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PRESSURES IN THE VISIBLE UNIVERSE g

103 atm = kbar

106 atm =~ Mbar

10 kbar =1 GPa

1 Mbar = 100 GPa




Effects of Extreme Pressures on Molecules
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High-Pressure Technology:
STATIC COMPRESSION
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High-Pressure Technology:
STATIC AND DYNAMIC COMPRESSION
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ELEMENT ONE 1

1. The aether 10

Adding to the four elements
proposed by Empedocles:
Earth, water, air, and fire

“Outside all the other spheres,
the heavenly, fifth element, the
aether is manifested in the
stars and planets, moves in
the perfection of circles.”

Aristotle (384-322 BC )



ELEMENT ONE 1

2. Most abundant element
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ELEMENT ONE

3. Simple transformation

DECEMBER, 1935 JOURNAL OF CHEMICAL PHYSICS VOLUME 3

1.01

On the Possibility of a Metallic Modification of Hydrogen

E. WIGNER AND H. B. HUNTINGTON, Princelon University
(Received October 14, 1935)




ELEMENT ONE 1

4. Chemical dichotomy 1.01
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ELEMENT ONE

5. Quantum system

i nuclet . electrons .
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1.01

6. Potential energy material

Fluid ground state
[Brovman et al., JETP (1974)]

‘The Element of
Uncertainty’

High energy density material
(400 kd/mole: 35 x TNT)

High-T. superconductor?
[Ashcroft, Phys. Rev. Lett. (1968)]
Superconducting/superfluid?

[Babaev, Sudbo, & Ashcroft, Phys. Rev. Lett. (2005)]



ELEMENT ONE 1

/. Path to Inertial Confinement Fusion
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ELEMENT ONE 1

8. Driven the development of many

high-pressure techniques Lo
- High compressibility (e.g., deformation of apparatus) PP, =14
at 300 GPa

« Reactivity with metals (weaken apparatus, electrical leads)'
» Weak x-ray scattering power
« Strong Raman cross-section but variable infrared absorption

« Large neutron cross-section (coherent, incoherent)

Techniqgues Used Over Different P-T ranges

Optical spectroscopy Non-linear spectroscopy (e.g., CARS)
Raman, infrared spectroscopy NMR

Brillouin scattering Electrical transport

X-ray diffraction (single xtal, polyxtal) Ultrasonic

X-ray inelastic scattering Shock compression (Hugoniot)
Neutron diffraction Isentropic compression

Neutron inelastic scattering
\
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Hydrogen in condensed phase

X-ray diffraction
1898 — First liquified — 20 K J=0
1899 — First solidified — 14 K p-H, (hcp)

V, =23.2 cm3/mol
R(H-H)=0.74 A
[Keesom et al., Comm.
Kamerlingh Onnes Lab (1930)]

THE ROTATIONAL MOTION OF MOLECULES IN CRYSTALS

By LiNus PauLiNg
GATES CHEMICAL LABORATORY, CALIFORNIA INSTITUTE OF TECHNOLOGY

(Received May 7, 1930)  [Phys. Rev. (1930)]

J=1 ordered state
o-H, (Pa3)

[Mills and Schuch,
Phys. Rev. Lett. (1964)]

L‘i--_ -— e, | i ———

Sir James Dewar

Carnegie Institution



Molecular structure and bonding
INTRAMOLECULAR POTENTIAL

(pure; i.e., isolated molecule) ISOLATED MOLECULE
-y Nearly spherical electron density
2+ Uo(") Electrome De:\_&ﬂ_ﬂ
L7107

ps 59x10§ i
R 2.9x10
1.3x10
J 4L 8x10

{a)

Charge
Density

Radial Electronic Density of
the H, Molecule

~Lennard-Jones
| Hard Core Radius
Half Nearest

Origin of the chemical bond

3
Electronic Density led¥)
N

| eighbor Distance
- Valence bond (Heitler-London) - e\ | [N fn Soid
- Molecular orbital (Mulliken) S R R T R
. Strong covalent bond: 4.53 eV [Silvera, Rev. Mod. Phys. (1980)]

. 14 bound vibrational states

[Kolos & Wolniewicz, J. Chem. Phys. (1964-1974)] Carnegie Institution



Intramolecular and intermolecular interactions

INTRAMOLECULAR POTENTIAL
(pure; i.e., isolated molecule)

2 U, (r)

ISOTROPIC INTERACTION ENERGY [K]
o

Strong Raman cross-section

. No dipole-allowed IR absorption

INTERMOLECULAR POTENTIAL

(effective potential in condensed phase)

T U T T T T T

— @ PRESENT WORK

—— AHLRICHS ETAL ]
--- BAUER ET AL

e FARRAR AND LEE i
<% o GALLUP

INTERMOLECULAR  SEPARATION [au]

Binding energy 3.0 meV (35 K)
Interactions: Isotopic + Anisotropic

- Leading anisotropic term is
electric quadrupole-quadrupole
(EQQ) interaction (odd J)

[Silvera, Rev. Mod. Phys. (1980)] Carnegie Institution



Ortho-para distinction
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Vibrational excitations
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H,

excited electronic states

Potential energy ( electron volts )
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Refractive Index of the Hydrogen Molecule

M. KarrLUS
Depariment of Chemistry and Waison Laboratory,* Columbia University, New York, New York
(Received 13 March 1964)
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Room-Temperature Compression
of Hydrogen Gas

Freezing at
Room Temperature
5.4 GPa

[Mao and Bell, Science (1979)]




High-pressure measurements
of the Raman vibron

Intensity (arbitrary unit)
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[Sharma et al., Phys. Rev. Lett (1978)]

Evidence for bond weakening?

Carnegie Institution



Effect of compression on
vibron frequencies

0'u.A ou.B

r Oy A _ﬂ_ _H_ Ogs

Molecule A Molecule B
Compression Orbital interactions
Frequency Increase Frequency Decrease

[Labet, Hoffmann, & Ashcroft, J. Chem. Phys. (2012)]



Wave number (cm'l)

Enhancement of vibrational coupling:
combining Raman and IR spectroscopy
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[Hanfland et al., Phys. Rev. Lett (1992)] Carnegie Institution



Crystal structure by high-pressure diffraction

hexagonal close packed

2 ¢ , Neutron diffraction (to 30 GPa) " | congamiorony o o
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Higher pressure transition: phase lll

Raman Vibron Infrared Vibron
solid H, at 75K B N
solid H, in helium at 100K =
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Infrared spectroscopy of phase llI:
charge transfer instead of metallization
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Vibrational spectroscopy of phase lll:
low to high frequency excitations
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* J no longer a good quantum number
* Vibron softening/orient. ordering

* Molecules persist to >320 GPa
[Loubeyre et al., Nature (2002)]
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[Goncharov et al., PNAS (2001)] Carnegie Institution



P-T phase diagram of the solid hydrogens
from vibrational spectroscopy to 200 GPa
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Theory challenge for phase lll: preventing
band overlap with the correct crystal structure

Molecular orientation and band overlap

— — Cmeca — — P6y/mm¢ —— High-Cmca Pbcn
- PaB P21/C Ibam gg /m
— — Pea2y  — — Cmem —— Cmca-12 -

— C2/c

Enthalpy difference per proton (meV)

1 1 1 1 1 1
100 150 200 250 300 350 400
Pressure (GPa)

[Pickard & Needs, Nature Physics (2007)]

[Kaxiras et al., Phys. Rev. Lett. (1992)] \ Carnegie Institution



Dielectric Properties
Refractive Index and Oscillator Models
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[Hemley et al., Nature (1991)]
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Visible absorption at ~300 GPa
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320 GPa

[Loubeyre et al.
Nature (2002)]

>250 GPa
[Mao & Hemley,
Science (1989),
Rev. Mod. Phys.
(1994)]

Optical absorption
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diamond absorption

Direct gap, not indirect gap
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Early Electrical Transport Measurements
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X-Ray Raman of dense hydrogen:
direct measurements of the band gap
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X-Ray Raman of dense hydrogen:
direct measurements of the band gap

Direct Absorption (zero pressure)
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X-Ray Raman of dense hydrogen:
direct measurements of the band gap r
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Resistance (Q)

E

vidence for new transitions
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Synchrotron infrared spectroscopy of phase IV

Absorbance
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Hydrogen Phase Diagram
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Hydrogen Phase Diagram
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Phase IV is a
graphene-based
layer structure

C-graphene

L

H-graphene

H; ‘aromatic cluster’ . : N
[Naumov & Hemley, Acct. Chem. Res. (2014); % % & %
see also, LeSar & Herschbach, J. Phys. Chem. (1981);

Dixon et al., Faraday Disc. (1977)] [Pickard et al., Phys. Rev. B (2012)]



Energy, Ha/atom

Molecular calculations for H, rings
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Distortions and relationship to
graphene / graphite structures

[Naumoyv, Cohen & Hemley,
Phys. Rev. B (2013)]

DFT-GGA Calculations
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PEIERLS DISTORTION -> Residual Pairing






Is hydrogen metallic at these P-T conditions?

Reflection

Reflection/
Transmission

360 GPa, 292 K



Is hydrogen metallic at these P-T conditions?

Resistance (Q)
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A new mechanism for hydrogen metallization
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Other structures of dense hydrogen:
Topological semimetals and surface metallization

Cmca-4 - Band structure of a 8L slab
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Predicted metallic superfluid
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L. Introduction

Il. Isolated Molecule/Zero Pressure
. 'Hydrogen under Pressure

IV. New Phases = .

V. High Pressures and Temperatures



Juno Mission will let Jupiter tell us
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DENSE HYDROGEN: Dynamic (Shock) Compression

ELECTRICAL CONDUCTIVTY HUGONIOT MEASUREMENTS
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High P-T Transition in Fluid Hydrogen
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High P-T Transition in Fluid Hydrogen

176 beams of the NIF Laser were used, Opt:cal/VeIoc:ty (VISAR) Data
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We direct experiments at the National Ignition Facility to
understand the materials in ultra-extreme conditions

Ve e,
bonnw

* Conducting transition in fluid
of hydrogen at megabar
pressures?

* Depth of magnetic field
generation in Jupiter ?

* Melting curve of iron in exoplanets
(>20 Mbar)

.:vJ-'I N

s o Degenerate
-~ ’ -
- Classical e Plasma
Plasma O
A105 "‘
X
2 <
= :
§10‘: &
; 2
£ £
= @
g
-d
: N B
0.01 0.1 1 10 100 1000

Pressure (Mbar) Log density (g-cm)



CONCLUSIONS AND OUTLOOK

. Dense hydrogen is a system of unexpected
complexity.

. There is no sign of the ‘Wigner-Huntington
metallization’ to 340 GPa in phases Ill and IV
(below 300 K).

. The structure of phase IV is broadly consistent
with the structures predicted theoretically.

. There is a remarkable parallel between dense
hydrogen and graphene that reveals a new
mechanism for metallization.

. New dynamic compression results reveal a
transition in fluid starting at 140 GPa.
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