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Theory of High-Pressure Phases of Hydrogen
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The electronic structure and enthalpy are calculated as a function of pressure for several phases of
molecular and metallic hydrogen. For the molecular solid we oA'er an alternative interpretation of the
recently observed transition at 1.5 Mbar. For the intermediate pressure range from 3.8+ 0.5 to 8.6~ 1

Mbar, the most stable structures have low coordination numbers and are anisotropic. Among them a
metallic filamentary primitive-hexagonal phase is particularly stable. For higher pressures, the bcc
structure is the most stable.

PACS numbers: 62.50.+p, 64.70.Kb, 71.30.+h

Predictions of the transformation of solid molecular
hydrogen into a metal under very high pressures date
from the 1930's. ' Recent theoretical studies estimate
the transition pressure to be in the few hundreds of GPa
(few Mbar) range, and include the possibility of high-
temperature superconductivity in the metallic phase.
Detailed experimental data are available for the 0 to
—50-GPa pressure range. Despite the fact that the
highest pressure achieved in solid hydrogen, above 200
GPa, is within the range of some of the predictions for
metallization, it is generally agreed that metallic hydro-
gen has not yet been observed. Recently, some evidence
for a structural phase transition in solid hydrogen was
deduced from a sudden drop in the vibron frequency ob-
served at 150 GPa.

The "conventional wisdom" about the metallic phase
of hydrogen is that it would have a structure with a
dense packing of atoms (i.e., bcc, fcc, or hcp) like most
other simple metallic elements. In their seminal paper'
Wigner and Huntington speculated that molecular hy-
drogen could transform under pressure into a low-coor-
dination layerlike structure since the elements on the
metal-nonmetal borderline of the periodic table seem to
prefer such structures. Our total-energy calculations of
several phases of hydrogen give support to this point of
view. Among the structures studied, a filamentary
primitive-hexagonal (PH) phase is the most stable in the
pressure range of 380 ~ 50 to 860 ~ 100 GPa. Below
380 GPa an oriented moleculer-hexagonal-close-packed
(m-hcp) phase is found to be the most stable, while
above 860 GPa the body-centered-cubic (bcc) phase is
preferred.

Ab initio pseudopotential calculations of the total en-

ergy of solids using a plane-wave basis and the local-
density approximation' have been successful in predict-
ing the structural" properties of materials under pres-

sure. Here the true potential 1/r for hydrogen is used in-
stead of a psuedopotential, along with the Ceperley-
Alder' exchange and correlation energy functional. All
results reported here were obtained with a basis set of
plane waves with kinetic energy up to 36 Ry. Increasing
the energy cutoA' to 64 Ry causes only slight changes in
the calculated bulk moduli and equilibrium volumes.
The total energy for each of the selected crystal struc-
tures was calculated for several volumes, and the result-
ing data points were fitted with the Murnaghan' and
Birch' equations of state as well as with cubic splines.
The variation in the properties obtained from the dif-
ferent fits is used as an estimate of the numerical uncer-
tainty of the results.

The zero-point-motion (ZPM) energy contribution to
the total energy of solid hydrogen cannot be neglected.
We therefore augmented our calculations for the
clamped nuclei by adding an estimation of the harmonic
ZPM energy at each volume; that is, we used the
quasiharmonic approximation. The energies of several
phonons in each structure were calculated' from first
principles using the frozen-phonon method, and then
phonon spectra from other elements in the same struc-
ture were scaled accordingly to estimate the ZPM ener-
gy. For low pressures, the ZPM energy of the molecular
phase is dominated by the vibrational energy of the H2
molecule (hco/2=0. 25 ev), whereas at very high pres-
sures the ZPM energy of the dense metallic phases with
A~, the proton plasma frequency.

In Fig. 1, the calculated equation of state of hydrogen
p(V) is compared with experiment and with two other
calculations. Our results for p(V) are similar to those
calculated with the linear-augmented-plane-wave
(LAPW) method, as should be expected, since both use
the local-density and the clamped-nuclei approximations.
Our results are, however, different from those obtained
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by Ceperley and Alder who used a Monte Carlo ap-
proach. Although in principle the Monte Carlo ap-
proach treats the electronic and ionic motions exactly, in

practice the numerical calculations are performed with
periodic boundary conditions imposed on a small crystal
where the number of primitive unit cells equals the num-

ber of integration k points in the Brillouin zone. As pre-
viously noted, a large number of integration k points
are necessary to obtain satisfactory convergence. The er-
ratic behavior of the molecular bond length calculated by
the Monte Carlo approach could be a symptom of these
convergence problems and the origin of the above dis-

crepancy between the calculated p(V) curves.
The equation of state of hydrogen has been accurately

measured for pressures up to 26.5 and 37 GPa. In the
lower pressure range, the equation of state of solid
molecular hydrogen is dominated by quantum anhar-
monic eff'ects, of which the free rotation of the hydrogen
molecules is an extreme example. Our calculated equa-
tion of state does not include these quantum anharmonic
eff'ects and therefore is not valid for the low-pressure
Van der Waals-bonded quantum solid. It is only when

the Pauli repulsive force between electrons becomes the
dominant contribution to the pressure that the calculated
equation of state should be compared to experiment.

The experimental equation of state does not extend to
very high pressures, ' but Fig. 1 shows that our results
are in reasonable agreement with the equation of state
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FIG. 1. Comparison of the present results for the calculated
equation of state with other calculations and experiment. The
solid line is obtained using the clamped-nuclei approximation
and the dahsed line is obtained in the quasiharmonic approxi-
mation. The circles are the results of the LAPW calculations
and the crosses are the Monte Carlo calculations. The squares
are experimental values and the diamonds represent an equa-
tion of state extrapolated from experiment.

extrapolated from experiment. The agreement im-

proves when we include the effects of ZPM within the
quasiharmonic approximation (Fig. 1); however, our cal-
culations still predict smaller volumes at fixed pressure.
Corrections to the calculated equation of state from
anharmonic effects and to the empirical extrapolation
from structural phase transitions will improve the agree-
ment between the two curves.

Calculations for the molecular phase were done using
the Pa3 structure (a-N2) and the m-hcp structures. As a
test, the structure of the solid halogens C12, Brq, and I2
(Bmab space group) was also considered, but it was
found to be less stable than Pa3 at all densities. It is well
known that the local-density approximation underesti-
mates the band gap of insulators (predicting a zero gap
for Ge, for example), but gives reliable values for the
derivative of gaps with respect to pressures. The calcu-
lated band gap at zero pressure was —9 eV. Using the
experimental value of the band gap' (-17 eV) together
with the calculated pressure derivative of the gap yields
an estimated metallization pressure of ~200 GPa. If
the gap adjustment is not made for the local-density cal-
culation, the metallization pressure is —40 GPa.

The usual caveat of this approach for predicting stable
structures is that only a few candidate structures were
tested. The plot (Fig. 2) of the enthalpy versus pressure
for several solid-hydrogen phases serves more as an indi-
cator of what type of bonding is preferred in a certain
pressure range. The numerical errors in the calculated
enthalpies are non-negligible in the energy scale of the
plot and could shift the relative position of the enthalpy

O. io

0.05

6

&~ o.oo

—0.05

—0.10
300 600

Pressure (GPa)
900

FIG. 2. Calculated enthalpies as a function of pressure are
compared for several structures within the quasiharmonic ap-
proximation. The enthalpy of the primitive-hexagonal phase
was chosen as a reference. The error in the calculated enthal-
pies could be of the order of 10 meV.
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curves. We estimate that the convergence with respect
to the number of integration k points and the errors in-

troduced by the use of the Murnaghan equation-of-state
fit could displace the enthalpy curves by as much as 10
meV. Errors in the estimation of the ZPM energy of
different phases should be of the same order of magni-
tude. We use this value for estimating the error in the
calculated transition pressures.

For pressures below 50 GPa the enthalpies of the Pa3
and m-hcp phase are indistinguishable within the accura-
cy of our calculations. For pressures above 80~ 15 GPa
the m-hcp phase is more stable than the Pa3 structure
despite the fact that it packs the oriented hydrogen mole-
cules in a much less efficient way. This shows that
significant intermolecular chemical bonding occurs and
that chemical eff'ects determine the actual structure of
the molecular phase.

Our calculations of total energy as a function of the
orientation angle of the molecules also show that the H2
molecules are already oriented in this pressure range.
We stress that in the uniaxial m-hcp structure the mole-
cules can orient parallel to the hexagonal axis without
modifying the symmetry; therefore, there is no phase
transition associated with the orientation. In contrast,
for the molecular-fcc to Pa3 transition there is a change
in symmetry. The calculated c/a ratio in the m-hcp
phase is 1.56 in the clamped-nuclei approximation. For
the zero-pressure Van der Waals solid the molecules are
isotropic and we should expect a c/a ratio close to the
ideal value ( 3 ) 'i . We therefore interpret the observed
deviation of the c/a ratio from the ideal value above
—10 GPa as the eff'ect of the orientation of the H2
molecular axis parallel to the hexagonal axis. According
to these estimates the phase transition observed at 150
GPa may be associated with a structural (or metal-
insulator) phase transition rather than with an orienta-
tional ordering of the molecular solid as previously sug-
gested.

For pressures above 380 ~ 50 GPa we find that a high-

ly anisotropic filamentary primitive-hexagonal phase
with c/a=0. 6 is the most stable. Our calculations also
show that other low-coordination structures such as dia-
mond and graphite have enthalpies lower than the
molecular and densely packed phases but higher than the
primitive-hexagonal phase. In the 380 to 860 GPa range
we expect that the most stable structures should have
low coordination numbers.

The existence of a primitive-hexagonal structure was
anticipated in a perturbative calculation by Brovman,
Kagan, and Kholas'; however, they overestimated its
stability and Straus and Ashcroft' showed that the sta-
bility of the anisotropic structures would disappear when
phonon effects were included. Our results show' that
the difference in enthalpy between the filamentary and
densely packed structures is sufficiently large that the
former remain stable even when the phonon contribu-
tions are added.
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It is a general feature of our calculations that for P
~8 Mbar, open structures of metallic hydrogen with low
coordination (PH, simple cubic, diamond) are more
stable than the higher-coordination, densely packed
structures (bcc, fcc, and hcp). This is a clear indication
of the preference of molecular hydrogen to transform
into low-coordination structures under pressure. Plots of
the charge density' reveal a large covalent contribution
to the metallic bonding for those structures; i.e., the
bonds are anisotropic and oriented. We note that this
type of bonding is considered to be favorable for the oc-
currence of superconductivity in metals.

Two transitions are expected for hydrogen under pres-
sure, a structural phase transition to a more densely
packed structure and a metal-insulator transition. Up to
now only an unspecified phase transition has been ob-
served at 150 GPa. Our calculations suggest that the
structural phase transition will be from a molecular
phase to a layered or filamentary phase with low coordi-
nation at 380 ~ 50 GPa and to a densely packed struc-
ture (bcc) at 860~100 GPa. The identification of the
structure of solid hydrogen observed above 150 GPa
would be very helpful in completing the picture of the
high-pressure properties of hydrogen. If that transition
is to a nonmolecular but insulating and low-coordination
phase, it would be consistent with the results of our cal-
culations. A metal-insulator phase transition is expected
near 200 GPa in the m-hcp phase, but this transition
pressure is harder to predict because of the shortcomings
of local-density theory and the fact that structures with
similar enthalpies (e.g. , diamond and graphite) may
have completely diA'erent band structures.

This work was supported by National Science Founda-
tion Grant No. DMR83-19-024 and by the Director,
Office of Energy Research, Office of Basic Energy Sci-
ences, Materials Sciences Division of the U.S. Depart-
ment of Energy under Contract No. DE-AC03-
76SF00098. One of us (J.L.M. ) acknowledges the sup-
port of the Miller Institute for Basic Research. We
thank Professor L. Falicov for drawing our attention to
Ref. 17. CRAY computer time at the Pittsburgh Super-
computing Center was provided through an NSF grant,
and at the Minnesota Supercomputer Center by a Min-
nesota Supercomputer Institute (MSI) grant.

'E. Wigner and H. B. Huntington, J. Chem. Phys. 3, 764
(1935).

2N. W. Ashcroft, Phys. Rev. Lett. 21, 1748 (1968); S.
Chakravarty, J. H. Rose, D. Wood, and N. W. Ashcroft, Phys.
Rev. B 24, 1624 (1981).

D. M. Ceperley and B. J. Alder, Phys. Rev. B 36, 2092
(1987).

4B. I. Min, H. J. F. Jansen, and A. J. Freeman, Phys. Rev. B
30, 5076 (1984); 33, 6383 (1986).

5H. K. Mao, P. M. Bell, and R. J. Hemley, Phys. Rev. Lett.



VOLUME 62, NUMBER 10 PHYSICAL REVIEW LETTERS 6 MARCH 1989

55, 99 (1985); H. K. Mao, A. P. Jephcoat, R J. Hemley, L. W.
Finger, C. S. Zha, R. M. Hazen, and D. E. Cox, Science 239,
1132 (1988).

6J. van Straaten and I. F. Silvera, Phys. Rev. B 37, 1989
(1988); 37, 6478 (1988); J. van Straaten, R. J. Wijngaarden,
and I. F. Silvera, Phys. Rev. Lett. 48, 97 (1982).

7I. F. Silvera, Rev. Mod. Phys. 52, 393 (1980).
8R. J. Hemley and H. K. Mao, Phys. Rev. Lett. 61, 857

(1988).
J. Ihm, A. Zunger, and M. L. Cohen, J. Phys. C 12, 4409

(1979).
'OP. Hohenberg and W. Kohn, Phys. Rev. 136, B864 (1964);

W. Kohn and L. J. Sham, Phys. Rev. 140, A1133 (1965).
''M. L. Cohen, Science 234, 549 (1986), and references

therein; Phys. Scr. Tl, 5 (1982).
' D. M. Ceperley and B. J. Alder, Phys. Rev. Lett. 45, 566

(1980); parametrized form in J. P. Perdew and A. Zunger,

Phys. Rev. B 23, 5048 (1981).
' F. D. Murnaghan, Proc. Nat. Acad. Sci. U.S.A. 30, 244

(1944).
'4F. Birch, J. Geophys. Res. 57, 227 (1952).
'5M. T. Yin and M. L. Cohen, Phys. Rev. Lett. 45, 1004

(1980); Phys. Rev. B 25, 4317 (1982).
'6P. Giannozzi and S. Baroni, Phys. Rev. B 30, 7187 (1984).
' E. G. Brovman, Yu. Kagan, and A. Kholas, Zh. Eskp. Teor.

Fiz. 61, 2429 (1971); 62, 1492 (1972) [Sov. Phys. JETP 34,
1300 (1972); 35, 783 (1972)].

'8D. M. Straus and N. W. Ashcroft, Phys. Rev. Lett. 38, 415
(1977).

' A. Garcia, T. W. Barbee, III, J. L. Martins, and M. L.
Cohen (to be published).

M. L. Cohen and P. W. Anderson, in Superconductivity in
d and f-Band Me-tals, edited by D. Douglass (American Insti-
tute of Physics, New York, 1972).

1153


