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I - The most abundant element in the universe, 70%-95% the
mass of Jupiter and Saturn:
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II. Understanding and predicting the properties of simplest element in the periodic table:

DECEMBER, 1935 JOURNAL OF CHEMICAL PHYSICS VOLUME 3

On the Possibility of a Metallic Modification of Hydrogen

E. WIGNER anD H. B. HUNTINGTON, Princelon University
(Received October 14, 19335)

At very high pressure solid molecular
hydrogen would dissociate
and form an atomic solid that is metallic

VoLuME 21, NUMBER 26 PHYSICAL REVIEW LETTERS 23 DECEMBER 1968

METALLIC HYDROGEN: A HIGH-TEMPERATURE SUPERCONDUCTOR?

N. W. Ashcroft
Laboratory of Atomic and Solid State Physies, Cornell University, Ithaca, New York 14850
(Received 3 May 1968)

Application of the BCS theory to the proposed metallic modification of hydrogen sug-
gests that it will be a high-temperature superconductor. This prediction has interesting
astrophysical consequences, as well as implications for the possible development of a
superconductor for use at elevated temperatures.
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at high (but experimentally accessible) pressures, compressed hydrogen
will adopt a . In reaching
this phase, hydrogen 1s also projected to pass through an

. This raises the possibility of new

state of matter: a near , and 1ts ordered
states 1n the quantum domain.
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Phase [II ( P> 150 Gpa): At 150 GPa, a large

low-temperature discontinuity in

the frequency of the Raman and a strong rise in

the IR molecular vibrons mark
the appearance of Phase III.

Phase I ( P < 110 Gpa): freely rotating H,
molecules whose centers of mass are
arranged in an Acp structure.

Phase II ( 110 <P <150 GPa): Also known as
the broken symmetry phase.
DFT calculations predict

structures.
Characterized by changes in the low-frequency
region of the Raman and IR spectra.

I
H2 Raman
D, Raman
H, IR
Howie et al. 2012
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Recent Experimental Contradiction:

Above 220 Gpa, hydrogen became opaque and  The metallic phase transformed back at 295 K
electrically conductive. At GPa, into molecular hydrogen at 200 GPa. This
as the significant hysteresis indicates
and that the transformation of molecular hydrogen
changed little on further pressurizing up to 300 1o a metal is accompanied by a first-order
GPa or cooling to at least 30 K; and the structural transition presumably in to a

Eremets, Nature Materials
December 2011
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Hemley group, PRL, April 2012




III. Developing and testing computer simulation methods:

increases the importance of theoretical
calculations in the study of solid hydrogen; it 1s hard to think of a research area in which theory
and simulation have more to offer

, the atomic structure 1s simple and the errors from the pseudopotential
approximation, often employed to increase computational efficiency, are rather small or absent

The nuclei are so light, they too behave as quantum particles. This effect has such a strong
influence that even the most basic properties of hydrogen are affected, such as relative

stabilities of atomic structures. Thus,
in order to make definitive predictions.




Main Questions:

What are the crystal structures of phases II and III of solid hydrogen?

Finding the most stable arrangements of atoms in solids and molecules is and will

remain a very difficult task, but significant progress has been made over the past few years,
e.g methods based on simulated annealing, metadynamics, random sampling,

evolutionary algorithms, basin hopping, minima hopping, and data mining, ...

What is the metallization mechanism/pressure of solid hydrogen?

Band-gap closure
Atomization

Structural transformation

To what extent can the protons be treated as classical, as opposed to quantum
mechanical, particles?

Proton zero point energy (ZPE)
Unharmonicity




Path-integral Monte Carlo approach

QMC-based first-principles simulations
Ground-state quantum Monte Carlo methods
Coupled electron-ion Monte Carlo method

DFT-based first-principles simulations
Density functional theory
Born-Oppenheimer molecular dynamics
Car-Parrinello molecular dynamics
Path-integral molecular dynamics
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Within the static-lattice approximation,
the most stable phases are P63/m (<105
GPa), (C2/c (105270 GPa), Cmca-12
(270-385 GPa) and  Cmca (385490
GPa), followed by M4l/amd. Of these
phases, only Cmca and [41/amd were
known previously. When ZP effects are
included, C2/c becomes stable below 240
GPa and Cmca-12 above.

Pickard and Needs, Nature (2007)
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(a) PZ Functional | (b) PBE Functional T
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Three structure transitions

Metallization through structure
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DFT band-gap:

Band-gap (eV)
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Enthalpy difference per proton (meV)

Hybrid DFT phase diagram:

Hybrid DFT: DFT + small fraction of Hartree-Fock exchange

Typically yields much improved band gap that are often
in close agreement with experiment

The lower the energy
The wider the band-gap
Hemley, PRL 67 1138 (1991)
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Why DFT 1s unable to reproduce the phase diagram of high-pressure
solid hydrogen ?

Two reasons:

One is caused by the of a few meV per proton
between phases. Exhaustive tests for molecules, where accurate results can be
obtained using quantum chemical methods, have shown that

The second is the many-body self-interaction (XC-SI) error present in the XC
functionals used here. A systematic investigation found the XC-SI errors of the
LDA, GGA, and BLYP total energies of a single H, molecule to be 1.264, -0.126,
and 0.0846 ¢V, respectively. These values are more than
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If we had considered a , We
would have seen qualitative as well as quantitative

differences between the phase diagrams calculated using
different XC functionals

DFT i1s probably to allow reliable
of the stabilities of the insulating, semi-
metallic, and metallic phases of solid molecular
hydrogen. Indeed, since simple DFT calculations fail to
describe and severely
, it would be unreasonably

optimistic to expect such comparisons to be reliable.

S. Azadi and T. Kuhne, JETP LETT (2012),

S. Azadi and M. Foulkes, Phys. Rev .B, in press
(2013),




TABLE I. VMC and DMC energies of the P63 /m phase using
PBE and PBEO single particle orbitals. Energies and pres-
sures are 1n eV per proton and GPa, respectively.

Pressure

PBE-VMC

PBEO-VMC

PBE-DMC

PBEO-DMC

100
200
300

~15.1335(4)
-14.58098(4)

-14.0473(4)

“15.1397(4)
-14.5979(4)
-14.0524(4)

215.2327(3)
-14.6856(3)
-14.2184(3)

-15.2338(3)
-14.6867(3)
-14.2193(3)

This demonstrates that, in the case of solid molecular hydrogen, DMC energies calculated using
PBE and PBEO orbitals , even though the change of functional has a large effect

on the DFT phase diagram. This contrasts with the case of 3d transition metal compounds [Phys.
Rev. B 82 115108 (2010)] , where changing the functional does affect the DMC results.




QMC+DFEFT to calculate FS correction:

Contrary to standard DFT methods, QMC calculations have to be
performed on a super-cell. Therefore, finite-size (FS) effects can be a
relevant source of error in QMC calculations.

(independent particle source), arises from the kinetic and
Hartree term

related to the FS effects of exchange and correlation

DMC -TABC: Twist averaging means taking the average of expectation values over all
simulation-cell Bloch vectors K in the first Brillouin zone of the simulation cell, 1.e.,
over all offsets to the grid of k vectors

KZK functional: the exchange and correlation energy functional is replaced by the LDA

functional parameterized for a finite system, which keeps an explicit dependence on the
number of particles (Phys. Rev. Lett. 100, 126404 (2008))




E?M%(00) = EFAV (L) + AESy (L)

where

AEF3 (L) = EPFTEDA (o) — EPAVT5(L)

Niwist
. 1 .
(D) =x— > E9M9(L.k,)
twist k,
1 Ntwlst
DFT.FS L) = EDF'T'FS L,ka
W0 = g X (L.K.)

N EEWA(L) EMPC(L) EQMC(OO)

64 -14.3172(9) -14.2021(9) -14.2038(8)
96  -14.2651(5) -14.1820(5) -14.2134(6)
128 -14.2368(4) -14.1685(4) -14.2133(4)

144 -14.2535(4) -14.1958(4) -14.2109(4)
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