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Structures of hydrogen at megabar pressures
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The atomic and molecular phases of hydrogen at megabar pressures are studied with use of the band
theoretical calculation based on the local density approximation. The free energies, in the atomic phase of the
hydrogen, of structures in a tetragonal diamond family are calculated and compared with those of structures
studied earlier. The Cs-IV structure is of lowest free energy at pressures from 360 GPa to 1.7 TPa. And the
stable region for thg-Sn structure is narrow, which lies in the region from 260 GPa to 360 GPa. At pressures
lower than 260 GPa, the molecular phase becomes stable. Possibilities of the metallization in the molecular
phase are briefly discussd&0163-182@07)05029-7

Recently, from the Raman and infrared spettrampor-  predicted the “filamentary” structure in the atomic phase,
tant information on the phase diagram in the molecular phasand Barbeeet al! supported its stability and showed the
has been obtained and the phase boundaries have becopmssibility of high temperature superconductivifyRecently
clearer in the molecular phadeVery recently the crystal Natoli, Martin, and Ceperléy performed the QMC and
lattice has been determined at pressures up to 119*GPd;DA calculations for atomic phases of compressed hydrogen
although orientations of the molecule in the lattice are stillat zero temperature, and reported no region of the anisotropic
vague. structures and the diamond structure to be stable in the

Pressure induced molecular dissociation and the insulatoAtomic phase.
metal (IM) transition at megabar pressures have long been In this paper we present the results of the detailed study of
the central interest and the possibility of metallization in thethe total energy for the structures of compressed hydrogen
molecular phase due to the band overlapping has also a#sing a band theoretical calculation based on the LDA, with
tracted much experimental and theoretical interést®Re-  special concern for the structures in the tetragonal diamond
cent experiments? however, show no sign of the metallic family . We compare the free energies with those of struc-
transition up to about 220 GPa at low temperatures. Théures studied earliér’ and with those of calculated struc-
predicted pressures for the molecular dissociation lie in théures in the molecular phase.
region from 300 GPa to 600 GIE4. We use the bare Coulomb form of the atomic potential

The crystal structures in both molecular and atomicand set the number of the plane-wave basis~at30xn
phases are fundamental to the prediction of the pressures féheren is the number of atoms in the primitive celhich
the possible band overlapping in the molecular phase and f&orresponds to the energy cutoff 6f60 Ry atrs=1.6 and
the molecular dissociation at low temperatures. Many recent-90 Ry atrs=1.3, wherer s denotes the radius of a sphere
theoretical studies have been done mainly by the band the®f volume per electron in units of Bohr radiag. The use of
retical approach'®*'based on the local density approxima- the plane-wave basis will avoid the errors originating from
tion (LDA) and the quantum Monte CarldQMC) the ambiguities in the construction of basis functions when
calculationt?~* However, vanishingly small energy differ- the shape of the unit cell is chang€dwe take energy cor-
ences among structures in both molecular and atomic phaségctions due to the cutoff of the plane waves into account
together with the possible large effects of the zero point mousing the second-order perturbational treatrieior the cor-
tion of the atoms make the prediction of the transition presfection to the one electron energy, which improves the con-
sures difficult. vergence of the total energy. The number of th@oints

At pressures of celestial interests, the dominant contribusampled in the Brillouin zone is set at 4000h for the
tion to the structural energy is from the Madelung energymolecular phase, which is proved to be sufficient for the
which prefers the densely packed structures, for which th@ccuracy of the energy differences among the structures stud-
bce structure is lowest. As the pressure decreases the elged. For the atomic phase, twice the number ofkhmoints is
tronic energy begins to play a significant role which leads thesampled. We used the exchange-correlation potential by
structure to less densely packed ones, and the possibilities Barth and Hedirf>%*
the anisotropic structures was pointed out based on the struc- The 8-Sn, the cubic diamond, and the Cs-IV structure
tural expansiort®>*® However, stable regions of the predicted belong to the tetragonal diamond family. They transform into
structures in the atomic phase are still diversified. each other by the stretch or compression alongctlagis of

According to our LDA calculatiotl in the atomic phase, the rectangular unit cell. The quasireciprocal relation be-
the bcc structure becomes stable beyond 4 TPa and thween theB-Sn and the Cs-1V structure has been pointed out
hexagonal-close-packethcp structure in the region 2—4 and they have almost the same Madelung energy at the local
TPa. These pressure regions are high compared with otheninima® when the Madelung energy is plotted as a function
results>*® which is due to the presence of the region ofof c/a. The Madelung energy of the diamond is located at
“planar” structures!’ In their early studies, Brovmaet al'®  the local maximum. In Fig. 1 our results of the total energies
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atoms lying in thec direction, which implies the structure
has “filamentary” character, and afa=2//15, the struc-
ture has six nearest neighbor atoms. Fof1B<c/a< 12
=3.464, including the cubic diamond, the structure has four
nearest neighbors. At/a=\/12 the structure has eight near-
est neighbors and foc/a> /12 it has again four nearest
neighbors lying in thec plane, which implies the “planar”
character of the structure made of sheets of the square lattice.
So the first minimum neac/a~0.32 corresponds to the
“filamentary” structure and the third near/a~5.1 corre-
sponds to the “planar” one, which is similar to other fami-
lies, for example, the rhombohedral, éfc.

As the density is increased the contribution from the
Madelung energy becomes important and a hump appears
nearc/a~1.4 and consequently the local minimum at the
diamond splits into two local minima at/a~0.9 and
c/a~1.9. The smaller value of the/a’s for the local
minima decreases and the larger one increases as the hump
grows up, respectively. At extremely high density<0.9,

. the energy curves approach the shape of double minima, i.e.,

| f that of the Madelung energy. We show in Table | our LDA
108 _M energy at several densities for the structures of interest with

' c/a values for theB-Sn and the Cs-1V structure. Our results

T r=1.% of slightly lower energies than those of Nateli al® is at-

-1.10 —— - —— tributed mainly to the inclusion of the energy correction

kd' which improves the equation of states but the energy differ-
iamond )
cl/a ences between structures are in good agreement.

From our energies, we calculate the Gibbs free energy at

FIG. 1. Total energies for the tetragonal diamond structure ag =0 (the enthalpy, and in Fig. 2, we plotted the differences
functions of c/a. The arrows point to the places of the local among structures in comparison with those studied
minima. earlier®!” The B-Sn structure is the lowest at pressures

lower than 360 GPa and the Cs-IV structure becomes the
for the tetragonal diamond family are shown as functions olowest in the region 360 GPaP< 1700 GPa. There are no
c/a. As is shown in the figure, at lower densities>1.50, stable regions for the rutiley-nitrogen structure which Na-
there are three local minima: the first is located neamaraet al® predicted to be stable. At 1700 GPa, the Cs-IV
c/a~0.32, the second/a~ 1.4 which is near the cubic dia- structure transforms into another “planar,” (ih),
mond, and the third neac/a~5.1. At higher densities structuret’ The c/a of the above Cs-IV structure does not
r<<1.50, the local minimum near the diamond disappeargrow beyondc/a=1/12 at pressures up to 1700 GPa, which
and turns into a local maximum and two new local minimameans that the number of the nearest neighbor atoms remains
appear at both sides of the new maximum. four and they form a tetrahedron in the stable region like the

Let us look into the above transition of local minima from diamond although it is stretched along thedirection to
the viewpoint of coordination of the structure. For more than twice the/a of the diamond. There are no stable
c/a<2/\/15=0.516, the structure has two nearest neighboregions for the new “planar” structure with a square lattice,

Energy (Ry/atom)

TABLE |. Total energy per atom in units of rydberg.

P65/mmc? Pca2, ® P2,/b¢ Diamond® B-Sn Cs-IV
Is Etot Eot Etot Eot Erot c/a Etot c/a
1.2 —0.96449 —0.96757 —0.96715 —0.96451 —-0.97113 0.865 —0.97258 2.712
1.3 —1.02767 —1.02833 —1.02776 —1.02646 —1.02998 0.902 —1.02981 2.422
14 —1.06872 —1.06957 —1.06911 —1.06564 —1.06693 0.941 —1.06653 1.965
15 —1.09603 —1.09756 —1.09722 —1.08913 —1.08889 0.989 —1.08890 1.969
1.6 —1.11456 —1.11621 —1.11586 —1.10188 —1.10077 1.029 —1.10054 1.969

&The m-hcp structure in Refs. 11 and 17, in which the direction of the molecule is along dlxes.

®Molecules sit on the ideal hcp lattice sites. The direction of the central molecule is Sgat=((55°,43.5°).

“Molecules sit on the ideal hcp lattice sites. The direction of the central molecule is sifat=((59.3°,37.6°).

9The value ofc/a for the diamond is equal tq2.

€There are no local minima around thes@, as is seen in Fig. 1. These values are taken tentatively to obtain the free energy curves for the
structures.
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i FIG. 3. The equation of state for hydrogen. The solid line rep-
'0'10'_' resents the present results; the broken line the experimental EOS by
Loubeyreet al. (Ref. 4); the dotted line the LDA results by Barbee
] et al. (Ref. 12); the filled square QMCRef. 13; the open diamond
'0~15‘_ our results for the cubic diamond. None of our results contain zero-
1 CsIV  rh() point energy.
-0.20- lecular hcp structures, we fixed the atomic distance at

T T T d T T T d
200 400 600 800 1000 Ry=1.4%,. The energy difference betweeRca2; and
Pressure (GPa) P2,/b or P2,2,2, is very small. Their free energy differ-
1 ences are plotted also in Fig. 2. The free energy differences
FIG. 2. Gibbs free energy differenceSG =G — Ggamong PEr among these structures are less than 10 meV/atom at pres-

atom. The solid lines represent the curves for the atomic phase anéy;es lOV\r/]er ’Ithap 20& GPa. Forhthese structurefs, hwe did not
the dot-broken lines for the molecular phase. The diamond structur@€70rm the lattice. However, the symmetry of the space

is taken to be the reference. The namings of the structures are WO_Up for _the StructL_Jres allows the deformation of the hcp
conformity with Refs. 8 and 17. lattice, which may slightly lower the energy of the structures

(see Edward®t al?’). As is shown in Fig. 2, the stable re-
and no stable region for the new “filamentary” one either gion of the molecular phase terminates at 260 GPa where the
because of the stable molecular phases which are discussgeSn structure becomes stable.
below. Recent experiments cannot detect signs of the metalliza-

In the molecular phase, the center of the molecule in theion up to over~220 GPa:? The band gaps foPca2, close
solid hydrogen occupies the hcp site with slightly decreasedt ~140 GPa, according to our LDA calculation at
c/a at pressures lower than 119 GPa, according to the recem, = 1.4a,. However the LDA generally underestimates band
experiment. At low pressures the molecules are in an isotro-gaps, and the band gaps must close at much higher pressures:
pic rotating state. However, as the pressure is increased, thg a factor of 2—3 higher than the LDA estimates according
molecules are thought to order in some orientationally orto Chacham and LouieThen it can be probable that the
dered structurg”®** which has been controversial in close metallization occurs with the molecular dissociation.
connection with the metallization by the band overlapping in In Fig. 3, we show our equation of staté€BOS with
the molecular phase' Miyagi and Nakamur® studied the those of the experimental one. In the low pressure region
molecular orientation in the hcp lattice assuming the electri® <100 GPa, the discrepancy between our EOS and the ex-
quadrupole-quadrupoldEQQ) interaction between mol- perimental one becomes large. This is partly because our
ecules. The EQQ interaction favors theca2; structure cutoff energy of the plane-wave basis decreases with de-
most, thenP2, /b and theP2,2,2, [these structures corre- creasing density, though the energy correction has been
spond to(a), (b),and(c) of Fig. 3 in Ref. 25, respectively, all taken into account. Our results do not include the zero-point
of which have four molecules in the primitive ckllOur  energy of the proton motion. The contribution of the zero-
preliminary calculations for the hcp lattice show that thepoint energy to the pressures, which is estimated to be
lower the EQQ energy is, the lower the total energy is. ~6% at 100 GPa by the use of Mie-Gruneisen-Debye model

Then for theP2; /b and P2,2,2; structure, we perform according to Loubeyret al.* improves the results.
the same full calculations. The molecular orientations are Finally, we discuss Natoli, Martin, and Ceperley*$*re-
fixed at values given in Fig. 3 of Ref. 25 and the values ofsults of QMC and LDA calculations for both atomic and
c/ais fixed at an ideal hcp structure. We searched the energyolecular phases of compressed hydrogen at zero tempera-
minimum, changing the atomic distanBg in the molecule. ture. They reported a small difference in the zero-point en-
The energy minimum is located aroumj~1.45, for all  ergy between two structures in the molecular phase when the
molecular structures at,~1.8 but theR, increases or de- lattice of the centers of the molecule is the sadft®. They
creases slightly at higher density, depending on the structur@lso reported a large difference in the zero-point energy be-
The LDA can be blamed for slightly larg®,, as pointed out tween 8-Sn structure and the cubic diamond in the atomic
by Averill et al?® Throughout our calculations for the mo- phase. However, we point out that in Barbeteal’s'! free
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energy curves, which include the zero-point energy within  Our conclusion is that the Cs-IV structure is stable in the
the quasiharmonic approximation, the free energy crossingiide region of the pressure in the atomic phase. The dia-
of m-hcp and ph occurs at 380 GPa while Nagatal’s®  mond structure becomes a local maximum of the energy
crossing ofm-hcp and rkl) occurs at 360 GP&Ref. 29 when plotted as a function af/a. The energy differences
without zero-point energy. We mention here that the preseramong structures with the hcp lattice of molecules tilted
Cs-IV structure ¢/a~3.0) is on the way from the cubic from thec axis are very small regardless of the molecular
diamond to the eight-nearest-neighbor structure oforientations. It is probable that the metallic transition is
c/a=3.464. The structure might not be as anisotropic as theaused by the molecular dissociation-aB00 GPa which
“planar” or “filamentary” structure for which Straus and will be within the range of current static technigufes.
Ashcroff? reported the large difference in the zero-point mo-

tion energy. We mention also the Loubeyeal’s reporté We wish to thank Professor H. Miyagi and Dr. Yamagu-
of a significantly small difference of the EOS between H chi for valuable discussions. The computations were done at
and D,. the Institute of Laser Engineering, Osaka University.
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