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Abstract

First-principles calculations are performed for molecular phases of solid oxygen and
monatomic phases of solid oxygen and selenium. '

First-principles band calculations are carried out for the first time for molecular phases
of solid oxygen and quite interesting results have been obtained. At large volumes (low
pressures) an insulating antiferromagnetic state is the most stable. With decreasing the
volume (increasing the pressure) the magnetic moment decreases and finally a nonmag-
netic metallic state becomes the most stable above about 100 GPa. The metallic state is
realized by band overlapping.

For monatomic phases of solid oxygen it is shown that transition from the 8-Po to t;he>
bee structures will be hard to occur in the pressure region accessible by experiments in
contrast with other VI-b elements, S, Se and Te. For monatomic selenium our calculation
reproduces fairly well the pressure-induced phase transition from (-Po to bcc observed
experimentally. The calculated transition pressure is lower by 30 GPa than the observed
one (150 GPa), but the calculated pressure dependence of the lattice parameters agrees
well with the observations in a wide range of pressure.

We also investigate pressure-induced superconductivity in monatomic selenium by
calculating lattice dynamics and electron-lattice interaction with use of a first-principles
method based on the linear-response theory. For bece selenium, with decreasing pressure,
softening of phonon frequency is observed and in particular the transverse mode along
the I'-N line in the Brillouin zone exhibits a phonon anomaly, i.e., a dip in the middle
of the line. Finally, we calculate the pressure dependence of the superconducting critical
temperature (7;) of both the 8-Po and bcc phases and predict a discontinuous jump of

T, going from (-Po to bcc.
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Chapter 1

Introduction

1.1 Experimental and theoretical background

‘Among many homonuclear diatomic molecules only the oxygen molecule has a spin in its
ground state, which gives quite interesting properties to assemblies of oxygen molecules.
In particular it yields a rich variety of phases of solid oxygen in the temperature-vs-
pressure plane[1-6] as shown in Fig.1.1.1 and 1.1.2. The magnetic moment of an oxygen
molecule comes from two parallel spins in degenerate antibonding 7* orbitals, 73, and

75 as shown below.
2py

The a-phase which appears at low pressures and low temperatures has a monoclinic crystal
structure (space group C2/m) which contains two molecules in the unit cell as shown in
Fig. 1.1.3. In this o-phase an antiferromagnetic (AF) order is realized and the magnetic -

moment is reported to be 0.6 pp/atom [3]. With increasing pressure at low temperatures
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Figure 1.1.1: Temperature-pressure phase diagram of solid oxygen [6].
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Figure 1.1.2: The phase sequence of VI-b elements as-a function of pressure at room

temperature. The blue bands represent target materials in this thesis.



Figure 1.1.3: The crystal structure of a-O,. The arrows at molecules denote the magnetic

moment.

successive structural phase transitions occur: from a-phase to orthorhombic §-phase
(space group Fmmm) at about P ~3 GPa shown in Fig. 1.1.4(b), and from d-phase
to monoclinic e-phase at about P ~8 GPa [5]. But little is known about the magnetic
properties of the 4- and the e-phases.

Recently a couple of experimental observations which might evidence metallization of
oxygen above ~96 GPa have been reported: measurements of optical absorption spec-
tra [7], X-ray diffraction [8] and electrical resistivity [9]. Furthermore, Shimizu et al. have
discovered superconductivity in solid oxygen under pressures higher than ~ 96 GPa [10].
The transition temperature is reported to be 7. = 0.6 K. Interestingly Akahama et. al.
suggested that the metallization is realized in a molecular phase [8]. As the crystal struc-
ture of the metallic molecular state they proposed a monoclinic phase (called {-phase)
which is an isostructure of the s-ﬁhase. Theoretically, Serra et.al. [11] have performed
ab initio deformable-cell MD simulations and proposed a new base-centered monoclinic
structure for the (-phase. Kususe et.al. [12| have also investigated the molecular phase of

oxygen by using first-principles calculations and supposed the molecular dissociation
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Figure 1.1.4: The crystal structures of (a) the a-phase, (b) the é-phase and (c) the e-phase
(or {-phase) of oxygen. With increasing pressure the monoclinic angle 3 of the a-phase
decreases toward that of the -phase. The (-phase is considered to be an isostructure of

the e-phase [8].



does not occur at the metallization pressure. They concluded that in the {-phase mag-
netic state is collapsed and a nonmagnetic metallic state is realized.

Another interesting example of oxygen molecular assembly is oxygen in restricted ge-
ometry such as oxygen physisorbed in Cu-trans-1,4-cyclohexanedicarboxylic acid (CCHD)
having one-dimensional (1-D) micropores. Magnetic measurements on this system have
given quite peculiar results [13]. According to measurements of magnetization process the
saturation moment is 2up per molecule, and the observed susceptibility indicates clearly
the existence of a gap. However, the temperature dependence of the susceptibility is
explained neither by S=1 Heisenberg antiferromagnetic (AF) chain nor by S=1 dimer
model. It is rather understood well by S=1/2 dimer model. These results indicate that
S=1 state is rather unstable in this oxygen molecular assembly and also suggest that
degeneracy of 7* orbitals may be lifted.

The elements in the same group of the periodic table exhibit a close homology in their
high pressure behavior. In other VI-b elements, S, Se and Te, molecular dissociation
to a monatomic phase has been observed. The monatomic phase first realized has a (-
Polonium (3-Po) structure [13-18], and with further increasing pressure transition from
the (-Po to the bcc structures has been observed in Se and Te (14, 15, 16] or predicted
for S [20]. Recently, Rudin et. al. predicted the simple-cubic phase is realized between
the 8-Po and the bee phases [21]. This suggests that O and S have a structural sequence
different from that of Se and Te in the monatomic phase. Sulfur, selenium and tellurium
show also superconductivity under high pressures. Their transition temperatures are T
= 10 K at 100 GPa in S [22, 23], 4.5 K at 36 GPa in Se [18] and 2.5 K at 5 GPa in
Te [16]. In case of Te superconductivity has been observed also in monatomic simple
structures under higher pressures, and its T, is 2.6 K at 27 GPa in the -Po structure
and 7.4 K at 35 GPa in the bcc structure [16]): In case of Se and S there has been no
experimental measurements of superconductivity in their monatomic phases. There is
only a first-principles calculation of T for monatomic bee S, which predicts T, = 15 K at
550 GPa [20].

In comparing T, of molecular solid oxygen with those of S, Se and Te a question arises:

why T of oxygen is so low 7 It is also an interesting problem to investigate the possibility



of superconductivity in monatomic simple structures of selenium and oxygen. In Te a
jump in Tt from 2.5 K to 7.4 k is observed at 32-35 GPa [16]. Theoretically, Mauri,
et. al. have suggested that the jump in T is related to the phonon softening in the bcc
phase [24], namely with decreasing pressure the phonon anomaly enhance the electron-
phonon coupling. For Se, on the other hand, there is neither experimental observation of
superconductivity nor ab initio calculation for pressure dependence of phonon frequehcies,

electron-phonon interaction and T, in its monatomic phases.

1.2 Purpose of this thesis

For solid oxygen, if the insulator-metal (IM) transition occurs truly in the molecular phase,
several interesting questions arise. What is the driving force of the IM transition? Is the
mechanism the same as for the IM transition of other diatomic molecular solids such as
halogens? Does the spin remain even in the metallic phase or does it disappear before the
IM transition? It will be quite important to seek for the answers to these questions. As the
first step to understand or predict the above interesting properties of solid oxygen under
high pressures we carry out first-principles calculations of the electronic band structures
of the molecular phases of solid oxygen.

Secondly we study in detail the structural phase transition from 3-Po to bcc phase
in monatomic Se. Then, for comparison we study also the possibility of transition from
B-Po to bec in monatomic oxygen.

Finally we investigate pressure-induced superconductivity in monatomic selenium by
carrying out first-principles calculation for lattice dynamics and electron-phonon inter-
action. At first we calculate phonon frequencies and electron-phonon coupling constants
for both the bee and $-Po structures by using the linear-response LMTO method. Then,
with use of the Allen-Dynes formula we evaluate the pressure dependence of the super-
conducting transition temperature T; in both the phases.

In Appendix A we give the results of analysis for 1D two-band Hubbard Hamiltonian
which is relevant to a 1D oxygen chain. Appendix B is devoted to detailed theoretical

description of the calculational methods used in this thesis.



Chapter 2

Theoretical Method

2.1 Full-potential LMTO method

In this thesis theoretical investigations for the electronic band structure is done by full-
potential linearized muffin-tin orbital (FPLMTO) method [25, 26, 27]. In this section we
outline the essence of FPLMTO method.

For N-electron systems with N as large as ~ 10?3, it is difficult or practically impos-
sible to solve exactly the eigenvalue and eigenstate by correctly taking into account the
electron-electron interaction. Therefore, usually the electron-electron interaction term is
approximately treated by a self-consistent procedure on the basis of a one-particle picture.

- A typical example of such approximations is the local density functional approximation
(LDA), in which exchange and correlation energy part are represented by a functional of
electron density[28, 29]. By using LDA the N-electron problems result in to solving the

Kohn-Sham equation as follows
1
[-§V2 + Ueff] (pi(r) = Ei(pi(’l‘), ' (211)

where v.g is the one-particle effective potential which includes external field, bare Coulomb
interaction and exchange correlation energy.

The FPLMTO method is based on the density-functional theory (DFT) with usual
LDA. The crystal space is partitioned .into nonoverlapping MT spheres (MTS) centered

on each atom (|r| < Spyr) and the remaining interstitial region (|r| > Syr). Within the
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Figure 2.1.1: A schematic picture of muffin-tin approximation where the kinetic energy

in the interstitial region is defined by k? = E — Vjrz

spheres the basis functions are represented in terms of numerical solutions of the radial
Schrodinger equation for the spherical part of the potential multiplied by spherical har-
monics. In the interstitial region where the potential is essentially flat, the electronic state
is described by the Hankel functions, which are taken from the solutions of Helmholtz’s

equation:
(V2 + K3 f(r) =0. (2.1.2)

For the solution of the radial part of the equation (2.1.2) we use some fixed kinetic
energy of interstitial energy x2. Inside the MTS, the radial part of the electronic state
is described by the linear combination of ¢rr(rr — t,exre) and it’s. energy derivative
q'SRL (rr —t,exre), where ¢ is the solution of the one-electron Schrédinger equation inside
MTS with the spherically symmetric part of the potential for the energy €xpe Which is
taken with the center of interest, L denotes the combined index for /m and rp = r — R,
other definition of the vector is shown in figure 2.1.2. The coefficients of the linear
combination are determined with the condition of smooth augmentation to the Hankel

function, K1 (rr —t), at the boundary of MTS centered at R+ ¢. Inside any other MTS



Figure 2.1.2: The definition of position vectors used in this section: R denotes the position

of atoms in the unit cell and ¢ represents transnational vector.

centered at R + t' the electronic states are also described by the linear combination of ¢
and qﬁ, and the coefficients are determined as follows. The tail of the Hankel function is
expanded in terms of Bessel functions, which are also the solutions of equation (2.1.2).

K,;,L(TR - t) =A4r z CLL’L"JNL'(TR' - t) :L//(t - tl + R - R’), (213)
L'L"” .

where the Gaunt coefficients Cpy/p», augmented Hankel K and Bessel J function are

defined as follows:

oy = [YP@YF @Ye" ().

ie+1 KS)s +1 . )

Ko(r) = — (ées_' IT)?| Y/ (#)ho(kr) (2.1.4)
if(2¢ — 1)

Julr) = %-z(’igM—:));'}Qm(i')je(nr).

The phase factor of spherical harmonic Yz, to be used is defined after Condon and Short-
ley [30], and fi = iYL fe, where f is K, J, ¢, #, and so on. We introduce the structure
constants in direct space as
SR’L’RL(t - t’, Ii) =47 Z CLL’L"K:LII(t —-t +R - R’) (2.1.5)
LII
Thus the expansion of Hankel function Eq.(2.1.3) is rewritten as follows

KnL(TR — t) = ZCLL’L"J;;L'("'R’ — t)SR’L'RL(t - t', KJ). . (2.1.6)
LI



The last step is to perform lattice summation of LMTQ’s centered at different sites
with phase shift e*® in order to guarantee that our basis functions would satisfy the
Bloch theorem, and finally we obtaine the basis functions as in the following form

KL (TR)ORR + ) ) pp (TR)SE pL(K) for T < SEL,
L’

Xere(r) =K (2.1.7)
Ker(rr)0pn + 3 Jor (Tr)Sirpsnr (%) for rr € QF,
. L

where S,z (k) is the Fourier transformation of structure constant

Skirc(r) = e* " Spri(t, k).
n

The functions ®X,, (rg) and @/, (rg) are the linear combination of ¢gy and @gr, in
which the functions match smoothly to Hankel and Bessel functions at the MTS boundary,
respectively, as described above.

With the LMTO basis set defined in (2.1.7) the wave functions g, (r) for valence
electrons is given by linear combinations of LMTOQO’s:

’lﬁk,\("‘ Z Ak RLXnRL(r (2.1.8)

xRL

where A represents the bands, the coefficients A¥}, are determined from the variational
principle. For the one-electron Hamiltonian given by DFT they are found from the eigen-
value problem

> [(Xﬁfﬂ'ﬂ — V2 VMI(r) + VIV (r) xgRe) — 5k/\(X§'R'L'|X,,:RL)] A
xRL

= Z (H:’R’L’,RRL - sk«\Of,:’R'L’,nRL) AﬁRL =0, (2.1.9)
kRL

where V™MT (1) stands for the spherical and VMT(r) for nonspherical parts of the poten-
tial.

Some of other computational techniques which are necessary for actual calculations
using the LMTO method are described in Appendix A.1.

10



2.2 Linear-response calculations

For the calculation of the dynamical property of solid and electron-phonon interactions,
we use the linear-response FPLMTO (LR-LMTO) method [31, 32]. The method is based
on DFT and it uses LMTO as a basis for representing first-order corrections to the one-
electron wave functions 9. First we consider infinitesimal atomic displacement u,, from
the equilibrium positions within the framework of the adiabatic and harmonic approxi-
mations. The equation of motion for u,, is now given by

Mg, = =33"Veb A8, (2.2.1)

muﬂ

where Vi, is the force constant. Introducing the Fourier transform as follows

ule' e (2.2.2)

1
Uy = —F= Z
Y
and assuming the time dependence of u?, as e“t, then the problem for the motion of atoms
result in to solve the secular equation given by
> [De2(a) — Muw?60ap] u(@) =0, (2.2.3)
up

where a, § is the Cartesian component and the matrix D(q) is called the dynamical

matrix and its matrix elements is defined by

DB(q) = 3 V2l it ReRm), (2.2.4)

my
—m

To combine the dynamical matrix and the ground state electronic band structure calcu-
lations, we adopt the density functional perturbation theory (DFPT) [33]. We can obtain

the dynamical matrix D(q) as follows. First we solve the Sternheimaer equation [34]
(= V2 + Veg — €2)0%kr + 0Vegther = 0, (2.2.5)

where 6V.g is the first order éhange in the effective potential. Next we find the induced

charge density according to

6p =D fria(0iater + Yird¥in), (2.2.6)
kX

11



where fi, are the occupation numbers. Then we obtain the following expression for 6V g

d +6p d”“

§Vig = 6Vugy + € / (2.2.7)

where p1,. denotes exchange correlation as in usual LDA. Note here, A (A = Vexs, 0, Hze,
and so on) represents the first order change of A with respect to the atomic displacement.

For example dV.,; is given as

Vot = Z{uz(s-'-‘/;xt + uz*é_V;xt}. (2.2.8)
In
where
0 e?
0 Vo = Y etiafe -~ X 2.2.9
t — | Z aReu I‘r Reﬂl Rlu:R?u ( )

Steps described by the above equations 2.2.5-2.2.7 are repeated until self consistency for

dp is fulfilled. Finally we obtain the dynamical matrix as fqllows:
D(@) = D fir(6T6 thra + 676 ha|H — eralthra)
kX _
+ 32 {6 Yia|H — Exal6 " ¥ra) + /5+V;xt5_/0d"‘
kX
+ / 56~ Vipdr + / §+Vg6~ pdr. (2.2.10)

where §+67 1y represents the second order change of the basis function 1, with respect
to the atomic displacement. A more detailed description of the LR-LMTO method is
given in Appendix A.2.

12



Chapter 3

Electronic Structure and Magnetism

of Molecular Phase of Oxygen

3.1 Introduction

In order to get an insight into pressure-induced insulétor—metal transition in solid oxygen
at low temperature we have carried out band structure calculations for three types of
crystal structure of molecular phase by changing the volume: monoclinic a-phase, or-
thorhombic 6—phase and monoclinic {-phase. The crystal structure parameters of these
three phases observed expérimentally at a particular pressure are given in Table 3.1.

There is a speculation [8] that in the {-phase the molecular axis may not be parallel to

Table 3.1: The crystal structure parameters of the a-phase at P=0 GPa ( ambient pres-
sure [35], the §-phase at P=9.6 GPa [36] and the {-phase at P=116 GPa [8]. The data

are taken at T' = 22K for the a-phase and at room temperature for the é- and {-phases.

P (GPa) a(A) b(A) c(A) B (deg) Vi (A3/molecule)

a [35] 0 5.403 3.429 5.086 132.3 34.85
4 [36] 9.6 4.214 2957 6.689 122.2 20.84
¢ [8] 116 3432 2218 3332 1164 11.36

13



the z-axis (direction perpendicular to the ab-plane). For simplicity, however, we assume
the molecular axis is parallel to the z-axis. The actual crystal structures are presented
in Fig. 1.1.3 and Fig. 1.1.4. The first Brillouin zone (BZ) of the a-phase is shown in
Fig. 3.1.1

In changing the molecular volume V) we have fixed the mutual ratio of the lattice con-
stants and the angle 5 of the monoclinic structure to the values determined from Table 1.
Further the intramolecular atomic distance has been kept to be 1.2 A which corresponds
to that at ambient pressure. It should be noted here that in order to determine the pres-
sure for each phase we have to optimize the lattice constants, the intramolecular atomic
distance and the monoclinic angle for cach volume in calculating the total energy. There-
fore in our present calculation for molecular phases of solid oxygen we cannot determine

precisely the pressure.

The actual calculations have been done by the FP-LMTO method based on the usual

local spin-density approximation. The calculational details are given in section 3.2.

Figure 3.1.1: The fisrt Brillouin zone of the a-phase.

14



3.2 Detailed procedure of FP-LMTO calculations

Calculations of electronic structures of molecular phases of solid oxygen have been done

according to the following procedure with use of FPLMTO program version 1.35. .

For exchange-correlation functional we have adopted the formula proposed by Gun-
narsson and Lundqvist [37] without GGA correction. Inside the MT spheres the scalar-
relativistic calculations are performed for valence electrons, and the core states are recal-
culated at each self-consistent iteration with relativistic effects. The MT radius has been
taken to be 0.54 Awhich corresponds to 45 % of the intramolecular atomic distance. The
k-space integration has been performed by the improved tetrahedron method [38] with
use of 68 sampling k points in the irreducible Brillouin zone (IBZ). We have used 3«-
sp-LMTO basis set (12 LMTO/atom): x*=-0.102, x?=-1.002 and x2=-2.002 Ryd. In the
interstitial region the basis functions are expanded in plane waves. The charge densities
and the potentials are expanded inside the MT spheres by spherical harmonics up to £,,q.
= 6 and in the interstitial region by plane waves with cutoff corresponding to 1,003 plane

waves. The final convergence is within 107% Ryd.

3.3 Results of calculation

3.3.1 Electronic band structure at ambient pressure

First we have performed band structure calculations for the antiferromagnetic (AF) and
the ferromagnetic (F) states of a-O, at ambient pressure. We have found that the AF
state is more stable than the F state and the band structure of the AF state is insulating
with an indirect energy gap ~1eV. The obtained band structure and the density of states
(DOS) of the AF state are depicted in Figs. 3.3.1 (a) and (b), respectively. A schematic
diagram of electronic state of an O, molecule is shown in Fig. 3.3.1 (c). Note here that
since a-O; has two molécule in a unit cell we have drawn each orbital twice. The magnetic
moment inside the MT sphere is evaluated to be ~0.5up, and as will shown later, character

of a free oxygen molecule is kept in the a-phase at ambient pressure.

15
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Figure 3.3.1: (a) the band structure and (b) the DOS calculated for the AF state of a-O,

at ambient pressure. (¢) a schematic diagram of electronic state of an oxygen molccule.

3.3.2 Insulator-metal transition

Secondly, we have calculated the volume dependence of the electronic band structure,
the total energy, the magnetic moment inside the MT sphere and the DOS at the Fermi
energy (er) for the nonmagnetic (NM) state as well as for the AF and F states. Since the
results obtained for the 4- and {-phases are essentially the same as those for the a-phase,
in the following we give only the results obtained for the a-phase.

Fig. 3.3.2 shows the volume dependence of the total energies of the NM, the F and
the AF states of the « phase, and the magnetic moments within the MT sphere in both
the F and the AF states are given as a [unclion of the molecular volume in Fig. 3.3.3.
Figure. 3.3.4 shows the volume dependence of DOS at er. As seen from Figs. 3.3.2, 3.3.3
and 3.3.4, the AF state is the most stable for a wide range of volume. For volumes larger
than 25.98 A3 an insulating states are realized in the AF states, and the full magnetic
moments are induced. With decreasing the volume the magnetic moments decrease and

both the AF and the F states merge into the NM state. -

16
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Figure 3.3.2: The volume dependence of the total energy of the AF and the F states of
the a-phase. All the energies are referenced to the NM state.
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Figure 3.3.3: The volume dependence of the magnetic moments within the MT sphere in
the AF and the F states of the a-phase.
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Figure 3.3.4: The volume dependence of the DOS at the Fermi energy of the a-phase.

Figure. 3.3.5(a) and (b) show the energy dispersion curves of the AF state calculated
for Viy = 34.85 A3 (insulating) and Viy = 25.98 A® (metallic), respectively. As for the
F state, we obtain insulating states for Viy > 30.67 A3 and metallic states for Viy <
30.67 A3. For Vi < 14.14 A3 we could not obtained self-consistent solution also for the
F state, i.e. we obtain only the NM state for Vi; < 14.14 A®. Figures 3.3.5(c) and (d)
show the energy dispersion curves of the F state obtained for iy = 34.85 A2 (insulating)
and Vyy = 25.98 A® (metallic), respectively, and Fig. 1(e) depicts the energy dispersion
of the NM state obtained for Vi; = 11.36 A® corresponding to the molecular volume of
the (-phase at 116 GPa. It should be emphasized here that the NM state is also metallic.
Therefore, our present calculational results indicate strongly that solid oxygen would be

a nonmagnetic metal under high pressures higher than about 100 GPa.
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Figure 3.3.5: The energy dispersion curves of the a-phase along some symmetry lines in
the first Brillouin zone: (a) AF state, Viy = 34.85 A3; (b) AF state, Vis = 25.98 A%; (c)
F state, Viy = 34.85 A3; (d) F state, Viy = 25.98 A; (e) NM state, Viyy = 11.36 A In (c)
and (d), the full curves denote the up-spin bands, and the dotted curves the down-spin

bands. Note that in the AF state the up-spin and down-spin bands are degenerate.
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Figure 3.3.6: The exchange energy as a function of intermolecular distance. The red line

shows a curve corresponding to the fitting function J = Joexp{a(R — Ry)}.

From the total energy difference between the I and AF states we have evaluated the
exchange coupling between the nearest neighboring oxygen molecules by assuming the
Heisenberg Hamiltonian for the oxygen spins in the ab-plane. The exchange constant J
estimated as a function of the molecular distance R is shown in Fig. 3.3.6. For larger R, J
is well expressed by J = Joexp{a(R — Ry)} with J;=19.3 K, o=1.14 A~ and Ry=4.37 A.
For R smaller than 2.38 A, metallic state is realized and the assumption of Heisenberg

Hamiltonian itself loses its meaning.

3.3.3 Charge and spin density map

To visualize the insulator-metal transition and the collapse of magnetism we have calcu-
lated the charge and spin density map of AF a-O; as a function of volume.

Figure. 3.3.7 shows the charge and spin density map .of -0y at Vy=34.85 A% and
29.79 A3, At V,y=34.85 A3 the charge is well localized on the molecule, and character of

20



a free molecule is clearly seen. The spin moment is induced on each oxygen atom and the -
shape of the spin density contour well represents the 2pa™* molecular orbital which is the
highest occupied molecular orbital (HOMO).

Fig. 3.3.8 shows the charge and spin density map at V3u=25.93 A3 and 11.36 A3. At
Var=25.93 A3 the metallization has occurred by band overlapping. However, we can still
recognize clearly the spin moment at HOMO. Finally, at V3;=11.36 A3, the spin moment

on a molecule disappears and the nonmagnetic metallic state is realized.
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Figure 3.3.7: The charge density map [(a) and (b)] and the spin density map [(c)] of AF
-0, at Vy=34.85 A% and 29.79 A3, (a) and (b) represent views perpendicular to the
ac-plane and the ab-plane, respectively. The dotted line and circles in (c) illustrate a

oxygen molecule schematically.
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Figure 3.3.8: The charge density map [(a) and (b)] and the spin density map [(c)] of AF
-0y at Vy=25.93 A® and 11.36 A%, (a) and (b) represent views perpendicular to the
ac-plane and the ab-plane, respectively. The dotted line and circles in (c) illustrate a

oxygen molecule schematically.
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3.4 Discussion

We first note that our calculations have been done within the framework of the usual
local spin-density approximation. Therefore, it is expected that the present calculations
underestimate the energy gap and the magnetic moments. In order to obtain correct
behaviors of insulator-metal transition and disappearance of magnetic moments it may
be necessary to take into account the correlation effects.

In order to see a possibility that the observed metallization is realized in a monatomic
phase of solid oxygen we have performed band calculations of monatomic phases for the
volume corresponding to that of the (-phase at 116 GPa (Viy=11.36 A3). As the crystal
structure we have chosen the 8-Po type because it is the monatomic structure realized first
under high pressures in other VI-b elements. The -Po type structure is rhombohedral
and can be described as a simple cubic lattice deformed along the [111] direction keeping
the edge length unchanged. We have calculated the total energy as a function of ¢/a and
obtained the minimum energy at c¢/a = 1.04 , and found that it is higher than the total
energies of the §{orthorhombic) and {(monoclinic) phases obtained for the same volume
as shown in Fig 3.4.1. Therefore, judging from the results of our present calculations it is
strongly suggested that a nonmagnetic metallic state is realized in molecular solid oxygen

under high pressures higher than about 100 GPa.
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Figure 3.4.1: The c/a dependence of the total energy of the monatomic 3-Po structure
obtained for V34=11.36 A. The red and green lines denote. the total energy of the 4- and

(-phases, respectively, at the same molecular volume.
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Chapter 4

Monatomic Phase of Selenium and

Oxygen

4.1 Introduction

In this chapter we focus our attention on the electronic band structures of monatomic se-
lenium and oxygen under high pressures. Monatomic selenium shows a pressure-induced
structural phase transition from (-Po to bec at 150 GPa [19]. The -Po structure is
shown in figure 4.1.1 together with the first Brillouin zone (BZ). The §-Po structure is
rhombohedral and can be described as a simple cubic lattice deformed along the [111]
direction keeping the edge length unchanged. By changing the ratio ¢/a (or the rhombo-
hedral angle 3) of the rhombohedral lattice we obtain the fcc structure, the sc structure

and the bcce structure as shown in Table 4.1.

The experimental results show that the transition from 3-Po to bcc causes a small

Table 4.1: The characteristic value of c/a and rhombohedral angle g.

bce sC fce
c/a V6/4 v6/2 V6
B (deg.) 109.47 90 60
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Figure 4.1.1: The crystal structure (left) and the first BZ (right) of 5-Po type. 8 denotes
the rhombohedral angle. Note that if the 8-Po type structure transforms to the bcc
_ structure, the point L and F of the rhombohedral BZ become the equivalent point, i.e.,
the symmetry point N of BZ of bce, the point Z becomes the symmetry point H of the

bee structure, and the contact point of the P and A lines the symmetry point P.

volume constriction and discontinuity of ¢/a with precursor behavior of decrease in ¢/a.
Thus the transition is understood as a first-order transition. Theoretically, a couple of
calculations have been done for this transition by using the FLAPW method [39] and the
pseudo-potential method [40]. However, they underestimate the transition pressure(F),
i.e., 90 GPa [39] and 110 GPa [40].

In this chapter we first calculate the electronic structures of monatomic selenium
by adopting FPLMTO method with gradient correction in order to try to improve the
underestimation of P,. Further this calculation is the ﬁrgt step to investigate the super-
conducting properties of monatomic Se in the following ghapter. Secondly, we explore

the monatomic phase of oxygen. Since the monatomic phase has never been observed
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experimentally yet for solid oxygen, we have chosen the 3-Po structure and all the cubic
structures (fcc, bec, sc) because the phase transition from S8-Po to bee has been observed
or predicted in other VI-b elements. In Se and Te the bcc structure is the final phase in

the pressure region accessible experimentally at present.

4.2 Computational details of calculations

The calculations of electronic states for the 8-Po and bce structures of Se and O have been
done according to the following procedure with use of FPLMTO program version 3.12. For
exchange-correlation functional we have adopted the formula proposed by Gunnarsson and
Lundqvist [37] and the GGA correction proposed by Perdew et. al. [41] has been taken
into account. Inside the MT spheres the scalar-relativistic calculations are performed for
valence electrons, and the core states are recalculated at each self -consistent iteration
with relativistic effects. The MT radius has been taken to be 1.07 A for Se and 0.89 A for
O. The k-space integration has been performéd by the improved tetrahedron method [38]
with use of (12, 12, 12) grid of the sampling k-points [189 points in the IBZ |. We
have used 3k-spd-LMTO basis set (27 orbitals): xk* = —0.1 ,—1.0 and —2.0 Ryd. In
the interstitial region the basis functions are expanded in plane waves up to the cutoff
approximately corresponding to 200, 350 and 650 plane waves per s, p, and d orbitals,
respectively. The charge densities and the potentials are expanded inside the MT spheres
by spherical harmonics up to ¢,.,=6 and in the interstitial region by plane waves with
the cutoff corresponding to the (16, 16, 16) fast-Fourier-transform(FFT') grid in the unit
cell of direct space. The final convergence is within 1078 Ryd.

We have checked out the total energy convergence with respect to the some variational
freedom such as the number of plane waves and the number of sampling k-points. For
example, the total energy convergence with respect to the number of plane waves is shown
in Fig 4.2.1. The convergence within 0.2mRyd is obtained over (16, 16, 16) FFT grid.
Figure 4.2.2 shows the total energy convergence with respect to the number of sampling

k-points and the convergence within 0.2mRyd is obtained over 189 k-points in the IBZ.
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Figure 4.2.1: The total energy of monatomic 8-Po Se versus number of plane waves to
expanded densities. The broken line is just a guide to eyes. The number of plane waves

is selected with the (16, 16, 16) FFT grid in the unit cell of direct space.
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4.3 Results for monatomic selenium

As the first step to investigate the phase transition from 3-Po to bce we have calculated
the electronic band structure énd the total energy of the -Po structure of selenium at
atomic volume V4=14.82A. At this volume the 3-Po structure is known to be stable by
experimental measurements. For comparison we have calculated the electronic band struc-
ture and the total energy of the hypothetical bee structure with the same <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>