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Pressure as a knob to tune 
electronic states 

Pressure range in the universe:
10-17 atm (intergalactic voids)
1034 atm (center of neutron stars) P = 1 Mbar    =>    PΔV = 1-10 eV  

Ionization 
Magnetic collapse 

Metallization 
Orbital reordering 

Localisation 
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Molecular systems at extreme conditions
Pressure as a knob

Planetary science Chemistry/ 
Materials 

Insulator-metal 
transitions and  
magnetic fields 

Synthesis of new 
compounds (CO2) 

Physics 

Hydrogen: a quantum  
solid at high pressure? 
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P-T conditions inside planets
S. Scandolo and R. Jeanloz, American Scientist 2003
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Hydrogen at extreme P-T

>90% molar fraction  



E. Wigner and H.B. Huntington 
“On the possibility of a metallic modification of hydrogen” 
J. Chem. Phys. 3, 764 (1935) 

Hemley and Mao, Rev Mod Phys  
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Molecular to non-molecular sharp transition 

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



Dzyabura et al,  PNAS 2013
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Magnetism in compressed Oxygen
Prediction of a new magnetic phase 

Y. Crespo M. Fabrizio E. Tosatti

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
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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 δ-ε transition. 

However: 
+ No local information (spin state of molecule) 
+ Other types of long-range order? 
+ Spin disorder? 

Magnetic collapse 
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More DFT
Nonmagnetic O2 structures 



!

ε-O2: the structure!
molecular clusters 4 x O2

L.	Lundegaard	et	al,	Nature	2006	
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More DFT
Failure to reproduce correct structure

!!!!

“…However, [DFT] calculations fail to show 
that the (O2)4 structure has the lowest 
energy, which is probably why previous 
theoretical attempts to predict the correct 
structure for epsilon-oxygen were 
unsuccessful.”  
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More problems
Vibrational frequencies

Theory: 
Pham et al. Solid State 
Commun, 149 160, (2009)

Exp(Raman): 
Akahama et al., Phys. Rev. 
B, 54 R15602, (1996),   

Exp(IR): 
Gorelli et al., Phys. Rev. 
Lett, 83 4093, (1999)
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More problems (2)
Infrared activity

Text

Exp(IR): Gorelli et al., Phys. Rev. Lett, 83 4093, (1999)
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GGA+U
ε-O2 still magnetic!

GGA+U: finds antiferromagnetic  
S=1 ground state of ε-phase 
between 8-20 GPa, non-magnetic 
state above 20 GPa! 

Y. Crespo, M. Fabrizio, S. Scandolo, E. Tosatti  
PNAS 111, 10427 (2014) 
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Magnetism in ε-O2
Vibrational frequencies

Anomalous pressure 
dependence of 
vibrational 
frequencies due to 
magnetic transition

Y. Crespo, M. Fabrizio, S. Scandolo, E. Tosatti  
PNAS 111, 10427 (2014) 
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Phys.	Rev.	LeH,	83	4093,	(1999)	

Magnetism in ε-O2
Bending frequencies Y. Crespo, M. Fabrizio, S. Scandolo, E. Tosatti  

PNAS 111, 10427 (2014) 
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Magnetism in ε-O2
Infrared activity Y. Crespo, M. Fabrizio, S. Scandolo, E. Tosatti  

PNAS 111, 10427 (2014) 
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Y. Crespo, M. Fabrizio, S. Scandolo, E. Tosatti  
PNAS 111, 10427 (2014) 

Magnetism in ε-O2
Infrared activity
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Y. Crespo, M. Fabrizio, S. Scandolo, E. Tosatti  
PNAS 111, 10427 (2014) 

Magnetism in ε-O2
Long range order?

Problem: 
DFT antiferromagnetic state is not consistent  
with absence of long-range order in neutron  
diffraction experiments 
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Magnetism in ε-O2
A collective S=1 singlet phase? 

Two competing ground states:

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

E(AF) = -J1-J2 ~ -0.2 eV

2.  Nonmagnetic “singlet” as collection of 
independent (O2)4 singlet ground 
states  

E(singlet) = -3/2 J1 ~ -0.25 eV

+ quantum fluctuations 
=> Spin liquid ?! 

J2=	35		meV	

J1=	170	meV	

Consistent with absence of long-range order 
in neutron diffraction experiments 



!

Proposed Oxygen phase diagram
Two “epsilon” phases

S=1 
collective 

singlet

S=0 
band 

insulator
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Evidence from vibrational spectroscopy: 
+ 1st order transition at low T (25 GPa)
+ smooth crossover at room T (35 GPa)

Proposed Oxygen phase diagram
A critical point?
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Conclusion


