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ISQ = Interstitial Quasi-Atom 



He compression model 

108 atom fcc model = 3 x 3 x3 nonprimitive cell 



Pressure 
(GPa) 

D0  108 He 
        (Å) 
 

Dr, 107  He 
         (Å) 
 

Dr 107 He + e 
          (Å) 
  

0.0001 2.87 2.87 3.49 
1 2.57 2.56 3.23 
10 2.16 2.10 2.34 
50 1.84 1.78 1.83 
100 1.70 1.64 1.67 
200 1.56 1.51 1.53 
300 1.48 1.43 1.45 
400 1.43 1.38 1.39 
500 1.39 1.34 1.35 

Paul Loubeyre 

Constrained compression, keeping Oh symmetry 

   
15 Å bubbles in 
liquid He! 



Energy E of an electron moving along the (1,0,1) 
(directly at a surrounding He) and (1,0,0) (toward 
the four-fold “hole”) directions of a cube-
octahedron (He’s located at (D0/√2)(±1, ±1, 0), 
(±1, 0, ±1), (0, ±1, ±1)) surrounding the ISQ center. 
The distance the electron is from the center is 
given as the dimensionless r/D0 . D0 is the 
optimized distance from the ISQ center to a 
surrounding He. 

 
Potential  for electron + He atom comes 
from  Study of the Properties of an 
Excess Electron in Liquid Helium. I. The 
Nature of the Electron—Helium 
Interactions, Joshua Jortner, Neil R. 
Kestner, Stuart A. Rice, and Morrel H. 
Cohen, J. Chem. Phys. 43, 2614-2625 
(1965). 
 





 

E(n,l) = zn,l
2 h2

2mR2

1s < 1p <1d ~ 2s 
 
Or… start from a hydrogenic atom  1s < 2s=2p < 3s=3p=3d 
    apply a confining potential, with the result that 2p<2s, 3d<3p<3s 



under pressure, radial nodes hurt… 

Or… start from a hydrogenic atom  1s < 2s=2p < 3s=3p=3d 
    apply a confining potential, with the result that 2p<2s, 3d<3p<3s 
Important: Effect of pressure  greatest on s levels, less on p, least on d 



Comparing the 1s orbital energies from FCC 
He model with the particle in a box model at 
various assumed values of the radius of the 
containing sphere, R = D0 – Rc.  For the 
orange line, the radius reduction Rc  is taken 
is taken as the half of the He-He distance in  
FCC. The red line is the best fit to the actual 
ISQ calculations, Rc = 0.3 Å. 



the ISQ 1s level 





Important: Increase in energy with pressure of d orbitals is less than p is less than s. 
 
K, Ca under pressure become d-metals. Explanation first provided in Sternheimer, R. On 
the Compressibility of Metallic Cesium. Phys. Rev. 1950, 78, 235-243. With a credit to 
Enrico Fermi for suggesting it! 
 
Note Al vs Na (same IP), Al vs B (effect of a core of same ℓ) 
 
 



Note C vs Si (core) 
 
Prediction : Tl, In will form HPEs 
 
Li (Be): at high enough pressure 2p will come below 2s. 



Rule of Thumb #1 (increasing ionization potential): in general, and for elements in the 
same group in particular, it becomes harder to form an HPE with increasing IP of the 
frontier electrons.  
 
Rule of Thumb #2: (effect of incompressible core): ISQ formation is more likely when the 
valence electrons, s or p, move around a relatively incompressible core. For example, it is 
easier for Al and Mg to form HPEs than B and Be. This is also why Li and Na form HPEs 
readily. 
 
Rule of Thumb  #3 (effect of d orbitals): Slopes of orbitals with pressure go as d<p<s. The 
primary effect of the low slope with pressure of nd electrons is that the heavier alkali and 
alkaline metal elements will not readily form ISQs, despite their low IP’s – as pressure is 
applied, their s electrons will transfer to the next available d orbitals.   



High Pressure Electrides 
The Chemical Nature of Interstitial Quasiatoms 



That  electron density off atoms (under  conditions of high pressure) has the structural 
consequences of real ions is not new to us: 
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The Na HPE structure at 200 GPa. The yellow balls show the position of the Na cores, the lines 
are nearest neighbor contacts. The white balls indicate the centers of the ISQs.  
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Electrides as anions 

Ni2In or DHCP 



Charge in electride basin  -0.80   at 100 Gpa 
    -1.12   above 200 Gpa 
on Cl in NaCl   -0.78   at 1 atm 
on O in MgO   -1.74 
 
 

QTAIM  or Bader basins and charges 



Na2E  E = O, S, Se  antifluorite structure at P = 1 atm 
                                Ni2In structure at 16 Gpa, (Syassen et al) 

  Bader Charge of anion 

or ISQ (a.u.) 

Na+ volume  

Å3 

Anion or ISQ volume  

Å3 

Na HPE 300 GPa -1.12 4.86 3.58 
Na2S 16 GPa -1.44 6.32 19.72 
Na2S 300 GPa -1.38 4.45 12.64 
Na2Se 300 GPa -1.32 4.52 14.15 

ISQ is much smaller than an S2-; it’s about the size of an Na+ 

 (similar findings by Dong, Oganov, Goncharov et al in Na2He) 
 
There is a high density of charge on an ISQ. Consequences? 

A direct comparison with inorganic molecules is posssible 
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The projected density of states of HPE Na at 300 GPa. Conduction band is ISQ 1p! 



Chemical bonds between ISQs 

Pressure E-E (Å) E……E (Å) 

100 GPa 1.70 5.10 

500 1.39 4.17 



The calculated density of (in unit of electrons/bohr3) the a) HOMO and b) LUMO 
of an E-E quasimolecule  in the He lattice model, at a minimal ISQ separation of 
1.70 Å, at 100 GPa. Small grey spheres  represent the position of He atoms in the 
lattice,  



Pressure E-E (Å) E……E (Å) 

100 GPa 1.70 5.10 

500 1.39 4.17 

Li2 A.A. Zavitsas 



a) Li-H, and b) Li2 in the 106-He-atom compression chamber at 100 GPa.  The large spheres with orange fill 
show the position of Li atoms. The H atom at left is at the center of the red electron density maximum in the 
contour plot.  

Calculated  electron density of an E-Li 
QM in the He lattice model at 100 GPa. 
The large light sphere at the center and 
the medium sphere with orange fill show 
the positions of the ISQ (E) and the Li 
atom, respectively. 

E-Li 

H-Li Li-Li 



          H ― Mg ― H 



Metallic Electrides 
 
    at 1atm 
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Ba2N 
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    800 GPa, MgB2 structure                ISQ charge -0.72  (Cl in NaCl -0.78) 



           Integrated COHP 
Mg-Mg  in HPE small 
Mg-ISQ  -0.32 
ISQ-ISQ  -1.17 
 
Diamond CC -6.52 eV/CC 
NaCl  -0.13 eV/NaCl 
Metallic Fe -1.65 
Cu-Cu in CuZn -0.40 
 

The bonding in the Mg HPE looks like that in an intermetallic compound 
 

Crystal Orbital Hamiltonian Population analysis of bonding 



 
#1 (increasing ionization potential): in general, and for elements in the same group in 
particular, it becomes harder to form a HPE with increasing IP of the frontier electrons.  
 
 #2: (effect of incompressible core): ISQ formation is more likely when the valence electrons, s 
or p, move around a relatively incompressible core. For example, it is easier for Al and Mg to 
form HPEs than B and Be. This is also why Li and Na form HPEs readily. 
 
#3 (effect of d orbitals, slopes of different ℓ level with P): Slopes of orbitals with pressure go 
as d<p<s. The primary effect of the low slope with pressure of nd electrons is that the heavier 
alkali and alkaline metal elements will not readily form ISQs, despite their low IP’s – as 
pressure is applied, their s electrons will transfer to the next available d orbitals.  
 
ISQs act as anions, occupying little volume, i.e., high electron density.  
 
ISQs can act as atoms, forming bonds with each other and with certain atoms. And then they 
can form metallic arrays. 
   
 

1s < 1p <1d ~ 2s 

ISQ Interstitial Quasi-Atom 
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Energy levels of an 
electron in spherical 
container for R= 1.16 Å , 
m=me. 



 

E(n,l) = zn,l
2 h2

2mR2



     HOMO                LUMO
   

 
E-Be 
 
 
 
 
E-B 
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