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I. Introduction

Lithium hydride In the crystalline state has heen 
the subject of a number of lnvestlgations.^ Various 
models have been used to calculate crystal parameters,
and a number of experimental studies of crystal properties

2have been made. During the past ten years, the crys­
talline states LIH and LIHiHe have been examined In con­
nection with self-damage due to radiation In mixtures 
of LIH and Its lsotopic forms. When these mixtures are 
stored under conditions varying with factors of time and 
temperature, this damage results in the formation of 
helium as well as hydrogen gas and of metallic lithium 
precipitates. Over long periods of time, volume ex­
pansion of the material sufficient to oause crystal 
fracture can occur.

Quantitative studies of radiation damage were
-areported by Pretzel and coworkers^ jn 1961, and con­

siderable experimental work has been done since that
4-6time to determine the exact mechanisms involved.

Calculations of the formation and migration energies
of a He defect are important in the evaluation of the
role of these mechanisms in radiation damage. The
results of these calculations can be compared with ex-

7perimental values of the activation energy for dif­
fusion of He gas in LIH.

The crystal structure of LIH is the same as that 
of NaCl, i.e., face-centered cubic, and the binding la



considered to be primarily Ionic. Point-Ion models have 
been used for lonio crystals with the crystal potential 
expressed as a sum of a long-range electrostatic potential

Q
and a short-range repulsive potential. Parameters In 
the latter are usually determined empirically from ex­
perimental values of crystal properties. Several such

9 10models for LIH have been discussed In the literature. ' 
Defect calculations for lonlc crystals require a 

model for the host lattice which gives the variation In 
crystal potential when the Ions In the region of the 
defect are relaxed from the perfect lattice sites. florn- 
Mayer Interactions determined empirically from perfeot 
crystal data have been used for polnt-lon defect calcu­
lations In lonlc crystals In which there is no appreciable 
overlap of charge distributions.** This condition is not, 
however, satisfied In LiH. It Is therefore desirable to 
have a model for the host lattice that takes this overlap 
of charge Into account.

Quantum mechanical calculations of LiH yield a
charge distribution for the Ions In the crystal. The work 

12of Hylleraas In 1930» which attempts to solve the 
Schrodlnger equation for the entire crystal by the Heltler- 
London method, Is one of the earliest purely quantum
mechanical calculations of the properties of lonlc orys-

13tals. Hylleraas, and later Lundquist, assumed only 
lonlc binding and used screened hydrogenlc functions for 
both the H and LI Ions. Morlta and Takahashl extended
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Lundqulst*s calculations by adding electron-pair or 
covalent bonding. Hurst,^ In a calculation of form 
factors for LIH, used both open- and closed-shell two- 
electron funotlons for a single Ion and optimized the 
wave-functlon parameters In the field of positive and 
negative point charges arranged to simulate the crystal 
field.

In dlacrete models for LiH reported by Fischer
X 6 17at al, * two-body Interactions have been oaloulated 

by the Heltler-London method for various wave funotlons 
for the H Ion. Bom-Mayer repulsive interactions de­
rived from these calculations have been studied to de­
termine the form of the wave function that leads to a 
model most consistent with available crystal data. The 
details of these calculations are discussed In Section
II. Crystal parameters obtained are compared with the 
results found for other models of LIH, including several
which have also been used for calculations of He defect 

18properties.
The repulsive Interactions determined for the 

model of LIH have been used in calculating the forma­
tion energies for a He defect In the body- and face- 
centered Interstitial positions These calcula­
tions are discussed In Section III. The repulsive 
potentials used for Interactions between the defect 
and the host ions were again based on Heltler-London 
calculations. The method used In these defect calcu-
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20latlons Is that developed by Hatcher and Dlenes and
21extended by Wilson et al. The formation energies are

used to calculate an activation energy for He migration
18,22which Is compared with other calculated values and

with the experimental results from diffusion studies,'
Models for LIH based on pairwise repulsive forces 

neglect three-body effects shown by Lowdln^ to be Im­
portant In lonlc crystal calculations. Section IV con­
tains a description of a self-consistent field, molecular- 
orbital (SCF-MO) calculation of formation energies for
the crystalline state LiHtHe which attempts to Include

21many-body effects In the region of the defect. Two
methods for taking polarization effects Into account In
this calculation are discussed, one olasslcal and one
quantum mechanical.

The polarlzabllity of the Ions and the defect in
LIH and LIHiRe can be related to the corresponding charge
distributions in the orystal environment by using the

2*fresults of previous work by Pauling. A discussion of 
how the results of the SCF-MO calculations can be used 
to study these charge dlstrlbutIona Is found In Sect Ion V. 
Density contours for the region of the defect are pre­
sented. The radial variation of the charge distribution 
around a given center Is used to determine a polarlzabllity 
for the Ion at that location. The variation In polar- 
lzabillty of the Ions as they are dlsplaoed from the per­
fect lattice sites by the defect are discussed, Such
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variations have been considered^ to prevent the so-called 
"polarization catastrophe" in polnt-lon defect calculations. 
This phenomenon occurs when the aonopole-dlpole energy be­
comes larger than the repulsive energy so that the total 
energy becomes negative and unbounded as the Ions relax.
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II. Models for LIH and LIHtHe

A. General Formalism
Pairwise Interactions between the Ions In the 

crystalline state LIH and between the He atom and the 
host Ions of LIHiHe can be calculated using the Heltler- 
London method. The unsymmetrlzed wave function for the 
heteronuclear pair of two-electron systems can be 
written as

- a(l)/(l)b(2)^(2)c(3)o<(3)d(^)^(4) (1)
where a, b, c and d are the space parts of one-electron 
wave funotlons. From (1), four Slater determinants can 
be constructed

^  «  l a « \ b ^ o « d ^ l  ^  ^  *  [ a x b ^ c s d  ^  \

Vj « ! â b-<e *<df ^ M * \ a^b^cfidv 1
For closed-shell systems, a - b and o ■ d, and the total 
wave function In the Heltler-London approach Is repre­
sented by a single determinant. For the open-shell 
system used in this calculation and discussed In Appen­
dix A, the two-electron wave functions are of the fora

ffld.J)- [a(l )b( J )+a( j )b(i )] \* (1 )fl( J )-^( J ) \)(1) ] (2)
The total wave function for the heteronuolear pair 
must be antisymmetric with all exchanges of electrons 
1,2,3 «md 4, and must vanish when any pair of electrons 
are In the same state. Thus, as discussed In Appendix 
A, the total wave function for the open-shell case is 
given by

v  - v  (3)



This wave function is an eigenfunction of the square 
of the total spin operator with eigenvalue zero and 
corresponds to the ground state of the open-shell system.

For a given choice of one-electron wave functions.
the total energy of either the open- or closed-shell 
system for an lnternuclear separation, R, Is given by

where H Is the Hamiltonian for the four-electron system. 
This Hamiltonian contains the eleotron klnetlc-energy 
operator and the electron-nuclear, electron-electron and 
nuclear-nuolear potential energy operators and is given 
In Hartree atomic units) by

where Is the coordinate of the 1-th electron from
the nuclear center k and r .. Is the distance between two
electrons, and Z g are the nuclear charges.

For the single-determinant, antisymmetrized wave
function, the energy of (4) is calculated using Lowdln*s

2 5method for non-orthogonal orbitals. The diagonal 
matrix element of the electronic Hamiltonian is given by

where S Is the overlap matrix, with elements given, in

(5)
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terms of the spin orbitals, u , by

3 u  - f v i,uj (l) dTi <7)

and D, and D., are determinants formed from det1Sm I1J lk,Jl PQ
by omitting the rows and columns Indicated in the sub­
scripts and including a parity factor.

The integrals with one-electron operators f^ are 
written as

[l.j] - Ju^UfjUjU) dv^ (8)

The integrals for the two-electron operator, 
are written as

[ij,kl] -Jj u*(l)uJ(l)uk (2)u1 (2)6l2 dv1 dv2 (9)

For a closed-shell rare-gas diatomic configuration,
26Slater has shown that the result found from Eq. (6) 

using the Heltler-London method is equivalent to that 
found from a molecular orbital calculation. The ex­
pression for the open-shell energy of a heteronuclear 
four-electron system In the Heltler-London approach Is 
derived In Appendix A.

For both the olosed- and open-shell cases, the 
one- and two-center Integrals required to calculate the 
energy at a given value of H are evaluated with the
Harwell Laboratory version of the Corbato-Swltendlck

27program DIATOM, further modified by Prof, C. fi. Fischer
for the CDC 6600 computer. No attempt la made In these



energy calculations to apply a variational principle 
since the interaction energies considered are not the 
total energies of a physical system.

The repulsive energy for a pair of point Ions, or 
for an Ion and the neutral He atom. Is found by cal­
culating a net Interaction, E(R) - E M ) ,  and subtracting 
any Coulomb energy. Thus the repulsive energy as a 
function of lnternuclear separation R Is given by

E (R) « E(R) - Etoe') - (10)rep H

where and are the net charges on the lone k. and 1, 
Curves for the repulsive energy versus lnternuclear dis­
tance are obtained for each Interaction with parameters
of the one-electron wave functions held fixed.

♦  -The repulsive Interactions for LI - H and H - H
can be represented by Born-Mayer forms. Total energies

+
calculated for LI - LI Interactions give repulsive forces 
that are negligible at second-nearest neighbor distances 
in the face-centered cubic structure of LiH. With six 
nearest neighbors per ion and six next-nearest H neigh­
bors per Ion pair, the cohesive energy per Ion pair of 
the fee LIH crystal Is given as a function of R as

U(R) » 6A exp(-BR) ♦ 6C e x p M 2  DR) (11)

where A and B are the Born-Mayer parameters for the
\  -  —LI - H Interaction, C and D those for the H - H Inter­

action, o< is the Madelung oonstant for the NaCl structure



10

(1•747?^ ), and e is the electronic charge.
The equilibrium value of the interionic separ­

ation, R q , can be obtained from the relationship

R:
(1 2 )

R=R 0
The cohesive energy of the crystal is obtained from 
Eq, (11) for R R^. The compressibility is defined as

K
1 IV 
V P

(13 )

where V is the volume per ion pair and P is the pressure 
how

‘P
':V

2u
2 2• R ■, ■ U

■Vi . R 2
(14)

R-R

Since the volume per ion pair in the EiH structure is
given by V = 2R0

R
« V 0Rq 2

(15 )

Therefore
1
K

„2U 
- V — 2

dV

j2U
lSRn ,)R' R-R0

(16)

With the above equations, the cohesive energy, 
interionic distance and compressibility can b® found
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for a given wave function for H . In empirical deter­
minations of the Born-Mayer parameters, the second term 
of Eq, (11) is usually omitted and the constants A and B 
can then be found from Eqs, (12) and (15)» using ex­
perimental values for Rq and K. Once A and B are deter­
mined, the cohesive energy can be calculated,

B. Numerical Results 
4The Li - H repulsive interaction was calculated 

for three different types of H wave functions with the 
results shown in Pig. 1. When closed-shell free-ion
one-electron wave functions which are close to the Hartree-

28Pock limit are used for both Ions, the curve labeled
"Hartree-Pock" was the result. The curve marked "Hurst**
is the result of using one-electron hydrogenie wave
functions, with parameters found by Hurst,^ in open-
shell wave functions of the form given in Eq. (2).
Finally, closed-shell screened hydrogenlc functions of
the form exp(-ir) were used with an adjustable screening
parameter S for the negative hydrogen ion. The free-
ion screening parameter was used for Li since this has

15been shown by Lundqulst J and Hurst to be satisfactory 
for crystal calculations.

Examination of Fig. 1 shows that the Hartree- 
Fock free-ion H function gives the strongest overlap 
repulsion. This function also leads to the most ex­
tended charge distribution for the H ion. For the



screened hydrogenlc functions, the repulsive energy 
decreases uniformly as the value of the screening param­
eter Increases, that la, as the charge contracts. The 
open-shell function, with orbital exponents 1.01 and 
0.57 for the one-electron wave functions of the H ion, 
gives results almost Identical with the closed-shell 
function with a screening parameter for the H Ion of 0.75*

Table I gives the Born-Mayer parameters A and B 
for Bq. (7), resulting from least-square fits of each of 
the Interactions In Fig. 1 to the exponential forma. The 
lnterlonlc distance and cohesive energy of LIH, considering 
only first nearest neighbor Interactions is also given.

Second neighbor H - H repulsive Interactions are
shown In Fig. 2. Some of these interactions are actually
attractive. For values of lnternuclear separation near
the lnterlonlc distance in LIHjthe least contracted wave
function yields the most attractive Interaction and the
most contracted, the most repulsive. This Is opposite 

+ -
to the LI - H results. For larger values of II, the 
least contracted funotlon yields the most repulsive 
Interaction. It should be noted that the open-shell 
function Is the only function considered here whloh 
Includes enough lntraehell correlation to yield a bound 
state for the free H Ion (X = -0,5133 a.u,). The Inter­
action for this function Is repulsive and is again 
approximately that given by a closed-shell function with 
 ̂* 0,75. The repulsive energy in both of these cases
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is a linear function of lnternuclear separation In the 
region of Interest.

The Born-Mayer parameters, C and D in Eq. (11)* 
for the second-nearest-neighbor Interactions are given 
in Table II for various values of the screening parameter. 
Also given are the corresponding values of interionic 
distance, cohesive energy and compresslblllty. The ex­
perimental values2^"-^^ are shown for comparison,

C. Discussion
The attractive interactions for H - H shown In

12Fig. 2 are consistent with the results of Hylleraas and 
Lundquist.^ Seitz-^2 has objected to such an interaction 
in Hylleraas* calculation, but the present calculations 
confirm the fact that closed-shell models for two-electron 
systems can yield such results.

As can be seen from Table II, however, the best 
fit to crystal data Is found for the H screened hydrogenie 
wave functions which give repulsive interactions and re­
sult in a considerable contraction of the charge dis­
tribution as compared to the free ion. This contraction

13is In general agreement with the results of Lundquist 
and H u r s t . T h e  free-ion Hartree-Fock function for H 
leads to an attractive H - H interaction and a charge 
distribution which is much too extended to yield a reason­
able model for LIH according to the methods used here.

The strongest H - H interaction changes the value 
of Rq and U by only sir percent compared to those for
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first nearest neighbors only. The values are still high com­
pared to the experimental values. The compressibility values
for large screening parameters are low compared to reported

30 31 33experimental values. * Subhadra and Slrdeshmukh have
analysed the experimental data for the compressibility of 
LIH and find that the use of the reported values with a sim­
ple Born-Mayer model of LIH leads to elastic constants which

34violate the B o m  conditions for crystal lattice stability.
They conclude that the measured values are In error and pre-

-12 2diet an upper bound of 2,13 1 10 cm /dyne. Recent work
18of Wilson and Johnson attributes the disagreement between

theory and experiment to the assumption of only central forces
In the discrete lattice theory,

LiH crystal parameters calculated by other Investl-
13gators are presented in Table III. Lundquist found upper 

and lower limits of -8.45 and -8.77 ©V/ion pair for the co­
hesive energy of LIH by applying a molecular orbital method
to the entire crystal. Screened hydrogenlc functions with

— +free-ion parameters were used for the H and Li Ions. For 
the same functions In the pairwise Interaction model, the 
cohesive energy Is -8,39 eV/lon pair (Table I), The neglect 
of three-body forces in the pairwise Interaction model oould
account for the difference in energy. Model I of Wilson and

13Johnson, which Includes the effect of non-central forces 
for first and second nearest neighbors, gives a cohesive 
energy of -8.50 eV/palr. Model II, which Includes the effect 
of these forces for only first nearest neighbors, gives a co-
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heslve energy of -8,10 eV/palr,
With Hurst’s open-shell crystalline H~ function, the 

cohesive energy obtained In the diatomic calculation differs 
from Hurst's result using the same function by almost twenty 
percent. This difference nay be due to the fact that Hurst 
carried out his calculation at the experimental value of the 
lnterlonlc distance rather than at an equilibrium value ap­
propriate to his model. His model also neglects antisym- 
metrlzatlon effects which are j>artly included In the diatomic 
calculation,

In the diatomic calculation, the large value of the 
H screening parameter required for best fit to crystal data 
(0,90 as compared to 0,6875 for the free ion) corresponds to
the redistribution of charge of this ion that would arise

3Sfrom a properly symmetrized wave function and also takes 
into account, as mentioned previously, the contraction of 
the H Ion In the crystal field. The first of these effects 
Is Included in Lundquist*3 calculation, which could account 
for the much smaller change in screening constant (from 
0,68?5 to 0.7208) required in his case to obtain the best 
fit to the data.

The open-shell configuration leads to a charge dis­
tribution for the crystalline H which differs markedly 
from the distribution obtained from the screened hydrogenlc 
function with £ = 0,75» yet both the Ll+ - H~ and H~ - 
repulsive Interactions obtained with the two different wave 
functions are almost identical. This result suggests that
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the finer details of lonlc charge distributions may not be
of such Importance when two-body repulsive Interactions are
being calculated, and that closed-shell screened hydrogenlc
functIons may be adequate for this purpose. This type of
result has been obtained previously. For example, Thomas-
Ferml type of charge distributions yield Interactions In
various diatomic calculations almost Identical to those found

36from single or even multIconflguratlon MO-SCF calculations.
The diatomic calculations as related to the LIH crys­

tal data provide a basis for calculating Interaction energies 
between a He defect and the Ions of the host lattice. The 
changes in Interaction energies In the host lattice resulting 
from relaxations of ions around the defect can also be eval­
uated. Parameters for a repulsive Interaction obtained from 
a theoretical calculation of Interactions over a range of 
lnternuclear distances should be more reliable than those 
obtained from crystal data relating to a single lnterlonlc 
distance.



Ill, Point-lon Defect Calculations

A. Method
When a point defect Is present In a crystal* the Ions 

In the region surrounding the defect are relaxed from their 
positions In the prefect crystal. For a fixed position of 
the defect* the relaxations corresponding to a minimum In 
formation energy (total energy of the defect state relative 
to the pure state) are found by assigning variable displace­
ment parameters to Ions surrounding the defect and mini­
mizing the formation energy with respect to these parameters,

20Following the method developed by Hatcher and Dlenes*
21and extended by Wilson et a l * the formation energy for a 

defect state Is expressed as a sum of changes In electro­
static, repulsive and polarization energies. The electro­
static energy change Is a correction to the Madelung energy 
of the perfect crystal due to relaxations of the lattice Ions 
plus an additional electrostatic energy If the defect Is 
charged. The change In repulsive energy Is calculated using 
the Born-Mayer parameters determined from the calculations 
of two-body Interactions for Iona in the host lattice. The 
additional repulsive energy between the host lattice Ions 
and the defect is also Included. Repulsive interaction 
energies up to third nearest neighbors are taken Into account

In the perfect crystal the electric field at each 
point Ion vanishes by symmetry and hence polarization energy 
Is zero. With the defect present, the relaxations of the 
Ions create a non-zero electric field at the Ion sites
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which gives rise to Induced dipoles and associated dipole 
fields. The polarization energy Is given by

V i  ■ - * ^ v V hs (17)

where the sura Is over all polarlzable Ions, p^ Is the In­
duced electronic dipole moment on Ion 1 due to the field

 ̂c hitof the charges and dipoles surrounding It, and Is
the monopole electric field at Ion 1 due to the asymmet­
rical distribution of charges surrounding It. The value of 
the dipole moment for Ion 1, p^, Is written In terms of the 
monopole field and the dipole field as

pi - 'V? h8 - us,
s > y 'rij' •’

where Is the polarlzablllty of Ion 1, r ^ l s  the posi­
tion vector of Ion ^  relative to Ion 1 In their relaxed 
configuration, and I Is the unit, dyadic. Thus for a given 
number of dipoles a set of simultaneous equations must be 
solved to calculate the polarization energy.

In the solution of these equations, the ^ are assumed
to be known. For some Ionic crystals, the free-lon polar-

37lzabilltles of the constituent Ions can be used. The
polarlzablllty of the free H Ion has not been uniquely

38determined. Moreover, values for the free-lon do not
apply since the H Ion Is contracted In the L1H crystal.
An estimate of ^ can be obtained from the Lorentz-Lorentz 
relation for the NaCl structure



19

where n Is the refractive Index and and _ are the
cation and anion polarlzabllltles. If the free-lon value

+  — ■for LI Is used In this formula, a value for H can be found.
Since the Ions In L1H are of very different sizes, 

the central dipole approximation, which leads to a constant 
polarlzablllty, Is not strictly satisfied. The H polar- 
lzablllty determined from lonlo or pure crystal data for 
L1H may therefore need to be further adjusted or varied.

B. Results
16In a calculation previously reported, a polnt-lon 

defect model based on the repulslve Interactions determined 
for the pure crystal was used to calculate activation energy 
for He migration in L1H. The cube-centered Interstitial po­
sition was assumed to be the most stable for the neutral 
defect, with migration taking place through the center of an 
adjacent face. The activation energy Is the energy needed 
to move the defect across the potential barrier between po­
sitions of stable equilibrium. It is therefore given by the 
difference of formation energies for the face-centered and 
the body-centered positions of the defect.

The change In repulsive energy due to relaxations of 
the host Ions was calculated using Bom-Mayer parameters 
for first-nearest neighbors corresponding to a screening 
parameter of 0.95 for the H Ion (Table I). The parameters 
used for second-nearest neighbor H interactions were 
A = 5.0510 eV/lon pair and B - 2.0859 AT^ These values 
correspond to a screening parameter between 0,72 and O.75.
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In this model the charge distribution of the H Ion Is more 
extended toward a like Ion than toward the neighboring Ll + .

The parameters for the He-Ll+ repulsive Interactions 
determined by the method described In IIA were A = 615.99

r- _ 1 _eV/palr and B » 5.0680 A . Por the He - H Interaction,
two values of the H screening parameter were considered and
the resulting values of the activation energy compared.

+ f ̂The polarlzablllty of LI (0.029 A ^ ) was taken from
3? 3Tessman, Kahn and Shockley and that of He (0,203 A ) from

24Pauling, Equation (19) with a value for n = 1.984 taken
3 wjfrom Pretzel et al gives ■*< j= 1,93 A for the crystalline H

Ion. This Is consistent with the contracted wave function
24for H and Pauling's relationship between ^ and S , which 

for two-electron systems becomes

 ̂ e (20)

However, with the repulsive Interactions used In this pre­
liminary calculation, this value of polarlzablllty resulted
In an unstable defect model and a lower value had to be used.

03Por r( = 1.00 A , the activation energy for He migration was 
found to be 0,27 eV and 0.25 eV, respectively, for £ * 0.7208 
and 0,95 In the He - H~ Interaction.

Por these models, the volume expansion of the lattice 
per He defect, estimated from first nearest neighbor dis­
placements for the body-centered position, was between 5*0 
and 5.6 A^.

19A later calculation of the activation energy for He
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In L1H employed the two-body LI - H" Interactions for 
5) = 0.90 and used an He - H Interaction determined from

39a generalization of the semlclasslcal method of Wedepohl 
for treating Interactions between like Ions. In this cal­
culation the polarlzablllty of the H Ion was assumed to 
decrease with distance from the Ions near It to prevent£-3
polarization catastrophe. A value of 1.93 A was assumed at 
R = Rq . This gave a stable defect model with an activation 
energy of 0.6 eV for He migration from a body-centered stable
position through an adjacent face. The volume expansion per

c 3He defect was estimated to be between 7 and 8 A .

C, Discussion
The activation energies calculated from the polnt-lon 

model can be compared with values reported by other workers 
for discrete models. Jaswal and coworkers used a deformation 
dipole model to determine the dynamical matrix of the L1H 
lattice, making use of experimental phonon dispersion curves. 
In calculations of the activation energy of a He defect, the
potential energy of the distorted crystal was treated In the

22harmonic approximation. An early calculation used a defect 
host-Ion interaction of the Rugglns-Mayer form with the para­
meters computed from a known He - He potential. The mlgra-

ifl Z|2tlon energy reported was 0.8 eV. In later calculations, *

the Heltler-London method was used with a Slater orbital for
H~ (*$ = 1.0) expanded, ten Gauss Ians (exponentials with an
2r variation rather than an r variation as In screened hy- 

drogenic functions). Defect calculations using these inter-



actions gave a migration energy of O.65 eV.
18Wilson and Johnson, using the repulsive Interactions

described In II together with a variable polarlzablllty for 
, found migration energy values of 0,69 amd 0,87 «V for 

the two different sets of crystal parameters for L1H given 
In Table III.

These calculated values can be compared with experi­
mental results, Jones^ has estimated an activation energy 
of 0.4 eV based on the size and separation of He bubbles In 
damaged LIHiLIT. More recently, a hlgh-temperature result
of 1,22 eV for the activation energy of diffusion of He gas

7In crystalline L1H has been reported. The difference be­
tween this measured value and calculated values has been 
attributed18'̂ 1 to trapping of significant fractions of the 
He gas In Intrinsic defeots.

Experimently observed volume expansion In mixtures of
L1H and LIT vary with storage conditions of temperature and
time. On the basis of experimental results and the half-

4life of T , Pretzel and Petty have estimated the low-

between calculated and observed values, other mechanisms for
19low-temperature expansion In LIHiLIT have been examined.

Otemperature (below 0 C) expansion due to Interstitial He
Because of the lack of agreement
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IV, Many-Body Calculations 

A, Method
To Investigate such questions as many-body forces, 

charge distributions and the polarlzablllty of Ions, a 
molecular-orbital (MO) method, modified to Include the crys­
tal environment, oan be used to find approximate solutions 
of the Schrodlnger equation for the defect region of LIHtHe. 
Electronic structure Is associated with the defect and with 
a group of neighboring Ions, and this structured group Is 
surrounded by a sufficient number of point Ions to simulate 
the crystal field in the neighborhood of the structured Ions, 
Following the method of Roothaan the molecular orbitals 
are formed from linear combinations of a basis set of N
atomic orbitals (LCAO). Thus

u

coefficients of these functions In the molecular orbital. 
On the basis of the study of the point-lon model of

the perfect crystal, closed-ohell atomic orbitals can be

a two-electron, closed-shell system. For a closed-3hell 
system, the total wave function for the defect region Is a 
single determinant of doubly occupied molecular orbitals

(21)
t t

where are the basis functions and Yr  ̂ the normalized

used for both the H and Ll+ Ions. The He defect is also

(22)
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where M Is the number of structured centers In the model 
of a given crystalline defect state of LIHiHe, An approx­
imate solution of the self-consistent field (SCF) problem is 
found by minimizing the total energy of the seml-dlscrete 
model of the defect state with respect to the coefficients
Y of the atomic orbitals. The details of this calculation rl
are discussed In Appendix B. The total energy of an equiv­
alent model of the perfect crystal Is also calculated by the 
LCAO-MO-SCF method and subtracted from the total energy of 
the defect state to find the change In energy due to the 
addition of the defect. The formation energy Is found by 
subtracting the self-energy of the defect from this change 
In total energy.

In the molecular-orbital calculations, all Ions sur­
rounding an ion that Is allowed to relax In the presence of 
a defect must be structured since the amount of overlap de­
termines the change In repulsive energy. In this calculation 
only the first nearest neighbors to the defect are allowed 
to relax since the polnt-lon model shows these relaxations 
to be large compared to those of lone further from the de­
fect. The minimum In formation energy Is found by varying 
these relaxations,

The two-electron Integrals needed to calculate the 
total energy Involve as many as four centers. Also, the to­
tal number of distinct one-electron Integrals to be eval-

2uated varies approximately as N /2 and the total of two- 
electron Integrals as approximately N /8, where N is the
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number of atomic orbitals used to form the molecular or­
bitals. For a basis set of 50 functions, which Is about the 
number required in this problem, there are 1275 distinct one- 
electron Integrals and 814,725 two-electron integrals.

Serious computational difficulties arise In eval­
uating these Integrals if screened hydrogenlc functions are
used. To avoid these difficulties in studying complex mol-

44ecules, a number of investigators in quantum chemistry 
have made use of Gaussian functions. For s- and p-symmetry 
types, these are of the form

^  = (Cs + + CyY + CzZ) exp(-^r2 )

2The dependence of this function on r rather than r avoids 
the appearance of square roots in expressions Involving func­
tions of different distances. Also, Gausslans have the prop­
erty that products of functions centered on different origins 
are proportional to a single Gaussian with a center on the 
line Joining the origins of the product functions. For these 
reasons, nearly all of the Integrals in the molecular orbital 
calculation can be evaluated analytically. For the most dif­
ficult type, a single numerical Integration is required.

The evaluation of the Integrals and the SCF calcula­
tion can be carried out on the CDC 6600 with a modified ver-

44slon of POLYATOM. The details of the program are discussed 
in Appendix B, Symmetry properties of the structured group 
of ions are introduced to reduce the number of unique inte­
grals and symmetry orbitals which are irreducible represen-
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tations of the symmetry group are used to simplify the 
SCF calculations.

Gaussian functions have been used in calculations of 
4the LiH molecule ^ and for calculating the energy of the He

uaatom. The results obtained for single atoms and for simple 
molecules show that more Gaussian than Slater functions are 
needed for calculation of primary properties. There is evi­
dence, however, that reliable values for energy differences
can be obtained with a limited set of Gaussian basis func- 

47tlons. Since equivalent sets of lattice ions are struc­
tured in the two LCAO-MO-SCF calculations (with «nd without 
the defect) relatively few Gavsslans are associated with the 
individual ions. For the defect, which appears in only one 
part of the calculation, a more extended set of atomic or­
bitals Is used. The self-energy of the defect used in cal­
culating the formation energy of a defect state is that cor­
responding to the basis set used.

A check on the reliability of the values found for
energy differences, with a limited set of Gaussians, can be

48made by using the vlrial theorem. This theorem implies 
that in going from one stable configuration to another the 
changes in kinetic energy and potential energy satisfy the 
relationship

AT - -itv
Por the defect problem, this relationship should hold at 
the minimum value of formation energy.

Polarization energy Is taken into account to some
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extent In an LCAO-MO-SCF calculation that includes Gaussians 
with only s-type symmetry. There is a limited amount of dis­
tortion of the charge distribution surrounding the ions that 
relax due to the lack of symmetry. Polarization energy can 
be further taken Into account by including p-type Gaussians 
in the basis set of atomic orbitals to give more flexibility 
in the wave function. For comparison purposes, a polariza­
tion energy can be calculated separately in the classical 
polnt-lon model.

B. Description of Calculations
The optimum value for a single Gaussian to approx­

imate a single Slater-type orbital can be calculated as
46shown by Huz inaga from

\ * (Z* )Z *< . (23)1 opt

where y is the coefficient in the exponent of the Gaussian 
«orbital, Z is the screening parameter for the Slater or­

bital and Is a constant depending on the symmetry of
the orbital. For a Is orbital, * * =  0,2829. Thus the 
three optimum values of interest for the LiHiHe problem are

Z' I
H" 0,6875 0.1337
He 1.6675 0.8057
Ll+ 2.6875 2.0433

For He, Huzlnaga has calculated the orbital parameters for 
N gaussians with N = 2 to 10. The values for N = 2 were
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used to obtain parameters for two Gaussians for an H or Ll+ 
Ion by using simple ratios to the optimum single values In 
each case. The set of orbital parameters used for various 
Ions In the defect region are shown In Table IV along with 
Huzlnaga* e values for He for N =■ 2 and 9.

The cube-centered Interstitial position is assumed to 
be the most stable for a neutral He defect In this model for 
LIHiHe. Migration of the defect between positions of stable 
equlllbrlum was again assumed to take place through the cen­
ter of the cube face. The activation energy Is the energy 
needed to move the He across the barrier between positions 
of equilibrium.

The minimum total energy for the cube-centered posi­
tion of the defect wus determined by varying the relaxations 
of the eight nearest neighbors at the corners of the cube 
shown In Fig, 3* As Indicated at one c o m e r  of the cube, 
each nearest neighbor has three neighbors which are near­
est to It and which are second-nearest neighbors to the de­
fect. Thirteen more groups of n-th order neighbors with 
n * 3 to 15 were Included as point Ions so that all Ions 
within ^30 times the Interlonlc distance from the defect 
were Included. This gave a total of 673 centers for the 
defect region In the model of the body-centered case.

The relaxations were assumed to be radial from the 
defect, the Ions moving along the body diagonal of the cube. 
The H~ Ions are more diffuse than the Ll+ Ions so that the 
overlap wll.1 be greater for He - H~. On the basis of re­
sults obtained with the polnt-lon model, Is was assumed
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that the relaxations for K were greater than for Ll+ . The 
experimental value of the interionic distance in LIH, 3*86 
a ,u ., was used.

In calculating the minimum total energy for a face- 
centered interstitial He defect, the four nearest neighbors 
to the defect were allowed to relax. Fig, 4 shows the ions 
at one corner of the face which were structured for the LCAO- 
MO-SCF calculation. All nearest neighbors of the ions that 
are allowed to relax are structured. This gives equivalent 
conditions to those used In the body-centered defect calcu­
lations. A fifth nearest neighbor to the defect and one of 
the second nearest neighbors to the Ion that is allowed to 
relax was also structured since the latter moves radially 
outward toward the former. The equivalent ion In the body- 
centered was assumed to be a point ion since it Is a third 
nearest neighbor to the ion that is allowed to relax and 
Is a body diagonal away. The face-centered defect model thus 
includes structure for a total of 25 centers counting the 
defect. The effect on the formation energy of the choice of 
ions structured was studied for this case by varying the 
number to include only nearest neighbors to the ions that 
are relaxed in one case and all second-nearest neighbors to 
the ions that are relaxed in another case. Point ions up 
to ^30 times the interlonlc distance were again Included in 
all calculations, giving a total of 681 centers for the face- 
centered case.

As noted in IV-A, the total number of Integrals that
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must be evaluated In the molecular orbital approach can be 
reduced by taking Into account the symmetry of the group of 
structured Ions. As can be seen from Fig. 3» the body-cen­
tered group has three axes of rotational symmetry, the three 
rotations belonging to the group which has four Irreducible 
representations. The face-centered configuration. Fig. 
also has three axes of rotational symmetry, and In addition 
three planes of reflection and a center of inversion. The 
transformation group Is and there are eight irreducible
representations.

Some p-type Gaussians were Included in one set of
calculations for a face-centered defect. Two px , p and pz

45Gaussian orbitals with parameters taken from Csizamadla 
were added to the basis set for nearest neighbors only. If 
two of the coordinates are chosen along the face diagonals, 
the same transformation group can be used.

C. Results
Curve I In Fig. 5 shows the formation energy In Har- 

tree atomic units versus nearest-neighbor relaxation for the 
body-centered He defect. The basis set of atomic orbitals 
Is limited to Gaussians of s-type symmetry. The relaxation 
parameter P-̂  Is that associated with the H Ion and the radial 
relaxation Is given by P^ times the Interlonlc distance In 
the perfect crystal. A similar parameter P^ la associated 
with the Li+ ion. On the basis of polnt-lon defect calcu­
lations, It was assumed that P2 - P^ “ 0.01 for all values 
of P1 .
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The energy of the He defect used In calculating the
46formation energy was that given by Huzlnaga for the nine 

orbital parameters In Table IV. This energy Is -2,86l65 a.u. 
as compared to the Hartree-Fock value of -2,86l68 a.u.

Curve II in Fig. 5 gives the polarization energy as 
computed from the polnt-lon defect model, allowing only near­
est-neighbor relaxations and assuming these to be the same 
as those used to obtain Curve I. The polarlzablllty of the 
H Ion was assumed to be constant and to be equal to 1.93*

Curve III was obtained by adding curves I and II.
This causes the minimum formation energy to be shifted down 
from 0.045 a.u, (1.21 eV) to 0.030 a.u. (0.82 eV) and to the 
right, from P-ĵ « 0.075 bo P-ĵ = 0.14.

Pig, 6 shows a similar set of curves for the face- 
centered defect with the basis set In the LCAO-MO-SCF cal­
culation again limited to s-type Gaussians, Based on the 
polnt-lon defect calculations, It was assumed in this case 
that P2- P^- 0,l6 for all values of P^. The minimum for 
Curve I Is at « 0,20 with a formation energy of 0,061 a.u. 
or 1,64 eV, The minimum for the corrected curve Is at 
F^ = 0.24 with a formation energy of 0.035 a.u. or 0.95 «v . 
These results are for 25 structured centers, as discussed 
In IV-B.

If only first nearest neighbors to the Ions that re­
lax are Included, there are 21 structured centers. If all 
second-nearest neighbors are Included, the total number of 
centers Is 41. The variation In format Ion energy (no correc-



tlon for polarization energy) with number of centers for 
= 0.2? Is as followsi

No. of Centers Formation Energy
21 0.077 a.u. 2.07 eV
25 0.063 1.64
41 0.043 1.21

The activation energy calculated from the LCAO-MO- 
SCF formation energies (mlnlmums of Curves I In Figs, 5 
and 6 ) Is 0.016 a.u. or 0,43 eV. Use of the formation energy 
for 21 centers In the face-oentered case would increase this 
value to about 0.020 a.u. or 0.5^ ®V. With the correction 
for polarization energy, the activation energy of 0,43 eV 
would be reduced to 0.14 eV. All of these values are low 
compared to the most recent values found for polnt-lon models 
(see III-C).

Fig. 7 shows the formation energy versus relaxation 
of the H Ions for the face-centered case calculated with 
and without p-type Gaussians. For the curve labeled II, 
these functions were used only on H” nearest neighbors. The 
point labeled IV was calculated with p-type Gaussians on 
all four nearest neighbors to the defect. Because the total 
number of functions needed Increases rapidly when p-type 
functions are added (six on each center) only two s-type 
functions were used for the He defect. Curve I In Fig. 7, 
which shows the formation energy versus relaxation without 
p-type Gaussians, Is higher by a constant amount as compared
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with Curve I in Fig. 6, because of the difference In size of 
the basis set for the He defect. The energy of the He atom 
calculated with only two Gaussian orbitals is -2.7407 a.u. 
as compared to -2.86l6 a.u. for nine orbitals.

The effect of including the p-type Gaussians In the 
LCAO-MO-SCF calculations Is to shift the curve for formation 
energy down and over in the same manner as with the correc­
tion from the polnt-lon calculation of polarization energy 
(Curve III of Fig. 6). Not all of the change In onergy be­
tween curves I and II In Fig. 7 can be attributed to polar­
ization energy since the repulsive (overlap) energy will be 
different for the two basis sets. Because of limitations of 
machine time, no defect calculations for the body-centered 
case with p-type functions were carried out.

Table V shows the total kinetic and potential ener­
gies at the minimum of formation energy for the face- and 
body-centered positions with s-type basis functions and for 
the face-centered position with p-type functions added. It 
can be seen that the vlrlal theorem is well satisfied for 
the differences in energies in all cases even though It Is 
not satisfied for the total energies. The latter have no 
physical meaning In this calculation since the energy be­
tween point ions surrounding the structured Ions does not 
Include any electronic part.
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V. Charge Density Distribution and Polarlzablllty

A. Theory
The LCAO-KO-SCF calculations described In IV-A lead

to analytic expressions for the occupied molecular orbitals, 
((r , in the many-body models of L1H and LlHtHe. These ex­
pressions contain the Gaussian functions &nd the values 
of the variable coefficients Ypl corresponding to the min­
imum value of the total energy In the SCF calculation. At 
a given point In a particular model, the charge density 
(probability density) for each molecular orbital Is given 

by H N

Since the moecular orbitals correspond to Irreducible 
representations of a symmetry group, they are orthogonal and 
the total charge density at any point Is given by

The Y  ̂ values are given as part of the output data 
of POLYATOM (see Appendix B). These values are then used 
to caloulate the orbital and total charge densities at any 
point in the three-dimensional model. These calculations
were carried out on the CDC 6600 using the program DENPLOT. 
With this program, densities in a specified plane can be 
used to display density contours as part of the printed out­
put or on a cathode-ray tube for a 35Mm film record.

(24)

(25)

49

The DENPLOT program can also be adapted to give total
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charge density as a function of distance from a given cen­
ter In the model. Total charge In a finite region around a 
given center Is found by calculating the radial distribution 
function

and Integrating this function as far as necessary to give a 
value close to unity. The maximum value of D(r) determines 
a moat probable radius for a given ion for a given basis set.

Charge density distributions corresponding to single 
Slater screened hydrogenlc functions can be fitted to the 
charge density distributions obtained with the Gaussian set 
of atomic orbitals in the vicinity of a given center. The 
method of least squares can be used with the hydrogen screen­
ing parameter £ as a variable and with the hydrogenlc func­
tion normalized to give unit charge when Integrated over all 
space. The screening parameters found in this way can be 
used to determine polarizabillties of the ions in the crys­
tal, using Pauling's expression for £ for electrons moving

21In a pure Coulomb field. For two-electron systems with a 
single closed shell, the relationship as given in Eq. (20) 
la

for various relaxed positions, polarlzablllty as a function 
of displacement can be studied.

(26)

03 +  _where ^  is in A . If e< is determined for the Li or H ions



B. Charge Density Contours
The effect of a face-centered Interstitial He atom 

on the charge distribution of the Ions In L1H was studied 
by using the molecular orbital coefficients obtained In the 
calculations of formation energy versus displacement of the 
H~ Ion (Curve I of Fig. 6 ). Penalties In the plane contain­
ing the defect and Its nearest neighbors (see Fig. 4) were 
calculated to determine charge distributions around 16 Ions 
near the defect, which Is located at the origin when present. 
The eight second-nearest neighbors to the defect lie in two 
planes parallel to this plane and separated from it by plus 
and minus the Interionic distance. For the LIHtHe state, the 
displacements of nearest neighbors to the defect take place 
In the plane for which the charge densities have been cal­
culated.

For the perfect crystal model the maximum density In
-3the plane, found by summing all 24 orbitals, Is 3.30 (a.u.)

+and occurs at the center of the LI Ion. The total density
- -3at the center of the H Ion is 0.09<i (a.u.) or only about
+three percent of the LI maximum. The scale of Intensities 

on the screen of the cathode-ray tube In the CALCOMP plotter 
associated with the CDC 6600 corresponds to a range of den­
sities from maximum to one percent of maximum. For this rea­
son, very little structure for the H~ Ion would be observed 
if the total density from all 24 orbitals was displayed. 
Therefore, densities from those orbitals with large coef­
ficients for the H atomic orbitals were added to display
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density contours in the vicinity of these ions. These con-
+tours are shown in Pig. 8. The structure of the Li ions,

obtained by adding the remaining orbitals, Is shown in
Fig. 9. Since both plots cover the same area of the plane,
it can be seen that the charge Is much more concentrated
around the Ll+ ions. It should be noted that the four-leaf
clover pattern in these pictures is a result of the method
of plotting. Checks of numerioal values show that it has
no significance as far as the symmetries of the electron
density contours are concerned.

The twelve orbitals used for Pig. 9 are the first
twelve in order of increasing orbital energy. The maximum

-3density for the sum of these orbitals is 3*^5 (a.u.) ,
showing that there is a small contribution to the charge

+density around the Li centers of the remaining twelve or­
bitals. This can also be seen in Pig. 8. The maximum den­
sity for the twelve orbitals used for the H~ contour plots 
(Pig. 8) is 0.092 (a.u.) , showing a negligible contribu­
tion from the twelve Ll+ orbitals. This can also be seen

-3from Fig. 9 which includes densities as low as 0.035 (a.u.)
but shows no contours around the H~ ion sites.

The two lowest orbital energies for LiH are -2.387
and -2.385 a.u. as compared to an orbital energy of -2.680 

+for a free Li ion with a wave function made up of a linear 
combination of the two Gaussian atomic orbitals associated 
with the Ll+ in the crystal calculation. The density con­
tours for the orbital with the lowest orbital energy Is



38

shown In Pig. 10. This orbital has significant charge den­
sity only on the two Ll+ Ions nearest the origin (nearest 
neighbors to the defect site). The maximum density Is about 
half that of Pig. 9, the total charge In this orbital being 
equally divided between the two Ll+ Ions. Thus the four 
most tightly bound electrons can be said to be the Is elec­
trons of these two Ions.

With the He defect at the origin (face-centered po­
sition) of the group of structured Ions, there are 25 molec­
ular orbitals. In order of Increasing orbital energy, the 
thirteenth orbital has the largest coefficients for the nine 
He atomic orbitals, and an orbital energy of -1.1095 a.u. as 
compared to -0,9179 a.u. for a free He atom using the nine 
Gaussian atomic orbitals. The latter la equal to the Har- 
tree-Fock value. The coefficients for the nine Gaussian 
functions for the crystal orbital and for the free He atom 
are given in Table VI and can be seen to be very similar 
for the two cases.

The density contours for this orbital are shown In 
Fig. 11. The maximum density Is 1,63 ( a . u . a s  ooapared 
to a total density, found from summing all 25 orbitals, of 
1.81 (a.u.)-3 so that there Is about a ten percent contri­
bution from the other 2k orbitals. Allowing for the dif­
ference In scale between Figs. 10 and 11, the charge density 
around the He falls off more slowly than that of the Ll+ ion.

The He orbital was inoluded with the twelve Ll+ or­
bitals (first In order of Increasing orbital energy) In com-
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+putlng the charge density contours around the LI Ions with 

the defect present. Fig. 12 shows this charge distribution 
for the relaxation of the nearest neighbor Ions which gives 
a minimum of formation energy for the face-centered Inter­

stitial He, I.e., 0 20 in Fig. 6. Since Fig. 12 shows
densities down to one percent of maximum for the Li+ ions,
which corresponds to only 30 percent of the maximum for the 
charge density of the He defect, the difference in extent of 
the Ll+ Ion and the neutral He defect Is not apparent.

Comparison of Fig. 12 with Fig. 9 shows very little 
change in the Ll+ charge distribution with and without the 
defect. The mAxlmum density In Fig. 12 Is slightly lower 
than that In FI*. 9* but If the densities of all 25 orbitals 
are added, the maximum density at the nearest neighbor Ll+ 
is 3.49 (a.u.)"3 at the relaxed position as compared to 
3.50 (a.u,)”^ for the no defect case.

The density contours for the sum of the twelve re­
maining orbitals for P * 0,20 are shown In Fig. 13. The
contribution of these orbitals to the charge density of the 

+LI Ion is again apparent, as is the contribution to the 
charge density around the He defect. The contours around the 
nearest neighbor H Ions in Fig. 13 appear to be slightly 
distorted. This distortion Is even more noticeable In the 
density oontours for the most loosely bound electrons, shown 
In Fig. 14. However, if all 25 orbitals are added and the 
density variations along various directions are compared, 
there Is no significant difference.
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- 3The Increase In the maximum density, 0,096? (a.u.)
In Pig. 13 as compared to 0.091? (a.u.)”'* In Pig. 8, Is an 
Indication of a more contracted H Ion. Densities found In 
summing all 25 orbitals show an Increase In the maximum

-3density at the nearest neighbor H Ion from 0.092 (a.u.)
-3to 0.10? (a.u.) . Thus there Is a definite contraction of

this Ion as It relaxes. This will be more evident from the
results discussed In the next section.

C. Polarlzablllty
With the method described In V-A, the total charge 

density as a function of the distance from a given center 
was used to find the screening parameter £ for an equiv­
alent Slater hydrogenlc wave function. This was done fori

1) Free Ll+ and H ions described by the same Gaussian 
atomic orbitals as used for the crystal models.

2) Li+ and H Ions In L1H.
3) Li+ and H~ Ions and He in LIHiHe, for two different

values of relaxation of the nearest neighbor Ions.

The values of £ and the corresponding values of the 
polarlzablllty,^  , calculated from Eq. (20), are given In 
Table VI. Compared to the free-lon value of ^ for H of 0.64, 
found by using the Gaussian orbitals, the screening para­
meter for H in the crystalline state L1H has Increased to 
0.724, Indicating a contraction of the Ion In the crystal.
As the H" Ion relaxes In the LIHiHe state,  ̂ Increases to



0.769 for ■ 0.20 and to 0.785 for P^ = 0.22, Indicating 
further contraction of the Ion as It moves away from the 
lattice site,

It should be noted that Hurst's closed-shell func­
t i o n ^  gives an optimum value for the crystalline £ of 
0.7724 as compared to 0.6284 for the free Ion. The free- 
lon values are not the same because. In the present calcu­
lation, the exponents for the two Gaussian orbitals used 
for H“ were not determined from the Slater free-lon value 
(0.6284), but were scaled from values for He as described 
In IV-B. In Hurst's calculations of the crystalline 
value, only one H~ Ion was structured. It was surrounded 
by point Ions to simulate the crystal field and the energy 
was minimized with respect to 2 , with perturbation terms 
In the Hamiltonian to take the effect of these point charges 
Into account.

In the model used here, the six nearest neighbor 
Ll+ lone are structured, as well as six of the twelve sec­
ond nearest H Ions. In both calculations, the Interlonlc 
distance was taken to be the experimental value. Compar­
ison of the results found here with those of Hurst shows 
that there Is less contraction of the H Ion In the crys­
tal field when there Is structure on the lonB surrounding It.

Hurst has noted that "the magnitude of the Interac­
tion between ... first nearest neighbor point charges and 
the electrons of H“ would be at a maximum If the central 
Ion were a point charge. For this reason the central hy-
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drlde Ion contracts until the Interaction Is offset by the 
Increase In kinetic energy and electron-electron repulsion 
energies." The contraction of the cti.tral Ion Is less If 
there Is structure on the surrounding Ions presumably be­
cause of the additional kinetic energy and electron-elec­
tron repulsion energies due to this structure.

For the LI Ion, the value of Is for L1H Is the same 
as that for LIHiHe and Is slightly larger than that for the 
free Ion with two Gaussian orbitals. This Is consistent 
with the contours shown In Figs. 9 and. 12 and with Hurst's 
results which showed no contraction of the Ll+ Ion In the 
crystal field. The screening parameter for the Ll+ Ion 
found here Is low compared to the usual free-lon value of 
2.6675. The two values are not the same because the para­
meters used for the two Gaussian atomic orbitals were again 
not calculated from the single Slater value.

The polarlzablllty of the H“ ion in the L1H crystal 
as found from the screening parameter is about 2.5 times

a -3
the value of 1,93 A found from the Lorentz-Lorentz rela­
tion given In Eq.(19). However, as determined from the 
screening parameters, the polarlzablllty does decrease as 
the H” Ion Is displaced from the lattice site. The 1.93 
value corresponds more closely to the higher £ values used 
In the point-lon defect calculations.

The polarlzablllty of the Li+ ion is the same for
the free Ion and for the L1H and LIHiHe states. It Is

37about 1.4 times the Tessman, Kahn and Schockley^ value of
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*>30.029 A determined from refractive data in crystals, but 
it is in reasonable agreement considering the small number 
of Gaussian orbitals that were used in computing what is a 
primary property. S t e m h e i m e r h a s  calculated the elec­
tronic polaricability of ions by considering the pertur­
bation of the wave function by an external field. Using

£:wave functions of Lowdin,' Sternheimer found a value of 
0.03 for the Li+ ion.

The screening parameter for the He atom is high 
compared to the free He parameter of 1,6375 found with the 
variation method. The nine Gaussian atomic orbitals 
were determined by H u s i n a g a ^  by a variational procedure. 
With the screening parameter found here the corresponding 
o( value is lower than the 0.203 & value used in the 
point-ion defect calculation. The latter value was deter-

2/fmined from the single Slater value by Pauling. The re­
sults obtained here 3how that there is some contraction of 
the lie in LiH : He .



VT. Summary

The two-body Interactions for the crystalline states 
L1H and LIHiHe have been calculated by the Heltler-London 
method and vied to determine repulsive Interactions for 
polnt-lon models of these states. The model for LIHiHe has 
been used to calculate formation and activation energies for 
the He defect.

A many-body model has also been constructed and an 
approximate solution of the Schrodlnger equation has been 
found for the region In the vicinity of the defect. LCAO- 
MO-SCF calculations of formation and activation energies 
have been carried out with this model. The effect on the 
formation energy of the polarization of the Ions near a 
face-centered Interstitial defect has been studied by using 
orbitals with p-type symmetry, and results have been com­
pared with classical calculations of the polarization energy 
In the polnt-lon defect model.

The total charge distribution In the defect region 
corresponding to the probability density found from the 
LCAO-MO-SCF calculations has been used to obtain charge 
density contours around the Ion and defeot sites In LiH and 
LIHiHe, The radial variation in the charge density has been 
used to show contraction of the H ion In the crystal and to 
estimate the polarlzabllitles of the Ions In the crystal 
field. A decrease In polarlzablllty of the H ion with dis­
placement from the lattice site has been demonstrated.
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Fig. 1 Ll+ - H~ repulsive Interactions for various 
H wave functions.



53



Fig. 2 H” - H repulsive Interactions for various 
H" wave functions.
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Fig. d Positions of structured Ions for body-centered 
defect calculations in LIHiHe.
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Fig. 4 Positions of structured Ions for face-centered 
defect calculations In I.lHiHe.
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Fig, 5 LCAO-MO-SCF formation energy for body-centered 
He defect in L1H versus relaxation of nearest- 
neighbor H~ ion, with s-type atomic orbitals.
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Fig. 6 I ,CAC-M0-3CF formation energy for face-centered 
He defect In L1H versus relaxation of nearest- 
neighbor H~ Ion, with s-type atomic orbitals.
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Pig. LCAO-MO-SCF energy for face-centered He defect 
In L1H versus relaxation of nearest-neighbor H 
Ion, with s- and p-type atomic orbitals.



t>5

u •
X v„ O : . _ •u

\  8 W' I  H "  D C G n; R l  C i . X X

. ̂  u

• L 1 T  " . . L 1 8 -o- n
nz:

o
p

.22
R A O

. 2 A .20 .28 .ju
l  r e l a x a t i o n  ct  h



66

♦

Fig. 8 Charge density contours In the 
vicinity of H~ Ion* In L1H. 
Marluum density Is 0.091? (a.u.)
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Fig. 9 Charge density contours in the 
vicinity of Li+ ions in LiH,

-3Maximum density is 3.^526 (a.u.)
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Pig. 10 Charge density contours for
molecular orbital with lowest 
orbital energy In L1H. Maximus 
density Is I .7261 (a.u.)”*̂ 
Orbital energy Is -2.3970 a.u.
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Pig, 11 Charge density contours for
He defect in LIHiHe. Maximum 
density Is I .6265 (a.u. ) ^ 
Orbital energy Is -1.1095 a.u.
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Fig. 12 Charge density contours In the 
▼lcinlty of Ll+ Ions In LIHiHe.

-3Maximum density Is 3.1353 (a.u.)
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Pig. 13 Charge density contours In the 
vicinity of fl” Ions In LIHiHe. 
Maximum density Is O.O967 (a.u.)"*'*
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Fig. Ik Charge density contours for
molecular orbital with highest 
orbital energy In LIHiKe, Max­
imum density Is 0.0513 (a.u. )"^ 
Orbital energy Is -0.3728 a.u.
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Appendix A

T'.ii" open configuration energy for a heteronuclear
four-electron system can be evaluated following the work 

52of Hosen for evaluating the repulsive potential of nor­
mal He atoms. The unsymmetrizod wave function for a four- 
electron system with spin Included can be written ae

■ v. - a(l).s(l)b(2)d(2)c(3)^(3)d(^) i(^> (A-l)

where a and b are Is hydrogenic atomic orbitals for center 
one and are of the form

a = ( e” ' ' r
(A-2)

t> = ( -23/n )4 e - ^ r 
where ^  and are open-shell parameters. For a(l) and 
b(2), the coordinates refer to electron 1 and electron 2. 
respectively. Functions e<3) and d(4) are similar func­
tions for center two with open-shell parameters ^  and ^^ 
and with coordinates referring to electrons 3 and 4. For
the helium problem, ^  ^ and .Sj * ^/p

15Hurat ^ has used an open configuration antlsymmetrlzed 
two-electron function for a single ion In LiH, either Li+ 
or H“, In a crystalline field. This function is written as

'•i (1,2) = 1 a (1 )b(2) + a(2)b(l)i x
, . (A-3)U ( 1 ) B ( 2 )  - 'A (2) 5(1) j
*""" t '

For the two centers considered here, the two-electron func­
tions may be written as



A-2

■Jk ( 1 . 2 )  = + |b<a-/,l

(A-U)
^ ( 3 i ̂  ) = I Cĉ d 'j 1 + J d e\C .-H 

The four-electron function will then be of the form 

'4 <123*0 » *k(l,2) \(3,*0 (A-5)
The total antlsymmetrlzed wave function can be con­

structed by permuting the four electrons on the two centers. 
Thus

M (123*0 = -L. v (-1)1^ (1234) (A-6)
. P 
V

which gives
•H-(123fc) - [^(12 V ^ O 1*) + ^O'O^UZJ.l

+ ’l ^ k (23)tt1 (1'») + * k <l10(t1<23)J (A-7)

- [ctk ( i 3 R l<2'0 + ^ k ( z 4 K i d 3 ) U  

This can be shown to be equivalent to

'I A ^ 1 ^ 2 “ ̂  3 + ̂  ;+ (A-8)

where
'*] 1 « I a^b ĵc 'vd b1 1 'tj ̂  *= lâ to ̂>c d \ (

\[ 2 *  i a^b-ic Jj I if"̂  » ja^b.xo id ■■< 1

The total energy Is given by

(A-9)AA \ ̂  A <3L'r



where
h -  1+5 - 2/llJ 1 - 2,’iljkl AA l (A-10)

+ 4> i(u)(ki)j - 2;>}ijkii 

The Integral Q Is given by

Q = fa(l)b(2)c(3)d(4)Ha(l)b(2)c(3)d(4) dt (A-ll)
) r

and the Integrals corresponding to the brackets are ob­
tained by cyclically permuting the electrons In the In­
tegral Q as follows

\‘lj] = a (i )b(,} )c(k)d(l )H«( J )b(l)c(k)d(l) d t 
1 ljk \ ^ a(l)b(J)c(k)d(l)HTi(j)b(lt)c(iM(l) d^

[(1J ) (k l ) I = a(i)b(J)c(k)d(l)Ha(j)b(l)o(l)d(]£) d>
]_*1 Jkl \ - a(l)b(J)c(k)d(l)Ha(J)b(k)c(l)d(i) d

The remaining terms In Eq. (A-10) are

'[lj j = {13 J+ [l4] + [23I+ \2H\- 2 [12]- 2 : 3M  (A-12)
Slijkl = [134] + 12^31 + ll23j + [142]

+ [1241 + [1321 + [2341 + 1143.!
[(1J ) (kl)] = [(13) (24)1 + {(14) (23) I + (12 ) (34 ) ■ (A-14)

(A-13)

^ {1 Jkl ] = [12341 + [1432! + 11243] + ll34
- 2)1423] - 2] 1324 j (A-15)

The expression for can be obtained by replacing
H by unity In all of the Integrals In H . The Hamiltonian 
for the four-electron case Is given by
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(A-16)

where Z, and ar" tv* nuclear charges, R Is the Inter- rC X
nuclear separation and the summation runs over the four 
electrons. When this Hamntonlan Is substituted Into 
Eq, (A-9), various one- and two-center Integrals result. 
The following notation will be used

lists the Integral types with examples of each.
The two-center one-electron Integrals are single 

charge distributions shared by two centers (overlap), 
charge distributions on a single center Interacting with 
a point charge on the second center (nuclear attraction), 
or a charge distribution shared by two centers Interacting 
with a point charge at one of these centers (spilt nuclear 
attraction). The two-center two-electron Integrals cor­
respond to the Interaction between two charge distributions, 
For Coulomb Integrals, both charge distributions are sin­
gle-centered, In exchange Integrals, both charge distri­
butions are shared by the two centers.

If the one-electron operators In the Hamiltonian 
are written aa

b = s d = h2

where s refers to Ll and h refers to H . Table A-l

and the two-electron Integrals are written with l/r-^
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Table A-l

Integral Type Example
One-center
a) one-electron

electron charge (s^)s-j)
nuclear attraction (s^lLfS|)

b) two-electron
Coulomb (Bls2I^ lsl9?^

Two-center
a) one-electron

overlap (h-jJ )
nuclear attraction ( i ll. is )1 1 r 1 1
split nuclear (h lijs )1 1 r 1

b) two-electron
Coul omb ( h 2 | jr ̂  1 9 2 ̂
hybrid (hlhl t ^ hlsl^
exchange (h^s^ti )
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understood, the quantities In haa become

(s^ iH'is^) + (h 2 'H| ) + (h^'Hlh^)
+ (h2 HIh2 ) + (s 1 s 2^3132^
+ (s^h^ls^h^) + (s-^hpls^ho)

(s. Sph-̂  ) + ( soh2 ! s2*’12 ) + (h-jlr^lh^ho)

(A-l?)

(1J ) = (s1 Hi Sl )
+ (s2 ;h s ?

+ (hx 1 H I hT 
+ (h2 |H|h2 
- U , (s, | s.,I I £-

(hi ■ si

+ (h2l ap )
2+ (h2 \Sj )

-  ? (hx 1h? )
- 2 ,( \ b ?

+ ( h ? 

+
+ (h2

( h o  I s-, J (hj h2 )
s^ ) + (h2 I ) - 2 (h^Ih2 )

2 2 2(h2 's1 ) + (h2 ls2 ) - 2 ( 6 ^ 5 2 )
o 2 2

( h 1 l s 1 )^'  +  ( h ^ l s p )  -  2 { s 1 [ s 2 ) |

(s^IH ie2 ) + (h^i h2 )(h^i H lh2 )]
(h-^lHls^) + (ĥ l s2 )(h^lH1s2 )

( h2ls2 )(h2I Hi s2 ) + (h2 I )(h2 \HIsi)
2

\ s1s1 ) + (hj| s2 ) ( ̂ 2^2 ̂ slsl^

(A-l8)

hlhl^s2s2^ + (h1\s1 )^(h2h2 | s2a2 )
2

(s^s^iopSo) ” 2(s^(s2 ) (h-̂  h-̂  | h 2 h 2 )
( h ^ S o l s ^ s ^ )  + ( h^ e2 1 ^2^2  ̂ J

S o ) t < h 2 3 2  l s l 8 l ^  +  ^ h 2 s 2  l h l h i ) j 

) ■(h^s^J s232 * + ^hl3l^h2h2^i
Is^),(h2s1 1s2s2 ) + (h2s1l ) ;

• ^+ 2(s^i s2 ) (h^h-^ (s^s2 ) + (h2h2 ts1s2 )j
+ 2 ( (  h2 ) ; (h |h2 + ( h -j^  j s2s2 ) ’, C

+ (h^s-j^h^s^) + (h2 s1 lh2s^) + (11^82(11^32)

+ (h2s2 lh2s2 ) - 2 (s^ s 2 (32s^) - 2(h^h2 lh-^h2 )
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\ : (1 j k ) = (s^ t H ls^ ) ( h2 ) ( \

+ ( s -l I H la2 )| (hx l sx ) (h1 | s2 ) + ( h 2 is^^Xhgl s2 )[

+ (s2 I HI s2 ) (h-ĵ  I h2 ) (h2 I s^ )
+ (h-^lHlh^) (h2 l s ^ ) ( h 2 l s 2 ) (s-^1 s2 )

+ (h-̂  I H | h2 ) i ( | ) (h2 1s2 ) + (h^(s^)(h2 |s-̂ ):
+ (h2 1HIh2 ) ( fs^)(h^ls2)(^^ ̂ 3 2 ̂
+ (hilHls-iJith-jihoJiholS'i) +■ (h-. js? )(e1 ls2 )1 l , l *. c i l s. ± c (a-19 )
+ (h-jJ H I s 2 ) i ( | h2 ) (h2 ) s 2 ) + (h-̂ * s1 )(c1' s2 }
+ (h2 1 H |s2 ) j (hj_ I h2 ) (h-j_ | a2 ) + (h2 ls1 )(s1 !s2) ,
+ (h2 'H Iŝ  )'̂ ( ^  (h2 ) (h1 \sj ) + (h2 I s2 ) (si ̂ s2 ) ■
+ (s ̂ I 8 2 ̂ I t ̂ 2 13 2 ̂  ̂ 2 ̂  1 ̂ ) "̂ { h2 ] 3 ̂ ) (hos 2 ^

+ (h^l s2 ) (h^s^l h2h2 ) + (h-̂  I t h?h2 )
+ (h1s1 |s2h1 ) + (h232 ls1h2)

+ ( J )^(h2 |Ej) ( h2 T s 2 3 2) ^  ̂ 13 2 ̂  ̂̂ 2^2 ̂ sis2 ̂
+ (h^l h2 )(h2si \s^s2 ) + (h2s1 lh1h2 )

+ (h2 ) s1 ) l ' (h 2 I s2 ) (h^h^l SjSg J + (h-  ̂1 ho ) ( h . ^  ' 823 ?^

+ (h2s2 |s1s2 ) + (h1Sjth2h1 )
■+ | s2 ) j (h2 1 s2 ) { h ^ h 2 ls 181 ) + (hj i  h2 ) (h2s 2 is 181 )

+ (hlsl lsls2^ + ( ^ 8210^82) + (h2a2 'hih2 !̂
+ (h2 ls2 ) j(h1l h2 )(h1e2l s1s1 ) + (h2sl'sl82^

+ { s2 Ih2hi ) j 
+ (h^l h2 ) j(h1s1 ) + (his2'fi2h2^.



(1J )(kl); s 2(S;l\ H \3z ) (s1|s2 )(h1! h 2 )
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2
2+ 2 (h^IHIh2 )(s^| s2 )

+ 2(h1 tH )s1 )(h2 |s2 )2 (h1 |s1 )
+ 2 (h-̂ l H Is 2) (h2 \ ) (h^fs2 )
+ 2 (h2 1H I s2 ) (h1 1 s-ĵ )2(h2 I s2 ) (A-20)
+ 2(hoiHls^) ( l s 2 h2 1 81 )

2 2+ (h1ih2 ) ( s - j ^ ^ s ^  + (s1 |S2 ) (hih2 ĥ2hl^
2 2

+ (h2 |s2 ) (hl*lIs1^2) + I 6 2 ̂ (h2sllsih2)
2 2+ (hpfsj) (h1s2is2h1 ) + (h11 31) 0i232 1®2h2^

+ U (h1(h2 )(s1( s2 )(h1h 2 ISJS2)
+ ^ (h-ĵ 1 ) (h2\ s2 ) (h1s11 h2s? )
+ k (hx 1 s2 ) (h2 ! s1 ) (h2s1 1 ̂ ^ 2  )

* (ljkl) * (a1 1 H Is 2 ) ( hj [ h 2 ) + (ĥ t̂ H ! h2 ) (3^ i s2 )
x ; lh2 is1 )(h1i a2 ) + (h2 t ) (hjt sj_)

+ I H ! s1 ) (h2 ! s2 ) + (h2 | H I s2 ) (ĥ l ) ;
i (ĥ l h2 ) (sj \ s2 ) - 2 {h^ \ b 2 ) (h2 U-* ) ,

(A-21)+ { »  H 1 s2 ) (h2 I ) + (h2 ' H fs1 ) (h-j | s2 ) |
x (h^l h2 ) (s1l s2 ) - 2 (h-̂ 1 s1 ) (h2l s2 )J

+ ( ^  | s2 ) (h2 l s1 ) + 1 sx ) (h2 t s2 )'; (h-^hg )
+ i h2 ); (h2 l s2 ) (s1s2 | ) + ( h2 l )(s^s2 |s2h^)

+ ( t s2 ) (s1s2 ! 1̂2 I s2 1 s2Jig ) j
+ (s1i 82 ) f (h2 1 S2 ) (h^hg l s1h1 ) + (hg I ) (h^hg | «21\  )

+ (^1 s2 ) (h-j^l h2sl ) + (l^l Sj ) (hĵ hgl h2s2 )]
- 2(h2 ls2 )V (1^ is2 )(h181 ls1h2 ) + (h2 ls1 )(h1s1 ls2h1 )| 

2 (hj | )[(ĥ  ls2)(h2s2lsjh2) ^ (h2ls^)(h2s2|s 2^^ ) j 
+  \  ( h 1 l h 2  ) ( s 1 t s 2  ) -  2  ( h ^ t  ) ( h 2  | s 2  )j ( | s 1 h 2  )

+  ̂ * ^2 ) (®l^ ®2 ) ** ̂  ̂ is2 )(h2ls^)J (h j Sj { s2h2 )
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The quantity Is given by

£\ ( = k - 2|(h1 ls1 )? + (hi2 1 s-j. )^ + (h1 (s2 )2+ ( h g ^ ) 2 ! 
+ 4^(a-L|s2 )2 + 0 ^  h2 )2 j
- ^ '} (h-jJ h2 ) , (h1 ) e2 ) (h2l s2 ) + (hx I s1 ) (h2 I s2 )

+ ( s-j i s2 ) (h^ | s2 ) (h1 [ ) + (h2 Is^ ) (h2 |s;>) -
+ k (h^ \ ) 2 (h?l e2 )2 + (h?\ s1 ) 2 ( (  s2 ) 2

+ (s1 Is2 )? (h1 Ih2 )‘ j 
- ^ L ( s 1 ls2 )(h1lih2 )lj(h2ls1 )(h1 |s2)

+ (hj\Sj)(h2 ls2 ) 1 - 2 (h1!sT )(h2 \s2 )
i (h^ t s ? ) (h2l s-j ) -

In order to check the result for the open-shell case, 
the formulae were specialized to the closed-shell caee by 
setting = s? = s and = h2 * h. The expression for 
then becomes

2Hu  < = 2 1 -  (his) (s H a) + (h Hlh)
+ V ( h i s ) '  - (h|s) (h , H 1 s )

2 ,+ 2 2  - (h|e) (sslhh)
2 ‘ (A-2 3)

+ 2 ! J (h t s ) - 1, (hs I hs )
i. J

- U(h Is ); (hs Iss ) + (hh|hs)
+ (ss(as) + (hhjhh)

2 ! 21 - (h|s) 1 (A-24)

where a factor of sixteen has been dropped In both (A-23) 
and (A-2^).

The expression for the energy Is then equivalent to

AA

and

AA = r
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that given by Eq. (6) In Section II.
A numerical check for the closed-shell case was made

by recalculating the curve for Ll+- H” Included by Slater
5kIn his discussion of Karo and Olson * s calculation of the 

L1H molecule.
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Appendix B

The LCAO-MO-SCF problem consists of obtaining an 
approximate solution of the Schrodlnger equation for elec­
tronic motion In the field of a group of fixed nuclei and 
a group of point ions,

'* ’e ” V o  (B-X)

where Is the electronic energy of the system and Is 6 “
the electronic wave function. The Hamiltonian operator Is 
given by

= h (1) + ' —  (B-2)
rlJ

where h(l) Is the one electron operator which Includes 
"nuclear attraction" terms to the point Ions, and where the 
sum extends over all electrons.

The solution of Eq, (B-l) is found by use of the 
Variation Principle. The variational wave function used 
Is a single determinant t of M doubly-occupied molecular 
orbitals,

. « J _  det U l )  .(1) U  (2) :(2) ... (B-3)P 2M • 1 1
...] (2M - 1 ) i (2H - 1 H  (2M) ;(2M))M M

where the molecular orbitals are formed from linear com­
binations of atomic orbitals. For a basis set of N func­
tions, K

h - ' V i  o*-*)

where h are the Gaussian atomic orbitals and Y , 1 rl are var-
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lable coefficients,
Roothaan has showr that the coefficients Y  ̂ can 

be determined by solving the eigenvalue problem

FYr  = t r GYr  ( B - 5 )

where Y Is a column vector with components Y ,, " I s  the T ri r
orbital energy and G Is the NxN overlap matrix u!' the basl; 
fui: -J 1c ns

GjJ ” (' 1' J> <B *'>

The NxN Fock matrix F la given by

F -- F + 2J - K (B-?)
where

HtJ = (' ̂ i h t U  h j) (H-H )

J u  - >  ^-9)
K lj ~ k l 1 "kl " J r l > (B-in)t,

and the elements of the "density matrix" are given by

k l V ' . W r l  (b-11)

where the summation Is over the occupied orbitals. The
two-electron Integrals are as shown In Table A-l, Appendix
A, with the notation as used In Eq. (A-17). The total
energy Is given by

E = trace [ (H + F) | (B-12)
Since the matrix F Involves the values of Y , ,- rl

the solution of Eq. {B-5) Is found by an Iterative process
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An Initial estimate Is made for Y and this Is used to com­
pute , J and K. These are used with H and G to find a new 
set of N vectors Y r and associated orbital energies ‘ r by 
solving Eq, (B-5). Of the N orbitals, M are occupied and 
N - M are virtual orbitals. The process Is repeated until 
the total energy of the occupied orbitals converges within 
a specif3 ed limit.

ZiThis Iterative method, described by Roothaan J can 
be carried out for the defect problem with the POLYATOM 
program^* designed for non-ercplrioal calculations of the 
properties of molecules. Those Ions that are not structured 
In the many-body models for LIH and LI Hi He are treated In 
the same way as the nuclei In the structured centers, with 
the Ionic charge replacing the micle&r charge.

The program consists of three parts. The first part 
creates files containing lists of labels for the various 
one- and two-electron Integrals. The symmetry properties 
of the one-electron functions, which are determined by the 
symmetry properties of the structured group of ions and by 
the symmetry types of the functions themselves, can bo 
specified as Input to this part of the program. No label* 
are created for Integrals which are Identically zero and 
labels referring to Integrals related by symmetry properties 
are stored consecutively.

In the second part of the program, the one-electron 
functions themselves are fed In and the overlap, kinetic 
energy, nuclear attract Ion and electron!c repuls ion Integrals
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are evaluated. All integrals with values below a limit spec­
ified aa Input data are eliminated. Also calculated In this 
part of the program Is the "nuclear repulsion" energy, which 
Includes the electrostatic interaction of the point Ions in
this problem.

The third part of the program performs the SCF cal­
culations by an Indirect Iterative solution of Fq. (B-5)
with the limit of convergence specified as Input data. The 
actual problem solved 1 s ^

F ’U = TJE <B-1;I)
where

t
F* = VFV (B-l**)
VGV*= I { B-1 ̂ )

and ,
Y = U V (B-l6)

This method differs from the usual A-matrlx method, ^

Symmetry orbitals corresponding to Irreducible rep­
resentations of the symmetry group can be Introduced as In­
put to this part of the program. If this le done, the eigen­
value equation is reduced to a set of equations for each sym­
metry type since orbitals belonging to different represen­
tations are orthogonal. The occupancy of each symmetry type 
must be specified. The solution of the SCF calculation will 
not give the ground state energy uni ess the occupied orblt- 
als correspond to the M lowest orbital energy eigenvalues.

In the output of part three, the total electronic en­
ergy, which Is the energy tested for convergence, is broken 
down for each Iteration Into the one-eleotron energy, lnclud-
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lrig kinetic and potential, and the two-electron potential 
energy. The part of the one-electron potential energy which 
represents a "nuclear attraction" to a point ion wl 1 com­
bine with that part of the "nuclear repulsion" ene „ which 
represents an electrostatic Interaction between a point Ion 
and a nucleus of a structured Ion, to give the total inter­
action energy between a structured Ion and a point Ion, The 
constant total value of the "nuclear repulsion" energy found 
in the second part of the program Is added to the total elec­
tronic energy at each Iteration to give a total energy for 
the model. Because there is no overlap repulsive energy be­
tween point ions, this total energy has no physical meaning. 
It Is assumed that this energy cancels in the models of L1H 
and Li Hi He.

The coefficients Yrl are given for each Iteration 
along with the corresponding orbital energies for the final 
Yr  ̂ values. The other matrices may also be printed out by 
use of the appropriate program controls,
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