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The electronic structure and the optical properties of the cubic hydrate H,-H,O at high pressure are eluci-
dated by means of first-principles local-density calculations. The results are compared with the /¢ phase of ice.
It is shown that the encapsulated H, molecules interact weakly with the H,O network. The valence-band
structure is only slightly modified while the conduction band becomes very different. A number of important
physical properties including the bulk modulus, optical-absorption spectrum, refractive index, pressure depen-

dence of the gap, etc., are predicted for H,-H,O.

Recently, a crystalline phase in the system H,-H,O was
discovered at a pressure above 2.3 GPa at room temperature
by Vos et al. using a single-crystal diamond-anvil cell and a
combination of Raman scattering and x-ray-diffraction
techniques.! This clathrate hydrate crystallizes in a cubic
phase (a=6.434 A, space group F d3m) closely related to
the metastable cubic ice Ic¢ (a=6.35 A). The water mol-
ecules form a diamond lattice with the H, molecules occu-
pying the voids in a 1:1 stoichiometric ratio. The electronic
structure and bonding of such a mixture are of great funda-
mental interest to materials physics and chemistry. It also has
profound astrophysical implications, since many such com-
pounds may exist in planetary and interstellar matters at
pressure substantially higher than earth’s atmospheric
pressure.” The behavior of hydrogen at high pressure is
highly complicated, and has been a subject of intense re-
search in recent years.® Ice itself has a very rich phase dia-
gram with more than ten different phases existing under
different thermodynamic conditions.* Although much experi-
mental and theoretical work has been done on ice in the past
50 years, surprisingly few band-structure calculations exist.
Part of the reason is the presence of proton disorder inherent
to many of the ice phases. For ice Ic, there are few band
calculations using empirical methods.>® More recently, Lee
et al. studied the energetics of the high-pressure phase ice X
with symmetric H bonding via an ab initio molecular-
dynamics simulation,” and obtained a transition pressure of
49 GPa, rather close to experimental observations.®® We
have recently initiated a study of the band structure and op-
tical properties for all ice phases with ordered structures us-
ing a first-principles approach.'®*!

In this paper, we report a detailed study of the electronic
structure and optical properties of the H,-H,O phase by
means of first-principles local-density calculations within the
density-functional theory (DFT).!? In recent years, the DFT
in the local approximation has been quite successful in pre-
dicting the ground-state properties of many solids, although

0163-1829/94/50(23)/17709(4)/$06.00 50

the band gap of an insulator calculated from the bare Kohn-
Sham eigenvalues is known to be too small.’*~15 This is be-
cause the DFT is essentially a theory for the ground state. A
single exchange-correlation potential is inadequate for an in-
sulating system where it ought to be discontinuous across the
band gap.!*!*> However, quasiparticle calculations® indicate
that the wave functions for the unoccupied conduction bands
(CB’s), after including the self-energy correction for the
many-particle interaction, differ very little from the local-
density-approximation (LDA) result. Thus, meaningful re-
sults on the optical properties can still be obtained from
the LDA calculation and compared with experimental
observations.!” In the present paper, we compare the result
for H,-H,O with a parallel calculation on ice Ic. We find
that the encapsulated H, molecules interact weakly with the
water sublattice. However, the CB is drastically modified. As
a result, the optical-absorption spectra of H,-H,0 and ice Ic
are quite different.

We used the self-consistent orthogonalized linear-
combination-of atomic-orbitals (OLCAQO) method!” to calcu-
late the electronic structure. This method is especially suit-
able for complex systems such as fullerene,'® alkali-metal-
doped fullerides,® as well as complex oxides.'® The OLCAO
method is an all-electron method in which the basis set is
expanded in terms of atomic orbitals that are formed by
Gaussian-type orbitals (GTO’s). To achieve a greater varia-
tional freedom in the basis set, we included the excited
atomic-state orbitals of H 2s, H 2p, O 3s, and O 3p in the
basis expansion. The use of an extended basis set is ex-
tremely important in obtaining accurate optical results. The
Kohn-Sham equation is solved self-consistently. A correla-
tion effect is included via the Wigner interpolation formula.?
The total one-electron potential and the crystal charge den-
sity are expressed as sums of atom-centered functionals
which are also expressed as combinations of GTO’s with
coefficients determined numerically. This facilitates the
evaluation of multicenter integrals.'” In the H,-H,0 calcula-
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tion, it is necessary to distinguish two types of H in the
system, H(1) associated with the water molecule, and H(2),
associated with the H, molecules in the void space. The ori-
entation of the H, molecule in the crystal is probably random
but with its center of mass localized in a diamond sublattice
interpenetrating with the tetrahedrally bonded H,0
sublattice.! We used the structure suggested by Vos et al.!
depicted in the inset of Fig. 1, which turns out to have lower
energy than other configurations. The crystal potential and
the charge-density distribution are iterated to full self-
consistency using eight special k points in the irreducible
portion of the Brillouin zone (BZ). For the density-of-states
(DOS) and optical calculations, 89 k points were used for the
BZ sum. The optical-properties calculation includes the full
evaluation of all relevant transition-matrix elements between
Bloch states at each k point.

It is necessary to investigate the possible orientations of
the H, molecules inside the H,O cage by means of total-
energy calculations. We assume three different orientations
of the two H, molecules in the unit cell. (a) The two H,
molecules are each along the tetrahedral bonding directions
of the O host lattice, so the angle between the two H, mol-
ecules is 109.5°. (b) The second H, molecule is rotated to be
parallel to the ¢ axis of the cubic lattice. (¢) The second
molecule is further rotated to be parallel to the first H, mol-
ecule. We found configuration (a) has the lowest, and (b) has
the highest energy. However, the differences in energy are
very small, of the order of 0.02—0.05 eV per molecule. The
subsequent band-structure and optical-properties calculations
were therefore based on configuration (a) for the H, molecu-
lar orientations in the unit cell.

Figure 1 shows the calculated bare Kohn-Sham band
structures of H,-H,O and ice Ic (Ref. 11). H,-H,O has an
indirect LDA gap of 7.9 eV with the top of the valence band
(VB) at a point along the L-T" direction. The bottom of the
CB is at L. The minimum direct gap at L is almost the same
as the indirect gap. As noted, the true gap may be somewhat
larger. The calculated DOS for H,-H,O and its partial com-

ponents are shown in Fig. 2. In the VB region, the molecular-
bonding states of H, are confined to the —1- to —4-eV
region. The CB is rather flat and has a mixed character with
orbital origin from both the H,O and H, molecules. We shall
compare the band structure of H,-H,O with that of the Ic
phase of ice. Ic has a direct LDA gap of 6.0 eV at I'. The
bottom of the CB is at I' with a fairly small effective mass.
The top of the VB consists of a very flat, doubly degenerate
localized band from the nonbonding orbital of O. The same
band exists in H,-H,O with the degeneracy removed along
certain symmetry directions because of weak interaction with
the H, molecules. The next set of VB’s with a width of about
2 eV corresponds to the intramolecular-bonding states be-
tween O 2p and H(1). The other peaks are the strong O-H(1)
bonding levels within the water molecule. Thus the VB
structure of I¢ is very similar to that of H,-H,O while the
CB structure is very different. The main effects of inserting
H, molecules into the tetrahedrally bonded H,O network can
be summarized as follows: (1) introduction of intramolecular
levels in the VB region from —1 to —4 eV, (2) complete
modification of the lower CB resulting in an enlarged band
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FIG. 2. Total DOS of H,-H,O0. Partial components from H(1),
H(2), and O are as indicated.
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FIG. 3. Charge-density distribution in H,-H,O hydrate on (a)
[100] plane; (b) [110] plane; (c) [111] plane. Contour lines are from
0.01 to 0.5 by 0.01 in units of electrons/(a‘u.)3.
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gap and a much reduced electron effective mass, and (3)
slight lowering of the intramolecular-bonding levels of O 2p
and O 2s with H(1) in H,O.

The charge-density distributions of the H,-H,O crystal in
the [100], [110], and [111] planes are shown in Fig. 3. The
[100] plane contains one of the H, molecules while the [110]
plane contains one of the protons in the H,O molecule. It is
quite clear that the charge density of the H, molecule has
little overlap with that of O in the H,O molecule, indicating
very weak interaction between the two. The proton in the
H,0 molecule only distorts the O charge distribution in the
direction of the O-H- - - O bond. The network type of linkage
of the water molecules is evident. The H, molecules fill the
open spaces and total-energy calculations show only small
energy differences for different molecular orientations. This
confirms the conjecture’ that the space filling of the charge
density from H, molecules is responsible for stabilizing the
cubic-crystal structure.

The substantial difference in the CB structures of H,-
H,0 and ice /¢ should also be manifested in its optical prop-
erties. Figure 4 shows the calculated frequency-dependent
real and imaginary parts of the dielectric function of Hj,-
H,0 up to 40 eV. The &,(w) curve is characterized by a very
sharp absorption edge at 7.9 eV with many sharp peaks up to
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FIG. 4. Calculated real [&;(w)] (a) and imaginary [£,(w)] (b)
parts of the dielectric function of the H,-H,O hydrate. (c) Calcu-
lated £,(w) of ice Ic.

20 eV, and another prominent peak at 21.8 eV. These struc-
tures can be easily assigned to band-to-band transitions using
Fig. 1. The fact that substantial absorption exists above 20
eV underscores the importance of having accurate high CB
states, which can only be obtained if the basis set is suffi-
ciently large. The £,(w) curve for ice Ic is shown in Fig.
3(c) for comparison.!! This spectrum, with its major structure
near 15 eV, is qualitatively different from that of H,-H,O. In
fact, the calculated &,(w) for Ic is in good agreement with
the experimental data of Kobayashi for ice I4.2! Ih, or the
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FIG. 5. (a) Total energy vs unit-cell volume of H,-H,0. The two
data points are the calculated total energy at equilibrium volume for
the other two configurations of molecular orientations. (b) Change
of volume and band gap at L with increase in pressure.
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ordinary ice, is a proton-disordered phase but with a local
bonding structure almost identical to that of Ic. However,
the optical absorption for /4 near the threshold is compli-
cated by the presence of an excitonic level.”! Exciton forma-
tion in H,-H,O is not expected because both the CB and the
VB edges are very flat. The calculated static-electronic di-
electric constant at zero frequency £(0) is 1.99 for H,-H,0
and 1.73 for Ic. The calculated refractive index for the two
crystals is thus close to 1.41 and 1.32, respectively. The dif-
ference in the refractive index between the two crystals is
significant since it implies that the presence of the H,-H,0
phase may be detected by optical means. We have also in-
vestigated the dependence of the optical properties of H,-
H,O on the molecular orientation of H,. Calculations were
repeated for the other two cases of orientations. We found
virtually no difference in the () curves, and the difference
in the refractive index is less than 0.004. Apparently, the
insertion of H, molecules into the ice cage changes the CB
significantly. But once they are inserted, the orientation of
the H, molecule has little effect on the CB.

We have also investigated the bulk properties of the H,-
H,0 phase under increased pressure. The total energy of the
crystal is calculated as a function of crystal volume V under
the assumption that the geometry of the H,O and H, mol-
ecules remains intact. Any effect of quantum correction is
neglected since the crystal is formed at room temperature.
Figure 5(a) shows the calculated total energy vs V. Also
shown are the two calculated data points corresponding to
the other two molecular orientations of H,. We obtained an
equilibrium volume V of 262.37 A3, which is only 1.5%
smaller than the experimental value obtained at a pressure of
3.1 GPa.! We consider this level of agreement to be excel-
lent, considering the uncertainty in the pressure measurement
to be at least 0.2 GPa. By fitting the calculated E vs V/V,
curve to the Murnaghan equation of state,”? we predict a bulk
modulus B of 24.7 GPa for H,-H,O. At this date, there is no
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reported experimental value for H,-H,O crystal. For ice VII
at a high pressure, the reported values for B are 23.7+0.9
GPa,? only slightly smaller than the predicted values for
H,-H,0. Figure 5(b) shows the P-V relationship obtained
from Fig. 4(a). Also shown is the pressure dependence of the
band gap at L in H,-H,O. Our calculation predicts that as P
is increased, the gap value increases nonlinearly. By fitting
the data to a quadratic form of E (P)—Eg(0)= aP+ BP?,
we have obtained the parameters « and 8 to be 0.054 eV/
GPa and —0.003 eV/GPa?, respectively. It is therefore un-
likely H,-H,O will become metallic at ultrahigh pressure.
Hemley et al. had shown that for ice VII at ultrahigh pres-
sure of 128 GPa, the band gap remains above the absorption
edge of the diamond windows (3.0 eV).22 However, at such a
high pressure, there could be significant rearrangement in
both the H,O and the H, molecules that may result in differ-
ent molecular arrangements, bond lengths, and bond angles,
and a concomitant change in the electronic structure.

In conclusion, we have investigated the electronic and
optical properties of H,-H,O formed at high pressure by
means of first-principles local-density calculations. We found
that the VB structure closely resembles that of ice Ic, but the
CB structure is qualitatively different, resulting in different
optical properties. The interaction of the H, molecule with
the water cage is found to be weak. We have also predicted a
number of fundamental physical properties of the H,-H,0
crystal including bulk modulus, refractive index, fundamen-
tal gap and its pressure dependence, etc., which may be of
crucial importance in the detection of this compound in plan-
etary matters.
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FIG. 3. Charge-density distribution in H,-H,O hydrate on (a)
[100] plane; (b) [110] plane; (c) [111] plane. Contour lines are from
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