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RGs and mixtures : Interest 

- gas-cooled atomic reactors
- research experiments
- He-O to treat asthma

- discharge lamps
- air/sea navigation lights  

- luminous tubes
- industrial processes 

- electric bulbs

- bubble chamber for quarks       
  detection

* ~25 % of the elements in our galaxy are RGs



  

RGs and mixtures : Properties 

- monoatomic gases
- closed-shell electronic structure
- lack of chemical reactivity
- light RGs are very compressible
- are insulators
- interatomic interactions are weak

At normal conditions RGs...

...seem simple systems



  

RGs and mixtures : Properties 

- at T=0 4He is a liquid
- liquid 4He is superfluid
- BEC is observed
- solid 4He (probably) is supersolid
- are anharmonic

But at ultralow temperature RGs...

...quantum effects become macroscopic!



  

RGs and mixtures : Properties 

- may turn reactive  
- continue being compressible 
- crystallize in complex structures
- can conduct electricity

and at ultrahigh pressure RGs...

...undergo dramatic phase transitions!



  

RGs and mixtures: Methods 

At normal P-T conditions, RG's can be simulated 
with reliability using semi-empirical radial pair 
potentials (SPP) and classical molecular 
dynamics (MD)   
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RGs and mixtures: Methods 

 But at low T and P...

- Zero-point motion (ZP) 
- statistical quantum effects (BEC, superfluidity,...)
- large anharmonicity
- Van der Waals forces are very important

MD is no longer valid, quantum approaches are required... 
Diffusion Monte Carlo (DMC)
Path Integral Monte Carlo (PIMC)



  

RGs and mixtures: Methods 

 And at high P  and T...

- Zero-point motion (ZP) still important 
- anharmonicity still present
- changes in electronic structure 
- Van der Waals forces still important

SPP no longer valid, electronic structure methods required ... 
Density Functional Theory (DFT)
Quasi-harmonic approximation (QH)



  

RGs and mixtures: Methods

Diffusion Monte Carlo

∂
∂ t

=−i  H−E0

t =e−i  H−E 0 t0

Time-dependent Schrӧdinger equation 

H= T V



  

RGs and mixtures: Methods

Diffusion Monte Carlo

0=∑ cnn

t =∑ e−i n−E 0 t cnn

 DMC “trick” i t

H n=nn



  

RGs and mixtures: Methods

Diffusion Monte Carlo

=∑ e−n−E0  cnn

lim∞  c00

DMC is an exact Ground-State Method



  

RGs and mixtures: Methods

Diffusion Monte Carlo
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Green's function short imaginary time approximation



  

RGs and mixtures: Methods

Density Functional Theory

E [nr ]= T ee V Ie V ee V xc V II

V Ie [n r ]=−∑I
Z I∫ nr 

∣ R I−r∣
d r

V ee[n r ]=
1
2∬

n r n r ' 
∣r− r '∣

d r d r '

V xc[n r ]=∫ nr U xc [nr ]d r



  

RGs and mixtures: Methods

Density Functional Theory

E [nr ]= T ee V Ie V ee V xc V II

n r =∑i cii
2r 

min E [nr ]=E [n0 r ]=E0

Kohn-Sham equations are solved self-iteratively until the 
minimum of the energy functional is reached



  

RGs and mixtures: 4He 

C. Cazorla and J. Boronat, J. Phys.:Cond. Matt. 20, 015223 (2008) 

Mixed DMC and DFT approach in order to treat ions 
and electrons quantum mechanically

 ZP
High P approach = DFT (LDA/GGA)

 Band structure

        ZP
Low P approach = DMC with SPP 

     Band structure



  

RGs and mixtures: 4He 

C. Cazorla and J. Boronat, J. Phys.:Cond. Matt. 20, 015223 (2008) 

E0V =EDMC
Aziz II V E el  R

Eel R =E[n  R]−V AzizII  R

Electronic correlations are included via a 2nd order 
perturbation correction while ions are treated QM



  

RGs and mixtures: 4He 

C. Cazorla and J. Boronat, J. Phys.:Cond. Matt. 20, 015223 (2008) 
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RGs and mixtures: 4He 

C. Cazorla and J. Boronat, J. Phys.:Cond. Matt. 20, 015223 (2008) 
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RGs and mixtures: 4He 

C. Cazorla and J. Boronat, J. Phys.:Cond. Matt. 20, 015223 (2008) 



  

RGs and mixtures: 4He 

C. Cazorla and J. Boronat, J. Phys.:Cond. Matt. 20, 015223 (2008) 



  

RGs and mixtures: 4He 

C. Cazorla and J. Boronat, J. Phys.:Cond. Matt. 20, 015223 (2008) 



  

RGs and mixtures: 4He 

C. Cazorla and J. Boronat, J. Phys.:Cond. Matt. 20, 015223 (2008) 



  

RGs and mixtures: 4He 

C. Cazorla and J. Boronat, J. Phys.:Cond. Matt. 20, 015223 (2008) 



  

RGs and mixtures: Ne(He)
2
 

C. Cazorla, D. Errandonea and E. Sola, Phys. Rev. B  80, 064105 (2009) 



  

RGs and mixtures: Ne(He)
2
 

C. Cazorla, D. Errandonea and E. Sola, Phys. Rev. B  80, 064105 (2009) 

RG-He mixtures are interesting compounds for:

- astrophysics
- science and technology
- crystallography (Laves structures)

- pressure induced electronic phase transitions
- theory challenge



  

RGs and mixtures: Ne(He)
2
 

C. Cazorla, D. Errandonea and E. Sola, Phys. Rev. B  80, 064105 (2009) 

MgCu
2

MgZn
2

AlB
2



  

RGs and mixtures: Ne(He)
2
 

C. Cazorla, D. Errandonea and E. Sola, Phys. Rev. B  80, 064105 (2009) 

Methodology:

* DFT (LDA & GGA)

* Quasi-Harmonic Approximation (QH)

Approach reliable at intermediate and high P (vdW issue)



  

RGs and mixtures: Ne(He)
2
 

Ne(He)
2
 is a good 

hydrostatic PTM



  

RGs and mixtures: Ne(He)
2
 

He-He and Ne-Ne 
sublattices seem not to 
interact with each other



  

RGs and mixtures: Ne(He)
2
 

C. Cazorla, D. Errandonea and E. Sola, Phys. Rev. B  80, 064105 (2009) 



  

RGs and mixtures: Ne(He)
2
 

 Ar(He)
2
 compound



  

RGs and mixtures: Ne(He)
2
 

Geometry and space-filling 
arguments seem reliable for 
predicting properties of RGs 
mixtures under pressure



  

RGs and mixtures: Ne(He)
2
 

C. Cazorla, D. Errandonea and E. Sola, Phys. Rev. B  80, 064105 (2009) 

Chemical precompression 
of 4He by other RGs 
appears to reduce its 
corresponding 
metallization pressure



  

RGs and mixtures: Ne(He)
2
 

Do the same arguments 
apply to RG(H

2
)

2
 mixtures?



  

RGs and mixtures: Ar(H
2
)

2
 

C. Cazorla and D. Errandonea, to be published (2009) 



  

RGs and mixtures: Ar(H
2
)

2

Methodology:

* DFT (LDA & GGA)

* Quasi-Harmonic Approximation (QH)

C. Cazorla and D. Errandonea, to be published (2009) 

* Ab initio molecular dynamics simulations (AIMD)



  

RGs and mixtures: Ar(H
2
)

2
 

The MgCu
2
 Laves structure is energetically competitive



  

RGs and mixtures: Ar(H
2
)

2
 

Chemically induced metallization of H
2
 not below P~400 GPa



  

RGs and mixtures: Ar(H
2
)

2
 

H
2
 metallization might be induced by disorder and high T 



  

RGs and mixtures: Ar(H
2
)

2
 

H
2
 metallization might be induced by disorder and high T 



  

RGs and mixtures: Ar(H
2
)

2
 

Experimental controversy could be resolved by MgZn
2
→MgCu

2



  

RGs and mixtures: Ar(H
2
)

2
 

Vibron frequencies in the MgZn
2 
and MgCu

2 
phases are similar



  

RGs and mixtures: Ar(H
2
)

2
 

A novel melting behaviour for A(heavy)-B(light) compounds?



  

RGs and mixtures : Conclusions 

* RGs and mixtures are not as simple systems as naively 
  thought once temperature is lowered and/or pressure     
  applied, theoretical treatment is challenging!

* Mixtures of RGs with H
2
 are interesting systems for        

  astronomy, crystallography and materials physics areas

* Mixtures of RGs are interesting systems from a              
  crystallographic and materials physics points of view

* By studying the Ar(H
2
)

2 
system probably we have               

  unravelled a new type of melting behaviour under P that    
  can be present in other A(heavy)-B(light) compounds
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