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We investigate the ground-state properties of a collection of N noninteracting electrons in a macro-
scopic volume () also containing a crystalline array of N spheres of radius r., each taken as largely im-
penetrable to electrons and with proximity of neighboring excluding regions playing a key physical role.
The sole parameter of this quantum system is the ratio r./r;. where r, is the Wigner-Seitz radius. Two lat-
tices (fcc and bee) are selected to illustrate the behavior of the system as a function of r,/r,. As this ratio
increases valence electrons localize in the interstitial regions and the relative bandwidth € /€" is found to
decrease monotonically for both. The system is motivated by the behavior of the alkali metals at signifi-
cant compression. It accounts for band narrowing, leads to electronic densities with interstitially centered
maxima, and can be taken as a model which may be improved upon by perturbation and other methods.



ISQ = Interstitial Quasi-Atom
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Energy E of an electron moving along the (1,0,1)

Potential for electron + He atom comes (directly at a surrounding He) and (1,0,0) (toward
from Study of the Properties of an the four-fold “hole”) directions of a cube-

Excess Electron in Liquid Helium. |. The octahedron (He’s located at (D,/V2)(£1, £1, 0),
Nature of the Electron—Helium (+1, O, £1), (O, %1, +1)) surrounding the ISQ center.
Interactions, Joshua Jortner, Neil R. The distance the electron is from the center is
Kestner, Stuart A. Rice, and Morrel H. given as the dimensionless r/D,. D, is the

Cohen, J. Chem. Phys. 43, 2614-2625 optimized distance from the ISQ center to a

(1965). surrounding He.
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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...

reduced radial functions radial probability densities
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FIGURE 5.3. Reduced radial functions (upper panel) and radial probability densities (lower panel)
for the n = 3 states of atomic hydrogen.

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
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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 €)
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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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Electrides as anions
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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 I1SQs.
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QTAIM or Bader basins and charges

Charge in electride basin -0.80 at 100 Gpa
-1.12 above 200 Gpa
on Clin NaCl -0.78 at1latm

on O in MgO -1.74



A direct comparison with inorganic molecules is posssible

Na,E E=0,S, Se antifluorite structure at P =1 atm
Ni,In structure at 16 Gpa, (Syassen et al)

Bader Charge of anion Na* volume Anion or ISQ volume
or 1SQ (a.u.) A3 A3
Na HPE 300 GPa [ W) 4.86 3.58

Na,S 16 GPa -1.44 6.32 19.72
Na,S 300 GPa -1.38 4.45 12.64
Na,Se 300 GPa BNy 4.52 14.15

1ISQ is much smaller than an S%; it’s about the size of an Na*
(similar findings by Dong, Oganov, Goncharov et al in Na,He)

There is a high density of charge on an ISQ. Consequences?
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Chemical bonds between 1SQs
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Metallic Electrides

at 1latm

Simon, A. Group 1 and 2 Suboxides and Subnitrides - Metals with Atomic Size Holes and
Tunnels. Coordination Chemistry Reviews 1997, 163, 253-270.
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(c)
Fig. 14. Visualization of the real space electronic nature of selected suboxides and subnitrides. The shaded

asreas indicate the regions of confinement of the conduction electrons. (a) Cs;;0, shown as a void metal,
{b) NasBa,N representing an atomically drilled metal and (c) Ba,N shown as a 2D-metal.
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Li, P. F.; Gao, G. Y.; Wang, V. C.; Ma, Y. M. Crystal Structures and Exotic Behavior
of Magnesium under Pressure. J. Phys. Chem. C 2010, 114, 21745-21749.
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Mg-Mg in HPE small

Mg-1SQ -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



ISQ Interstitial Quasi-Atom
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#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 € 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.
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