting transition temperatireof bcc Se at three  GPa (V=111 A%) for bcc Se. The value gi* evaluated in
pressures: 128 GPa, 150 GPa, and 166 GPa. In Table | whis way is rather insensitive to pressure, and if we use
give the values of calculated, together with DOS at the =0.093 or 0.094, we obtaif, a little bit higher than those
Fermi levelN(eg), the Hopfield parameten, the logarith-  given in Table |I.
mic average frequencyo,, the average of squared phonon  In order to obtain a more physical insight into the charac-
frequencieg »?) and the electron phonon coupling constantteristic pressure dependence Bf we consider mode and
\. With decreasing pressure the value @f, decreases wave-vector dependencies of the phonon linewidis

along the symmetry lines. Figure 7 shows thgj is almost
1256 GPa i inldepeﬂdlgr;'tlw pregsure efxc;}ept for the Iongictiudin?l mor(]je
L 2 \\\/\}_, \_\\. /_/, 1 ?lc\)lhgt el'H line and one of the transverse modes along the
[« % P With decreasing pressurey, of the longitudinal mode
- = along thel’'H decreases whereas that of the transverse mode
. along thel'N line increases considerably. Generally speak-
Ay g \, e ing, a large phonon linewidth increases the dimensionless
Py | AT electron-phonon coupling.. Therefore, it is expected that
- : the transverse mode along theéN line plays an important
T TN / :)?I?r in giving rise to the characteristic pressure dependence
A A I \ K c-
4 \ |4 AT To clarify the role of the transverse mode along iHdé
T H @5 T @ &0 Noosewmns :Jne in more detail we have calculated a quantif§(w) de-
ined by

FIG. 6. The phonon dispersion and phonon density of state
(DOS) for bce Se. The chain line denotes longitudinal modes. The
solid and dashed lines denote transverse modes.
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020 | V=119 A’ | P_128.6 GPa ] TABLE Il. Two sets of lattice constants/a anda of B-Po Se
i ’ ’ determined by calculation and experiments.

[GP4 103.1calc. 103.1 Exp. 118.2calc. 118.2 Exp.

cla 0.71 0.75 0.67 0.74
a(A) 3.95 3.87 3.97 3.84

pressure is mainly attributed to the phonon anom@he

remarkable frequency softeningn the middle of thel'N
line.

Linewidth [ THz ]

C. Results for B-Po Se

000&Z = In this section we calculate the superconducting transition
r o H &) P &) T &) N  emperature of3-Po Se. To see the pressure dependence of
FIG. 7. The phonon line widthy,, calculated for three different Tcin B-Po Se we have calculatdd at pressures 103.1 GPa

pressures. The chain line denotes the results for the longituding"d 118.2 GPa with two sets of lattice constants: one is the

mode, and the solid and dashed ones those for the transverse mod@dtice constants evaluated by calculation and the other is

Note that the transverse modes are degenerate along@o gnd  those determined by experiment and given in Table II. Fig-

(££€) lines. ure 9 shows the electronic dispersion curves and the density

of states calculated for 103.1 GPa.

The calculatedr; are given in Table Il together with the

2 . .
wherea“F(w) is the spectral function arid(w) denotes the electronic DOS at the Fermi levél(sg), the Hopfield pa-

phonon density of states. We consider that by inspecting thPameterr;, the logarithmic average frequenayyg, the av-

frequency dependence af*(w) we can discern which erage of squared phonon frequencieg) and the electron
phonons make domlnqnt coptnbutmns to the dmensmnlesShonon coupling constanis T, strongly depends on which
electron-phonon coupling. Figure 8 shows the calculated sets of Jattice constants is used. For the lattice constants es-
o?(w) as a function of frequency for three pressures. Thaimated by calculation, the magnitude ®f, is larger and
peak around 2 THz originates from transverse phonons alongcreases considerably with decreasing pressure. For lattice
the'N line and the peak around~7L0 THz from longitudi-  constants determined by measurements, on the other hand,
nal phonons along thEH line. As seen from the figure, both the magnitude oT . is smaller and depends little on pressure.
the peaks move towards the lower frequency side with de- The logarithmic average frequencies,y are larger for
creasing pressure. It should be noted, however, that the mathe experimental lattice constants. The electron-phonon cou-
nitude of a?(w) around 2 THz increases remarkably with pling \, on the other hand, is larger for the theoretical lattice
decreasing pressure whereas the magnitude’@b) around ~ constants and furthermore depends considerably on pressure,
7~10 THz is less dependent on pressure. Therefore, we cathich gives higher and more pressure-sensitive transition
say again that transverse phonons in the middle ofltNe temperatureé’c for the theoretical lattice constants.
line make a dominant contribution to. In order to clarify the origin of the different magnitude
Combining all of the above results we conclude that the2nd the different pressure dependencg ofor different sets
origin of remarkable increase @f, of bcc Se with decreasing

0.5 \ / 0.5
14F 00 \ 00
12 - E 05 i 105
_ Lof % ,
Bl N
<§ 06} 15} N 1-1.5
04t /7 1286 GP L Yz P AT Fo 2 4 6 8 10
/4 -0 GFa Wave vector DOS [ state/Ryd./atom/spin ]
o2t/ e 149.6 GPa
7 .
[ =====165.6 GPa FIG. 9. The band structure and the DOS®fPo Se at atomic
L 1 L 1 L [ A 1 L 1 L
0'00 5 4 6 3 10 12 volume V=12.59 A (103.1 GPa The dashed curves denote the
Frequency [ THz ] results obtained with use of lattice constants estimated by calcula-

tion and the solid ones those with use of lattice constants deter-
FIG. 8. The frequency dependencedfw)? obtained for three mined by experimentéRef. 13. The horizontal line denotes the
pressures. Fermi level.
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TABLE Ill. The electronic DOS at the Fermi lev&l(eg), the 14
Hopfield parameter, the logarithmic average frequenciegg, the I —O0—p*=0.10
average of squared phonon frequendieg), the electron phonon —A—p*=0.12
coupling constani, and the superconducting transition tempera- 2 .
turesT, of B-Po Se calculated for 103.1 GPa and 118.2 GPa. The - o
upper two lines show the results obtained with use of the lattice |, | A\\ e \

constants estimated by calculation and the lower two lines those O.
with use of the lattice constants determined by experiments. Thq; A \
two values forT, correspond to two different values @f* (0.10 — 8

and 0.12. The units ofN(eg) and » are state/Ryd./atom/spin and = B-Po \

Ryd./A? respectively. . [ bee A\
A

P(GPa) N(gf) 7 o (K) (0?) (K?) X\ T: (K) - o 0

103.1 2.62 0.66 192.98 26472 0.92 11.74, 10.49 ir A——n

118.2 2.75 0.66 204.84 27976 0.82 10.10, 8.84 -

103.1 245 058 250.11 31171 0.58 5.14, 4.04 2 1 : 1 : 1 . L .

118.2 2.43 0.62 255.88 324538 0.57 5.01, 3.91 100 120 140 160 180
Pressure [ GPa ]

of lattice constants we have calculated the phonon density of FIG. 11. The circles and triangles denote the computed values of
statesD(w), the spectral functionr’F(w) and a?(w) de-  Tcwith u*=0.10 andu* =0.12, respectively. For thg-Po struc-
fined by Eq.(10). The results are shown in Fig. 10. The ture the closed circles and triangles represent the results for the
magnitude OfaZ(w) for the theoretical lattice constants is lattice constants estimated by calculation and the open circles and
larger than that for the experimental lattice constantdriangles those for the lattice constants determined by experiments.
throughout almost the whole frequency range. In particular

the magnitude of a peak in’(w) around 2 THz obtained for Figure 11 shows the values ©f calculated for3-Po and

the calculational lattice constants is remarkably enhancelicc Se as a function of pressure. If we adopt the experimen-
compared to that obtained for the experimental ones, thus thel lattice constants foB-Po Se, the superconducting transi-
magnitude ol andT, take large values. For the experimen- tion temperatureT .. is almost pressure independent in the
tal lattice constantsq?(w) depends little on pressure and B-Po phase and there is a large jumpTinat the transition
hence the magnitude af and T, are also less dependent on from 8-Po to bcc.

pressure.
103.1 GPa 118.2 GPa

A2 4 6 8 10 20 2 4 § 8 o 12 IV. CONCLUSION
~ o6} . 06 We have performed the FPLMTO calculation for the
EO-S el i ] b 05 B-Po and the bcc structures of selenium, and succeeded in
g 2‘3‘ i 8‘3‘ reproducing the phase transition fro8tPo to bcc as ob-
,g 02 0 served by experiments. The obtained pressure dependencies
= oaf 1 oa of lattice parameters agree fairly well with the experimental

00F R—00 results. The estimated transition pressure is 120 GPa. It im-

proves the previous theoretical calculations, but is still lower
than the experimental value 150 GPa.
We have investigated the superconductivity@®fo and
bcc Se by calculating the lattice dynamics and electron-
101 phonon interaction with use of LR-FPLMTO method. For
%0 bcc Se we have found that the frequency softening is remark-
10 able for one of the transverse modes in the middle ofltNe
0.8 line, and this mode exhibits a notable phonon anomaly. The
0.6 calculated superconducting transition temperatiice in-
04 creases considerably with decreasing pressure, which is
02 mainly attributed to the phonon anomaly in the middle of the
o 3 4 6 & 10 10 2 4 6 s 10 122 TN line. In the 38-Po structure, the calculated valuesTof
Frequency [ THz J depends sensitively on the lattice constants we have used.
FIG. 10. The phonon density of statBgw), the spectral func- For th_e Iattic_e constants _estimated by calculation, the valqes
tion a?F (), and a(w) defined by Eq(10) calculated for pres- Of Tc is @s high as that in bee phase and decreases rapidly
sures 103.1 GPéeft-hand side and 118.2 GPdright-hand side ~ With increasing pressure. If we use the lattice constants de-
with use of the theoretical and experimental lattice constants. Théermined by measurements, on the other hands almost
dashed curves represent the results for the theoretical lattice cofpressure independent and there is a large jumpiat the
stants and the solid curves for the experimental lattice constants. transition fromg3-Po to bcc.
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