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Importance of Fundamental Studies of Hydrogen
and Hydrogen-rich Materials

« H in a metallic state is expected to exhibit high Tc (Neil Ashcroft,
1968)

 Evidence for Tc near 200K in hydrogen-rich sulfur compound
(Eremets et al.)

 Hydrogen-dominant materials could be important for
(i) hydrogen storage
(i) general energy storage (as high density materials)
(i) for solving structural problems in nuclear industry (hydrogen
embrittlement)

Understanding pure hydrogen over the broadest range of P-T
IS an important starting point



Goals
 Todiscuss the properties of dense hydrogen from the
chemical point of view

« Toargue that they are controlled by closed shell effects
over a wide range of pressures

e To touch the guestion why hydrogen behaves so
differently from simple alkali metals
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C2/c and Pbcn structures
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Cmca-4. graphite-like structure
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Closed Shell Effect

Noble atoms have a closed
valence shell
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Analogy between 1s electrons in hydrogen and m
electrons in carbon
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H, ring vs nonplanar isomers

O,, - octahedron

D,4 — staggered
trigonal prism
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Total energies per atom for H, rings (» = 3-10)
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Total energies per atom for H, rings (» = 3-10)
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Total energies and interatomic distances in H, rings

B3LYP/6-311G(d,p)
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H, molecular energy levels
and vibrational frequencies

« Bonding ¢, e, and a,, orbitals
go down in energy with pressure

* a,, stems from the 2p_atomic
orbitals
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H, molecular energy levels

0.4
and vibrational frequencies ‘
0.2+ ]
_ _ % 0.0 1
« Bonding ¢, ¢,,, and a,, orbitals s X 4
go down in energy with pressure % 0.4 - 1
il g
* a,, stems from the 2p_atomic
OrbitaIS -0.8 - B3LYP/6-331G(3df,3pd) A
OIT 018 019 ' 1?0 1l1 1'2 1I3
* Kekulean B, vibrational mode =
becomes stable fo r < 0.86A 1
0.86 A ~ 500 GPa S

07 08 09 10 11 12 13
Naumov & Hemley, Accts. Chem. Res., 47(12), 3551 (2014)



H, ring energetics with respect to the B,, mode
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Correlation between the molecular orbitals for
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From isolated rings to 2D lattices

Optimized Energy Relative
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From H, to H-graphene
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Gap opening: Pelerls distortions

Nestings between the valence
and conduction bands:

Kohn anomaly:
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TO-mode

TO-mode at k=K (Kekulean distortion) _

V3 X /3 superstructure
( can be recognized in C2/c)
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3D Candidate Structures
Pbcn

Ek (eV)

Insulator due to a 3 X 2 superlattice
stabilized by Peierls-like distortions

Naumov, Cohen & Hemley, Phys. Rev. B, 88, 045125 (2013)
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Energy Level Diagram
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EK (eV)

Comparison between H and Li
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. -s character
of WF's

Li: direct band gap and interstitial valence charge!



Li: interstitial localization in 1D

Hydrogen-like
behavior

O

X

A,B,C— a=9.0,8.7and 6.0 Bohr Li treated as having valence=2



Topology and interstitial localization in 1D

Z, = additive group of the integers mod 2 or two-valued invariant
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Z,=0 or Berry phase =0

only via a (semi)
metallic state

Z,=1 or Berry phase =1t




Summary

* Hrings and hydrogenic graphene-like layers are
especially stable due to aromatic and closed shell
effects.

 This stability is inherited by 3D structures of dense H.

o Metallization of compressed H should occur by
destroying the closed shell electronic structure, f.e. by
lowering the bonding states associated with 2s and 2p
orbitals.



