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Pressure as a knob to tune
electronic states

Pressure range in the universe:
1077 atm (intergalactic voids)

1034 atm (center of neutron stars) P=1Mbar => PAV=1-10eV

Magnetic Collapg.

Orbital reordering

Localisation
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Molecular systems at extreme conditions
Pressure as a knob

Physics Planetary science Chemistry/
Materials

Hydrogen: a quantum Insulator-metal Synthesis of new
solid at high pressure? transitions and compounds (CO,)
magnetic fields

The Abdus Salam
International Centre
(CTP for Theoretical Physics



P-T conditions inside planets

S. Scandolo and R. Jeanloz, American Scientist 2003
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Hydrogen at extreme P-T
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E. Wigner and H.B. Huntington
“On the possibility of a metallic modification of hydrogen”
J. Chem. Phys. 3, 764 (1935)
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Pair correlation function

Molecular to non-molecular sharp transition

112 GPa

137 GPa ]

150 GPa -

S. Scandolo, Proc. Natl. Acad. Sci. USA, 2003




Evidence of a liquid-liquid phase transition
in hot dense hydrogen

Vasily Dzyabura, Mohamed Zaghoo, and Isaac F. Silvera'

Lyman Laboratory of Physics, Harvard University, Cambridge, MA 02138
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Magnetism in compressed Oxygen
Prediction of a new magnetic phase

The Oxygen molecule has a peculiar (S=1) magnetic state
Pressure is known to eventually lead to the collapse of magnetism

Interplay between pressure-induced structural and magnetic changes

Y. Crespo M. Fabrizio E. Tosatti
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Molecular oxygen
Electronic structure
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Oxygen phase diagram
Where does magnetism disappear?

Yu.A. Freiman and H.J. Jodl, Physics Reports 401, 1-228 (2004)
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Magnetic collapse in Oxygen
DFT molecular dynamics

S. Serra et al, Phys. Rev. Lett. 80, 5160 (1998)
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Neutron Diffraction Exps

Goncharenko, Phys. Rev. Lett, 94 205701, (2005)

Disappearance of the antiferromagnetic
long range correlations at 0-¢ transition.
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More DFT
Nonmagnetic O, structures

VOLUME 88, NUMBER 20 PHYSICAL REVIEW LETTERS 20 May 2002

Low-Energy Linear Structures in Dense Oxygen: Implications for the € Phase

J.B. Neaton! and N. W. Ashcroft®3

! Department of Physics and Astronomy, Rutgers University, Piscataway, New Jersey 08854-8019
2Laboratory of Atomic and Solid State Physics and Cornell Center for Materials Research, Cornell University,
Ithaca, New York 14853-2501
3Cavendish Laboratory, University of Cambridge, Madingley Road, Cambridge, CB3-OHE, United Kingdom
(Received 25 January 2002; published 3 May 2002)
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e-0,: the structure!
molecular clusters 4 x O,

Vol 44314 September 2006|doi:10.1038/nature05174 nature

L. Lundegaard et al, Nature 2006 LETTERS

Observation of an Og molecular lattice in the
€ phase of solid oxygen

Lars F. Lundegaard’, Gunnar Weck?, Malcolm I. McMahon', Serge Desgreniers® & Paul Loubeyre?
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More DFT
Failure to reproduce correct structure

NATURE|Vol 44314 September 2006

CRYSTALLOGRAPHY

Solid oxygen takes shape

Burkhard Militzer and Russell J. Hemley

Oxygen crystallizes into a sequence of structures, starting as an insulator
at low pressure and becoming a superconductor at high pressure. The
elusive structure of anintermediate phase has now been determined.
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More problems
Vibrational frequencies

== Theory (DFT)
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More problems (2)
Infrared activity

Exp(IR): Gorelli et al., Phys. Rev. Lett, 83 4093, (1999)
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GGA+U
8'02 Stl” magnetlcl Y. Crespo, M. FaanI%NSASSﬁT?&ZEf ;I';gﬂt)l
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GGA+U: finds antiferromagnetic
S=1 ground state of e-phase
between 8-20 GPa, non-magnetic
state above 20 GPa!
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Magnetism in e-0O,

. . . Y. Crespo, M. Fabrizio, S. Scandolo, E. Tosatti
Vibrational frequencies PNAS 111, 10427 (2014)
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Magnetism in e-0O,

. . Y. Crespo, M. Fabrizio, S. Scandolo, E. Tosatti
Bend/ng fr equencies PNAS 111, 10427 (2014)
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Magnetism in e-0O,

L Y. Crespo, M. Fabrizio, S. Scandolo, E. Tosatti
Infrared activity PNAS 111, 10427 (2014)
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Magnetism in e-0O,
Infrared activity

Y. Crespo, M. Fabrizio, S. Scandolo, E. Tosatti
PNAS 111, 10427 (2014)
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Aditionnal Lowdin charge (3x10°q)
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Magnetism in e-0O,
Long range order? Yoo T, ST Jon27 (3014)
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Magnetism in e-0O,
A collective S=1 singlet phase?

Two competing ground states:

1. Antiferromagnetic Néel ‘classical”
configuration (DFT result)

E(AF) =-J;-J,~-02eV I;

2. Nonmagnetic “singlet” as collectionof  |L__[ ..
independent (O,), singlet ground
states

E(singlet) = -3/2 J, ~ -0.25 eV

J,=35 meV

J;=170 meV

+ quantum fluctuations ; Consistent with absence of long-range order

=> Spin liquid ?!
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Proposed Oxygen phase diagram
Two “epsilon” phases

[ S=1 S:O
collective band

singlet insulator
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Proposed Oxygen phase diagram
A critical point?
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Conclusion
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