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I. Introduction

Lithium hydride in the crystalline state has been
the subject of a number of lnvostlgationa.l Various
models have been used to calculate crystal parameters,
and a number of experimental studles of crystal properties
have been made.z During the past ten years, the crys-
talline states LiH and LiHiHe have been examined 1n con-
nection with self-damage due to radiation in mixtures
of LLAH and its 1isotopic forms, When these mixtures are
stored under condltions varyling 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 pericds of time, volume ox-
pansion of the material sufficlent to cause crystal
fracture can occur,

Quantitative studles of radiatlion damage were

3

reported by Pretzel and coworkers- In 1961, and con-

sideranle experimental work has been done since that
time  to determine the exact mechanisms involved.
Calculations of the formation and migration energiles
of & He defect are jimportant in the swaluation of the
role of these mechaniams 1n radiation damage. The
results of these calculations can be compared with ex-

perimental values7

of the activation energy for 44f-
fugion of He gas in LiH,
The crystal structure of [L1H ia the same as that

of NaCl, 1.e., face-centered cubic, and the binding 1s
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constdered to be primarily ionic. Point-ion models have
been used for ionioc crystals with the crystal potential
expressed as a sum of & long-range electrostatic potentlal
and a short-range repulsive potential.B Parameters in

the latter are usually determined empirically from ex-
perimental values of crystal propertles, Several such
models for L1H have been dilscussed in the literature.g'lo

Defect calculations for lconic crystals require a
model for the host lattice which gives the variation in
crystal potentlial when the lions in the region of the
defesct are relaxed from the perfect lattice sites. Born-
Mayer interactions determined empirically from perfect
crystal data have been used for point-ion defect calcu-
laticns in lonic crystals in which there 18 no appreciable
ovaerlap of charge distrlbutions.l1 This condition 1is not,
however, satisfied in LiH, It 18 therefore desirable to
have a model for the host lattice that takes this overlap
of charge into account,

Quantum mechanical calculations of LiH yleld a
charge distribution for the icns in the crystal. The work
of Hylleraaslz in 1930, which attempts to solve the
Schrodinger equation for the entire crystal by the Heitler-
London method, 18 one of the earliest purely quantum
mechanical calculations of the properties of ionic orys-
tals, Hyllerass, and later Lundquist,13 assumed only
ionlec binding and used screened hydrogenic functions for

- +
both the H and L1 4ons. Morita and Takahashllu extended



Lundquist's calculations by adding electron-palir or
covalent bonding. Hurat.l5 in a calculation of form
factors for LiH, used both open~ and closed-shel]l two-
elactron functions for a single ion and optimized the
wave-function parsameters in the field of positive and
negative point charges arranged to simulate the crystal
field,

In discrete models for LiH reported by Fisascher
at a1.16'1? two-body interactions have been calculated
by the Heltler-London method for varlous wave functions
for the H 1lon. Born-Mayer repulalve interactions de-
rived from these calculations have been studied to de-
termine the form of the wave function that leads to &
model most conslstent with available crystal data, The
detalls of these calculations are discussed 1n Section
II. Crystal parameters obtalned are compared with the
results found for cther models of LiH, including several
which have also been used for calculations of He defect
proparties.l

The repulsive interactiona determined for the
model of L1H have been used in calculating the forma-
tion energies for a He defect in the body- and face-
centered interstitial poaltlons.l6'l9 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=-



20
latlons 1s that developed by Hatcher and Dlenes and
21
aextended by Wilson et al. The formation energies are
used to calculate an activation energy for He mlgration

18,22
which 18 compared with other calculated values ' and

with the experimental results from diffusion studiea.?
Models for LiH based on palirwise repulsive forces

neglect three.body effects shown by Lowdlnl to be im-

portant 1in 1lonic c¢rystal calculations, Sectlon IV con-

tains a description of a gself-consistent fleld, mclecular-

orbital (SCP-MO) calculation of formation energles for

the crystalline state LiHiHe which attempts to 1lnclude

2
3 Two

many=-body effects in the region of the defect,
methods for taking polarlzation effects into account in
thlis calculation are discussed, one classical and one
quantum mechanical,

The polarizablility of the ions and the defect 1in
I1H and LiHiHe can be related to the correspondling charge
distributions in the coryatal environment by using the
results of previous work by Pauling.zu A discussion of
how the results of the SCF-MO calculations can be used
to study these charge distributlions 1s found in Section V.
Density contours for the reglon of the defect are pre-
sented, The radial varlation of the charge distribution
around a glven center 18 used to determine a polarizability
for the ilon at that location. The variation in polar-
1zability of the ions as they are displaced from the per-

fect lattice sltes by the defect are discussed., Such



variations have been considered11 to prevent the so-~called
*polarization catastrophe” in polnt-lon defect calculations.
This phencmenon occurs when the monopole-dipole energy be-
comes larger than the repulslve energy so that the total

energy becomes negative and unbounded as the lons relax,



I1. Models for LiH and LiH:He

A, General Formalism

Pairwise interactions between the lons in the
crystalline state L1HE and between the He atom and the
host ions of LiHiHe can be calculated using the Heltler-
London method. The unsymmetrized wave function for the
heteronuclear pair of two-slectron systems can Dbe
written as

& = a(1) (1)B(2)H(2)e(3)X(3)d () (H) (1)
where a, b, ¢ and 4 are the space parts of one-electron
wave functions, From (1), four Slater determinants can
be constructed

Y = laqb;o«dtli N, o= laxb@cﬁdm\

¥, = lagbeAd ! Y, = lapbucpd~ |
Por closed-shell aystems, a = b and o = d, and the total
wave function in the Heitler-London approach is repre-
sented hy a single determinant. For the open-shell
system used in this calculation and discussed in Appen-
dix A, the two-s8lectron wave functlons are of the form

@ (1,3) = [a(1)p()+a(b()] |« (13(D=-4(D (1)) (2)
The total wave function for the heteronuclear pair
pust be antisymmetric with all exchanges of electrons
1,2,3 and 4, and must vanieh when any palr of electrons
are in the same state, Thus, as discussed in Appendix
A, the total wave function for the open-shell case is
glven by

o= s e (3)



This wave function 1s an elgenfunction of the square
ol the total spin operator with eigenvalue ZzZero and
corresponds to the ground state of the open-shell system,

For a given choice of one-electron wave functions,
the total energy of eilther the open- or closed-shell
system for an internuclear separation, H, 18 glven by

E(R) = S\U'qu’t (&)
where H is the Hamlltonlan for the four-electron system.
This Hamiltonian contains the electron kinetic-energy
operator and the electron-nuclear, electron-electron and
nuclear-nuclear potentlal energy operators and is given
in Hartree atomic units) by

H=-§§"vij’_§Jc + ) v gl (5)
v ok Tk oy Ty
where r . 13 the coordinate of the i-th electron from
the nuclear center k and rﬁi is the distance between two
electrons, Z&‘and Z, are the nuclear charges,

For the single-determinant, antisymmetrized wave
function, the energy of (4) 18 calculated using Lowdin's
method for non-orthogonal orbltals.25 The diagonal
matrix element of the electronic Hamiltonlan 1z given by

m =20, 0{y] 2

det S
*%15pq) (6)

b

det |S_ |
Pq

+ 2 k>1,1%) Y[j.ﬂnl - [_11.}:,11}

where Spq i1s the overlap matrix, with elements given, in



terms of the spin orbitals, ul, by
813 = S‘ul(l)uj(l) dv, (7)
e 4 detis |
and Dij and le,Jl are determinants formed from } pq

by omitting the rows and columns indicated in the sub-
scripts and including a parity factor,

The integrals with one-electron operators ri are
written as

»*
[1,,1] - jul(l)fluj(l) dv, (8)
The integrals for the two-electron operator, 813'
are wrlitten as
. tg” # 3
[U.kl} = jui(l)uj(l)uk(Z)ul(mslz dv, dv, (9)

For a closed-shell rare-gas diatomic configuration,
Slater26 has shown that the result found from Eq. (6)
using the Heitler-London method is equivalent to that
found from & molecular orbital calculation. The ex-
pression for the open-shell energy of a hetercnuclear
four-electron system in the Heitler-London approach is
derived in Appendix A,

For both the oclosed~ and open~-shell cases, the
one- and two-center integrals required to calculate the
energy at a given value of H are svaluated with the
Harwell Laboratory version of the Corbato-Switendick
program DIATOH.Z? further modified by Prof, C. H., Fischer

for the CDC 6600 computer. No attempt is made in these
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energy caloculations to apply a varlational principle
gsince the interaction energlies considered are not the
total energles of a physical aystem.

The repulsive energy for a palr of point ilons, or
for an ion and the neutreal He atom, is found by cal-
culating a net interaction, E(R) - E(of), and subtracting
any Coulomb energy. Thus the repulslive energy as a

function of internuclear separation R 1s given by

e B - - Ql
Erep(a) E(R) - Efx) SEE— (10)

where Qk and Ql are the net charges on the ions k and 1.
Curves for the repulsive energy versus internuclear dis-
tance are obtained for each interaction with parameters
of the one-electron wave functions held fixed,.

The repulsive interactions for Ll‘- H- and H-- Hh
can be represented by Born-Mayer forms, Total energles
calculated for Li*- Litinteractlons give repulsive forces
that are negliglble at gecond-nearest neighbor distances
in the facee-centered cubic structure of Li1H. With six
nearest neighbors per ion and six next-nearest H"nelgh-

bors per lon palr, the cohesive energy per ion pair of

the fce Li1H crystal 1s given as a function of H as
- 02
U(R) = 6A exp{(~-BR) + 6C exp(-\2 DR) -C(-H- (11)

where A and B are the Born-Mayer parameters for the
‘. - -— —
I1 - H interaction, C and D those for the H - H 1inter-

action, « 18 the Madelung oconstant for the NaCl structure



(1.7475%8), and e is the electronic charge,
The equilibrium value of the interlonic separ-
ation, R,, can be obtained from the relationship

LU
—_— = 0 (12)

'R5R=RO
The cohesive energy of the crystal is obtained from

Eq. (11) for R = RO. The compressibility is defined as

1y
K= a= —~—— (13)
V ..‘I P

10

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

Now
, 2 2
VP 2y RT U
Y Ay A 'R R=ft

Since the volume per ion pair in the LiH sc¢ructure is

given by V = 2RO3
R 1
——E e—— (15}
V oHO
Therefore
1 2U
K dV2 : )
16
1 .52U
= T T2

With the above equations, the cohesive energy,

interionic distance and compressibility can be found



11

-

for a given wave function for H . In empirical deter-
minations of the Born-Mayer parameters, the second term
of Eq, (11) 18 usually omitted and the constants A and B
can then be found from Eqs., (12) and (15), using ex-
perimental values for RO and K, Once A and B are deter-

mined, the cohesive energy can be calculated,

B. Numerical Hesults

The L1+- H- repulsive interaction was calculated
for three different types of H wave functions with the
results shown in Fig. 1, When closed-shell free-ion
one-~electron wave functions which are clcse to the Hartree-
Fock 1imlt are used for both 1ons.28 the curve labeled
“Hartree-Fock" was the result., The curve marked "Hurst"
1s the result of using one-electron hydrogenic wave
functions, with parameters found by Hurst,lj in open-
shell wave functions of the form given in Egq. (2).
Finally, cloged-shell screened hydrogenic functions of
the form exp(-Sr) were used with an adjustable screening
parameter 5 for the negative hydrogen ion, The free-
ion screening parameter was used for Li* since this has
been shown by Lundquistl3 and Hurst15 to be satisfactory
for crystal calculations,

Examination of Filg,., 1 shows that the Hartree-
FPock free-ion H function glves the strongest overlap

repulsion. Thls function also leads to the most ex-

tended charge distribution for the H 1lon. For the



screened hydrogenic functions, the repulsive energy
decreasses uniformly as the value of the screening param-
eter increases, that ia, 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 perameter for the H 1ion of 0,75.
Table 1 glives the Born-Mayer parameters A and B
for Eq. (7)., resulting from least-square fite of each of
the interactions in Fig. 1 to the exponential forms. The
interionic distance and coheslive energy of LiH, considering
only first nearest neighbor interactlons is alsc given,
Second nelghbor H-H repulsive interactions are
shown in Pig. 2., Some of these interactions are actueally
attractive, FPFor wvalues of lnternuclear separation near
the interionic dlstance in LiH,the least contracted wave
function ylields the most attractive interaction and the
most contracted, the most repulsive, This 18 opposite
to the L1+- H- results. For larger values of I, the
least contracted funotion ylelds the most repulsive
interaction. It should be noted that the opeéen-shell
function 1s the only function considered here whioh
includes enocugh intrashell correlation to yleld a bound
state for the free H 1ion (E = ~0.5133 a.u.). The inter-
action for this function is repulsive and is again
approximately that given by & cloeed-shell function with

o = 0.75. The repulsive energy in both of these cases
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is a linear function of internuclesr separation in the
region of interest,

The Born-Mayer parameters, C and D in Eq. (11),
for the second-nearest-nelghbor interactions are gliven
in Table II for various values of the screening parameter,
Also given are the corresponding values of interionic
distance, cohesive energy and compresgibllity. The ex-

perimental va1u9329’31 are shown for comparison,

C., Discusslon

The attractive lnteractions for H+« H shown in
Pig. 2 are consistent with the results of Hylleraasl2 and
Lundquist.13 Seitz32 has objected to such an interactien
in Hylleraas' calculation, but the present calculatlons
confirm the fact that closed-shell models for two=electron
systems can yleld such results,

As can be seen from Table Il, however, the best
fit to orystal data 1s found for the H screened hydrogenic
wave functlons which glive repulsive interactions and re-
sult in a considerable contraction of the charge dls-
tribution as compared to the free ion, This contraction
18 in general agreement with the results of Lundquist13
and Hurst.l5 The free-ion Hartree-~Fock function for H
leads to an attractive Hh- H 1interaction and a charge
distribution which is much too extended to yield a reason-
able model for L1H according to the methods used here,

The strongest H - H interaction changes the value

of Ry and U by only six 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 compressiblility values
for large screening parameters are low compared to reported

30, 31

experimental values, Subhadra and Sirdeshmukh33 have
analysed the experimental data for the compressiblllity of

L1H and rind that the use of the reported values with a sim-
ple Born-Mayer model of LiH leads to elastic constants which
violate the Born condlitions for cryatal lattice stablllty.34
They conclude that the measured values are in error and pre-
dict an upper bound of 2,15 x 10-12 cmz/dyne. Recent work

of Wilson and Johnsonl8 attributes the disagreement between
theory and experiment to the assumption of only central forces
in the discrete lattice theory,.

I1H crystal parameters calculated by other investl-
gators are presented in Table III, Lundqulstl3 found upper
and lower limits of -8,45 and -8,77 eV/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 1ln the pairwise interaction model, the
cohesive energy 1s -8,39 eV/ion palr (Table I), The neglect
of three-body forces in the palrwise Interaction model ocould
account for the difference in energy. Model 1 of Wilson and
Johnson.18 which includes the effect of non-central forces
for first and second nearest neighbors, glves a coheslve

energy of -8,50 eV/pair, Model II, which includes the effect

of these forces for only first nearest neighbors, gilves a co-
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hesive energy of -8,10 eV/palr,
With Hurst's open-shell crystalline H  function, the
cohesive energy obtaelned in the dlatomic calculation differs
from Hurst's result using the same function by almost twenty
percent, This difference nay be due to the fact that lHurst
curried out his calculation at the experimental value of the
interionic distance rather than at an equilibrium value ap-
propriate to his model. His model also neglects antlisym-
metrization effects which are partly included in the dlatomic
calculation,
In the diatomic calculation, the large value of the
H scereening parameter required for best fit to crystal data
(0.90 as compared to 0,6875 for the free 1lon) corresponds to
the redistribution of charge of this lon that would arise
35

from a properly symmetrized wave function and also tekes
into sccount, as mentioned previously, the contraction of
the H 1on in the crystal field., The first of these effects
i1s 1ncluded in Lundquist®'s calculation, which could account
for the much smaller change in screening constant (from
0.6875 to 0,7208) required in his case to obtain the bhest
fit to the data,

The open-shell configuration leads to a charge dis-
tribution for the crystalline H which differs markedly
from the distribution obtalned from the screened hydrogenic
functlon with § = 0,75, yet both the Li' - H and H - H~

repulsive interactions obtained with the two different wave

functions are almost 1dentlcal, This result suggests that
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the finer details of lonic charge distributions may not be
of such importance when two-body repulsive interactlions are
being calculated, and that closed-shell screened hydirogenlc
functions may be adequate for this purpose. This type of
result has been obtalined previously, For example, Thomas-
Fermi type of charge distributions yield interactlions 1n
various diatomic calculations almost identical to those found
from single or even multiconfiguration MO-SCF calculations,
The diatomic calculations as related to the L1H crys-
tal data provide a baslis for calculating interaction energles
between a He defect and the ions of the host lattice, The
changes in interaction energlies 1in the host lattice resulting
from relaxations of lons around the defect can alsoc be eval-
uated, Parameters for a repulsive interaction obtained from
a theoretical calculation of interactions over a range of
internuclear distances should be more reliable than those
obtalned from crystal data relating to a single interionic

distance,
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111. Point-ion Defect Calculations

A, Method

When a point defect 1s present in a crystal, the 1lons
in the region surrounding the defect are relaxed from their
positions in the prefect crystal. For a rixed position of
the defect, the relaxationsa correspending to a minlmum 1ln
formation energy (total energy of the defect state relative
to the pure state) are found by assigning variable displace-
ment parameters to lons surrounding the defect and minl-
mizing the formation energy with respect to these parameters.

Following the method developed by Hatcher and Diones?o

and extended by Wilson et al.zl the formation energy for a
defect state 18 expressed as a sum of changes 1in e&lectre-
static, repulsive and polarization energies. The electro-
static energy change i1s a correctlion toc the Madelung energy
of the perfect crystal due to relaxations of the lattice 1lons,
plus an additional electrostatic energy 1f the defect 1is
charged, The change in repulsive energy 1s calculated using
the Born-Mayer parameters determined from the calculatlons
of two-body interactions for ions in the host lattice. The
additional repulsive energy between the host lattice lons
and the defect 1s also included. Hepulsive 1lnteraction
energles up to third nearest nelghbors are taken into account,
In the perfect crystal the electric fileld at each
polnt lon vanishes by symmetry and hence polarization energy

ls zero, With the defect present, the relaxations of the

ions create a non-zero alectric field at the ion sites
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which gives rise to induced dipoles and assoclated dipole

fields, The polarization energy 1s given by

-~ ——)

- - . chg
Epol = - %) Py E, (17)

where the sum 18 over all polarlizable lons, ;1 is the 1n-
duced electronic dipole moment on ion 1 due to the field

of the charges and dipoles surrounding 1t, and Elchg is

the monopole electric field at ion 1 due to the asymmet-
rlcal Aistribution of charges surrounding it. The valus of
the dipole moment for lon i, py, 18 written in terms of the

monopole field and the dipole fleld as

S - 2 B 2
7 ¢ch R Ty4eT - Iir -
py = Elc £ +.4y P 'F—lj 1] 14| Py (18)

whereu(1 is the polarizablility of ion i, ?1318 the posi-
tion vector of ion i}relatlve to fon 1 in their relaxed
conflguration, and I 18 the unit dyadic. Thus for a glven
number of dipoles a set of gimultaneous equations must be
solved to calculate the polarlzation energy.

In the solution of theas equations, the « are assumed
to be kmown., For some ionic crystals, the free-ion polar-

37 The

1zabllities of the constlituent ions can be used,
polarizability of the free H'-ion has not been uniquely
determlned.38 Moreover, values for the free-ion do not
apply since the H 1ion is contracted in the LiH crystal,
An estimate of X can be obtained from the Lorentz-Lorentz
relation for Zhe NaCl structure

2

n-l_ o .-J(
n* + 1 3363( + 70 (19)




where n 13 the refractive index ando(+ and ‘X_ are the

cation and anion polarizabilities, 1f the free-ion value

for Ll+ is used in this formula, & value for H- can be found,
Since the ions in LiH are of very different slzes,

the central dipole approximation, which leads to a constant

polarizability, 18 not strictly satisfled. The H polar-

1izability determined from lonio or pure crystal data for

11
L1H may therefore need to be further ad justed or varled,

B. Results

In a ealculation previously reported.16 a point-ion
defect model based on the repulsive 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
ad jacent face, The activatlion energy 1s the energy needed
to move the defect across the potential barrlier between po-
sitions of stable squillibrium. It 1s therefore given by the
difference of formation energles for the face-centered and
the body-centered positions of the defect,

The change 1n repulsive snergy due to relaxations of
the host ions was calculated using Born-Mayer parameters
for first-nearest nelghbors 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/ion palr and B = 2,0859 1?1 Thess values

correspond to a screening parameter between 0,72 and 0.75,
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In this model the charge distribution of the H 1ion is more
extended toward a like ion than toward the neighboring L1+.

The parameters for the He-Li+ repulsive interactions
determined by the method described in IIA were A = 615,99
eV/pair and B = 5,0680 R'l. For the He - H  intersction,
two values of the H- screening parameter were considered and
the resulting values of the actlvation energy compared,

The polarizability of L1” (0.029 ;3) was taken from
Tessman, Kahn and Shockley37 and that of He (0,203 33) from

Paullng.zu Equation (19) with a value for n = 1.98% taken

E for the crystalline H™

o

from Pretzel et 313 gives o = 1,93 A

ion. This is conslistent with the contracted wave function
- 24

for H and Paullng's relationship between { and &, which

for two-electron systems becomes

A = l&-zﬂ (20)

However, with the repulsive interactions used in this pre-
liminary calculation, this value of polarizablility resulted
in an unstable defect model and a lower value had to be used.
Por o« = 1,00 K3, 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,

For 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 13.

l
A later calculation i of the activatlion energy for He
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in LiH employed the two-body L1t - B interactions for

S = 0.90 and used an He - H- interaction determined from

a generalization of the semiclassical method of wedepoh139
for treating interactions between like ions, In this cal-
culation the polarizability of the H lon was assumed to
decrease with distance from the ions near 1t to prevent
polarization catastrophe, A value of 1.93 ; wag assumed at
R = Ry, This gave a stable defect model with an activation
energy of 0.6 eV for He migration fiom a body-centered stable

position through an adjacent face, The volume expansjon per

Q
He defect was estimated to be between 7 and 8 A-.

C. Dlscussion

The activation energles calculated from the point-ion
nodel cen be compared with values repcrted by other workers
for diascrete models. Jaswal and coworkers used a deformation
dipole model to determine the dynamical matrix of the LiH

lattice,uo

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
harmonic approximation, An early calculation22 used a defect
host-1lon interaction of the Hugging-Mayer form with the para-
meters computed from a known He - He potential., The migra-
tion energy reported was 0.8 eV, In latercaloulatlons,41’42
the Heitler-London method was used with a Slater orbital for
H ($=1.0) expandodl%&n Gaussiana (exponentials with an

r2 variation rather than an r variation as 1in screened hy-

drogenic functions), Defect calculations uaing these inter-



actions gave a migration energy of 0,65 eV,

Wilson and Johnson,18 using the repulsive interactlons
described in II together with a variable pclarizabllity for
H , found migration energy values of 0,69 amd 0,87 eV for
the two different sets of crystal parameters for LiH glven
in Table III,

These calculated values can be compared with experi-

6

mental results., Jones  has estimated an activation energy
of 0,4 eV based on the size and separation of He bubbles in
damaged Li1HiLiT. More recently, a high-temperature result
of 1.22 eV for the activation energy of diffusion of He gas
in crystalline 1L1H has been reported.? The difference be-
tween this measured value and calculated values has been
attributedls’“l to trapping of significant fractions of the
He gag in intrinsic defeocts,

Experimently obaerved volume expansion in mixtures of
LiH and LAT vary with storage conditions ¢of temperaturs and
time., On the basis of experimental resuits and the half-
l1ife of T-, Pretzel and Pettyu have estimated the low-
temperature (below OOC) expansion due to interstitial He
to be 12.4 Aj/gﬁdecay. Because of the lack of agreement

between calculated and observed values, other mechanisms for

low-temperature expansion in Li1H:LAT have been examined.
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IV, Many-Body Calculatlons

A. Method

To investigate such questions as many-body forces,
charge distributions and the polarizabllity of 1lons, a
molecular-orbital (MO) method, modified to include the crys-
tal environment, can be used to find approximate solutions
of the Schrodinger equation for the defect region of L1lH:He,
Electronic structure 1s assoclated with the defect and with
a group of neighboring ions, and this structured group 1is
surrounded by & sufficlent number of point lons tc simulate
the crystal field in the neighborhocod of the structured 1ions,
Following the method of Roothaanuj the molecular orbitals

are formed from linsar combinations of a basis set of N

atomic orbitals (LCAO). Thus
N
S
q’r s lenl

¢ 7t

(21)

where ﬁi are the baslis functions and Y,, the normalized
coefficients of these functions 1n the molecular orbital,
On the bagls of the study of the point-ion model of
the perfect crystal, closel-shell atoemic ordltals can be
used for both the H and Li+ lons, The He defect is also
a two-electron, closed-shell system, PFor a clossd-ghell
system, the total wave functlion for the defect region 1s a

single determinant of doubly occupied molecular orbltals

Y = detfe (1)a(1)4, (2)(2) -

%tzn)s
¢H(2n-1)o( (2n-1)¢n(zn)6(2ﬂ>l

(22)
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where M 1s the number of structured centers in the model

of a given crystalline defect state of LiH:He, An approx-
imate solution of the self-consistent field (SCF) problem 1is
found by minimizing the total energy of the semli-discrete
model of the defect state with respect to the coefficlents
Yri of the atomic orbitals. The detalls of this calculatlon
are discussed in Appendix B. The total energy of an equliv-
alent model of the perfect crystal 1s also calculated by the
LCAQO-MO=-SCPF 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 formatlion energy 1s 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 point-ion model shows these relaxations
to be large compared to those of lons further from the de-
fect, The minimum in formation energy 1s found by varylng
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-

2
uated varies approximately as N /2 and the total of two-

electron integrals as approximately N“/B, where N is the



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,
3erious computational difficulties arise in eval-
uating these integrals if screened hydrogenlc functions are
used. To avoild these difficulties in studying complex mol=-
ecules, a number of investigators in quantum chemistry
have made use of Gaussian functlions, For s~ and p-symmetry

types, these are of the form
. 2
\ = (C, + CXX + CyY + Cz&) exp(-4r")

The dependence of this function on r2 rather than r avoids
the appearance of square roots in expressions involving func-
tions of different dlstances. Also, Gaussians have the prop-
erty that products of functions centered on different orligins
are proportional to a single Gausslan with a center on the
l1ine Joining the orilgins of the product functions. For these
reasons, nearly all of the integrals in the molecular orbiltal
calculation can be evaluated analytically. For the most d4dlf-
ficult type, a single numerlcal 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-
sion of POLYATOH.uu The details of the program are dlscussed
in Appendix B, Symmetry propertles of the structured group
of ions are introduced {o reduce the number of unique inte-

grals and symmetry orbitals which are irreducible represen-



26

tations of the symmetry group are used to simplify the
SCF calculatlons,

Gausslan functions have been used in calculatlons of
the LiH molo'ﬁr.;ule“"5 and for calculating the energy of the He
atom.46 The results obtalned for single atoms and for simple
molecules show that more Gausslan than Slater functions are
needed for calculation of primary properties, There 1s evi-
dence, however, that reliable values for energy differences
can be obtatned with a limited set of Gaussian basis func-
tions.u? Since equiwvalent sets of lattice lons are struc-
tured in the two LCAO-MO=SCF calculations (with «nd without
the defect) relatively few Garasilans are assoclated with the
individual ions, For the defect, which appears 1n only one
part of the calculation, a more extended set of atomlic or-
bitals 18 used, The self-energy of the defect used 1in cal-
culating the formation energy of a defect state is that cor-
responding to the basls set used,

A check on the reliability of the values found for
energy differsnces, with a limited set of Gausslans, can be
made by using the virilal t:heo:ram.u'8 Thias theorem implles
that in going from one stable configuration to another the
changes in kinetic energy and potential energy satiafy the
relationship

AT = %4V
For the defect problem, thlis relationship should hold at
the minimum value of formation energy.

Polarization energy 1is taken into account to some
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extent in an LCAQ-MC-3CF calculation that includes Gaussians
with only s-type symmetry. There 1s a limited amount of dis-
tortlion of the charge distribution surrcunding the ions that
relax due to the lack of symmetry, Polarlzation energy can
be further taken into account by including p-type Gauszians
in the basis set of atomic orbitals to give more flexibhi1lity
in the wave function, For comparison purrposes, a polariza-
tion energy can be calculated separately in the classlical

polnt-ion model,

B, Descripticn of Calculatlons
The optimum value for a single Gaussian to approx-
imate a single Slater-type orbital can bhe calculated as

L6
shown by Huzinaga from

C e (2% (23)
opt

where 7 1s the coefficient 1n the expcnent of the Gaussian
orbital, 2' is the gscreening parameter for the Slater or-
bital andu(opt 1s a constant depending on the symmetry of

the orvital. For a 1s orbital,tio = 00,2829, Thus the

pt
three optimum values of interest for the LiHiEHe problem are

4 §

H™ 0.6875 C.1337
He 1.6875 0.8057
11t 2.6875 2.0433

For He, Huzinaga has calculated the orbitel parameters for

N gaussians with N = 2 to 10, The values for N = 2 were
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used to obtaln parameters for two Gausslans for an H or L1+
lon by using simple ratios to the optimum single values in
each case, The set of orbital parameters used for variocus
ions in the defect region are shown in Table IV along with
Huzinaga's values for He for N = 2 and 9.

The cube-centered interstitial position 1s assumed to
be the most stable for a neutral He defect in thls wmodel for
LAiH,He, Migration of the defect between positions of stable
equilibrium 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 barrlier between positions
of equllibriunm,

The minimam total energy for the cube-centered posi-
tion of the defect wis determined by varying the relaxations
of the eilght nearest neighbors at the corners of ths cube
shown in Fig, 3. As indicated at one corner of the cube,
each nearest neighbor has three neighbors which are near-
est to 1t 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 lons
within {ib times the interlonic dlstance 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 lons moving along the body diagonal of the cube,
The H~ 1ons are more diffuse than the Li% ions so that the
overlap will be greater for He - H , On the basis of re-

sults obtained with the point-1ion model, 1s was assumed
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that the relaxations for H were greater than for L1+. The
experimental value of the interionic distance in Lil, 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 nelghbors 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 nelghbor to the defect and one of
the second nearest nelghbors to the ion that 1s allowed to
relax was also structured since the latter moves radlally
outward toward the former. The equlvalent lon in the body-
centered was assumed tc be a polnt lon since it 1s a third
nearest nelghbor to the lon that is allowed to relax and
1s 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 cholce of
ions structured was studied for this case by varying the
number to include only nearest nelghbors to the ions that
are relaxed in one csase and all second-nearest neilghbors to
the lons that are relaxed in another case, Point ions up
to QBb times the interionic distance were agaln included 1in
all calculations, giving a total of 681 centers for the face-
centered case,

As noted in IV-A, the total number of 1lntegrals that
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must be evaluated in the molecular orbital approach can be
reduced by taking 1nto account the symmetry of the group of
structured ions. As can be seen from Filg, 3, the body-cen-
tered group hag three axes of rotatlional symmetry, the three
rotations belonging to the group D2 which has four irreduclble
representations, The face-centered configuration, Fig. &,
also has three axes of rotational symmetry, and in addition
three planes of reflection and & center of inversion, The
transformation group 1s D2h and there are eight irreducible
representations,

Some p-type Gausslians were included 1n one set of
calculations for a face-centered defect. Two Py py and P,
Gaugssilan orbitals with parameters taken fron Csizamad1345
were added to the basig set for nearest neighbors only. If

two of the coordinates are chosen along the face diagonsals,

the same transformation group can be used,

C. Results

Curve 1 1n Fig, 5 shows the formation energy in Har-
tree atomic units versus nearest-neighbor relaxation for the
body~centered He defect. The besis set of atomic orbitals
is limited to Gaussians of s-type symmetry. The relaxation
parameter Pl is that associated with the H 1ion and the radial
relaxation is given by P1 tim=2s the interionilic distance in
the perfect crystal, A simlilar parameter P2 18 assocliated
with the L1% 1on, oOn the besis of point-lon defect calcu-
lations, it was assumed that P, - Py = 0,01 for a&ll values

of Pl'
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The energy of the He defect used in calculating the
formation energy was that given by Huzlmamgau6 for the nine
orbital parameters in Table IV. This energy is -2,86165 a.u,
as compared to the Hartree-Fock value of -2,86168 a.u,

Curve II In Fig. 5 glves the polarlzation energy as
computed from the point-ion defect model, allowing only near-
est-nelghbor relaxatlons and aasuming these to be the same
as those used to obtaln Curve I, The polarizabllity of the
H lon was assumed to be constant and to be equal tc 1.93.

Curve II]1 was cbtained by adding curves I and 11,

This causes the minimum formatlon 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, = 0.075 to P, = 0.1k,

Fig, 6 shows a gimilar set of curves for the face-
centered defect with the basls set in the LCAC-MO-SCF cal-
culation again l1imited to s-type Gausslans, Basged on the
point-ion defect calculations, it was assumed in this case
that P,- Py= 0.16 for all values of P;. The minimum for
Curve I is at P, = 0,20 with a formation energy of 0.061 a,u,
or 1,64 eV, The minimum for the corrected curve is at
P1 = 0,24 with a formation energy of 0.035 a.u, or 0.95 eV,
These results are for 25 structured centers, as dlscussed
in IV-B,

If only first nearest neighbors to the lcns that re-
lax are included, there are 21 structured centers, If all
second-nearest nelghbors are included, the total number of

centers 18 41. The variation in formation energy (no correc-
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tion for polarization energy) with number of centers for

P1 = 0.22 18 as follows:

No, of Centers Formation Energy
21 0,077 a.,u, 2,07 eV
25 0,063 1,64
41 C,043 1,21

The activation energy calculated from the LCAC-MO~
SCF formation energies {(minimums of Curves I in Figs, 5
and 6) 18 0.016 a.u. or 0,43 eV, Use of the formation energy
for 21 centers 1in the face-centered case would increase thls
value to about 0.020 a.u, or 0.54 eV, With the correction
for polarization energy, the activatlion 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 point-ion models
(see III-C),

Fig. 7 shows the formation energy versus relaxatlon
of the H 1ions for the face-centered case calculated with
and without p~type Gaussians, For the curve labeled I1I,
these functions were used only on H nearest neighbors. The
point labeled IV was calculated wlth p-type Gaussians on
all four nearsst neighbors to the defect. Because the total
number of functions needed increases rapldly when p-type
functions are added (six on sach center) only two s-type
functions were used for the He defect. Curve I in Fig, 7,
which shows the formation ensrgy versus relaxation without

p-type Gaussilans, 18 higher by a constant amount as compared
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with Curve I in Fig. 6, because of the difference 1n size of
the basls set for the He defect, The energy of the He atom
calculated with only two Gausslan orbitals is -2.7407 a.u.
as compared to -2,8616 a.u., for nine orbltals,

The effect of including the p-type Gaussians in the
LCAO-MO=-SCF calculatlions 1s to shift the curve for formation
enargy down and over in the same manner as wlth the correc-
tion from the point-ion calculation of polarization energy
(Curve III of Fig, 6),. Not all of the change in energy be-
tween curves I and II in Flg, 7 can be attributed tc polar-
ization energy since the repulsive (overlap) energy will be
different for the two basls sets., Because of llmitations of
machine time, no defect calculatlions for the body-centered
case with p-type functions were carried out,

Table V shows the total kinetic and potential ener-
gles at the minimum of formation energy for the face- and
body-centered positions with s-type basls functicons and for
the face-centered position with p-type functions added, It
can be seen that the virial theorem is well satisfied for
the differences in energies in all cases aven though it 1s
not satisafled for the total energies, The latter have no
physical meaning in this calculatlion since the energy be-
tween point 1ons surrounding the structured ions does not

include any electronic part.
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V. Charge Density Distribution and Polarizability

A, Theory
The LCAC-MO-SCF calculations described in IV-A lead
to analytic expressions for the occupled molecular orbitals,
(Lr, in the many-body models of LiH and LiHiHe, These ox-
pressions contain the Gaussian functlons nl and the values
of the variable coefflclents Y., corresponding to the min-
imum value of the total energy in the SCF calculation. At

& given point in A particular model, the charge density

{probability density)} for each molecular orbital 1s glven

by N N
(r= 21(1.1_\2 = 22%:1.111.3')1‘]3 (24)
Since the moecular orbitals correspond to irreducible
representations of a symmetry group, they are orthogoenal and
the total charge density at any point is given by
M
(’(r):!*’(lz-ZCr (25)
h-d
The Yri values are given as part of the output data
of POLYATOM (ses Appendix B), These values are then used
to calculate 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 progranm DENPLCI'I‘.“'9
With thls program, densities in a sgpecified 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.

The DENPLOT program can alsc be adapted to give total



charge density as a function of distance from a given cen-
ter in the model. Total charge in a flnite region around a
glven center is found by calculating the radial distribution

function

D(r) = Q(r)rz (26)

and integrating this function as far as necessary to give a
value close to unity. The maximum wvalue of D(r) determines
a most probable radius for a given ion for s glven basis set,
Charge density distributlons corresponding to single
Slater screened hydrogenic functlons can be filtted to the
charge density dlstributions obtained with the Gauassisn 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 S as a variable and with the hydrogenic func-
tion normalized to give unit charge when integrated over all
space, The screening parameters found in this way can be
used to determine polarizabilities of the 1ons in the crys-
tal, using Pauling'as expression for S for electrons moving
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in a pure Coulomb rleld. For two-electron systems with a

single closed shell, the relationship as given in Eq. (20)

1.
.::(..Tgﬁ

o
where A is in A3. If o 18 determined for the Li* or H 1lons

ia

for various relaxed poaitions, polarizabllity as a function

of diasplacement can be studied,



B. Charge Dengity Contours

The effect of a face-centered interstitial He atom
on the charge distribution of the ions in LiH was studied
by using the molecular orbital coefficlents obtained in the
calculations of formation energy versus dilsplacement of the
H ion (Curve I of Filg. 6), Densities 1n the plane contain-
ing the defect and 1ts nearest neighbors (see Fig. 4) were
calculated to determine charge distributions around 16 ions
near the defect, which 18 located at the origin when present,
The eight second-nearest neilghbora to the defect lie in two
planes parallel to this plane and separated from 1t by plus
and winus the interionic distance, For the LiH:He state, the
displacements of nearest neighbors to the defact take place
in the plane for which the charge densities have been cal-
culated,

For the perfect c¢rystal model the maximum density in
the plane, found by summing all 24 orbitals, 1is 3.50 (a.u.)-3
and occure at the center of the L1+ ion., The total density
at the center of the H 1ion 18 0,092 (aa..u.)-3 or only about
three percent of the L1+ maximum. The scale of intensities
on the screen of the cathode-ray tube 1n the CALCOMF plotter
agsociated with the CDC 6600 corresponds to & range of den-
sities from maxrimum to one percent of maximum. For this rea-
son, very little structure for the H 1ion would be observed
i1f the total density from all 24 orbitals was displayed.

Therefore, densitles from those orbitals with large coef-

ficlents for the H atomic orbitals were added to dlsplay
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density contours in the vicinity of these ions. These con-
tours are shown in Pilg., 8, The structure of the Li+ tons,
obtalned by adding the remaining orbitals, 1is shown 1n

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 Li% lons. It should be noted that the four-leaf
clover pattern in these pictures 18 a result of the method
of plotting., Checks of numerical wvalues show that 1t has
no slgnificance as far as the symmetries of the electron
density contours are concerned,

The twelve orbitals used for Fig. 9 are the first
twelve in order of increasing orbital energy., The maximum
density for the sum of these orbitals is 3.45 (a.u.)-j.
showing that there is a small contribution to the charge
density around the Ll+ centers of the remaining twelve or-
bitals, This can also be seen in Fig, 8, The maximum den-
g1ty for the twelve orbitals used for the H contour plots
)-3

(Fig. 8) 18 0,092 (a.u. , 8howing a negligible contribu-

tion from the twelve Ll+ orbitals., This can also be seen
from Flg., 9 which includes densities as low as 0,035 (a..u.)“3
but shows no contours around the H 1ion 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
comblilnation of the two Gausslan atomic orbitals associated

with the L1* in the crystal calculation. The density cone

tours for the orbitsl with the lowest orbital energy 1is
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shown in Fig, 10, This orbital has slgnificant charge den-
sity only on the two Lit ions nearest the origin (nearest
neighbors to the defect site), The maximum denslty is about
half that of Fig. 9, the total charge 1ln this orbital belng
equally divided between the two Ll+ lons, Thus the four
most tightly bound electrons can be sald to be the 1s elec-
trons of these two 1lons,.

With the He defect at the origin (face-centered po-
3ition) of the group of structured ions, there are 25 molec-
ular orbitals. In order of increasing orbital energy, the
thirteenth orbital has the largest coefficlents for the nine
He atomic orbitals, and an orbital energy of -1.1095 a,u., asg
compared to -0,9179 a.u, for a free He atom uslng the nine
Gaussian atomic orbitals, The latter is equal to the Har-
tres-Fock value, The coefficlents for the nine Gaussian
functlions 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 orblital are shown in
Pig, 11. The maximum density 1s 1,63 (a.u.)'j as comparsd
to a total density, found from summing all 25 orbitals, of
1.81 (a.u.)'3 go that there 1s about a ten percent contri-
bution from the other 24 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 Li" 1on.

The He orbital was included with the twelve Ll+ or-

bitals (first in order of increasing orbital energy) in com-
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puting the charge density contours around the Ll+ ions with
the defect present, Fig., 12 shows this charge distribution
for the relaxation of the nearest neighbor lons which gives
a minimum of formation energy for the face-centered inter-
stitial He, 1.e., Py . 0,20 in Flg. 6. Since Fig. 12 shows
densitlies 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 L1¥ ion and the neutral He defect 1s not spparent,

Comparison of Fig, 12 with Flig, 9 shows very little
change in the L1 charge distribution with and without the
defect, The maximum density in Fig, 12 1s slightly lower
than that in PFlg. 9, but if the densitles of all 25 orbiltals
are added, the maximum density at the nearest neighbor LiY
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 P1 = 0,20 are shown in Flg, 13. The
contribution of these orbitals to the charge density of the
L1+ ion is agailn apparent, as 1s the contribution to the
charge density around the He defect., The contours around the
nearest neighbor H 1ions in Fig. 13 appear to be slightly
distorted. This distortion 1s even more noticeable in the
density contours for the most loosely bound slectrons, shown
in Pig. 14, However, if all 25 orbitals are added and the
density variations along various directions are compared,

there 18 no significant difference,
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The increase in the maximum density, 0.0967 (a.m.)"3
in Pig. 13 as compared te 00,0917 (9..1.1.)-3 in Pig. 8, 1s an
tndication of a more contracted H 1ion, Densitlies found in
summing all 25 orbitals show an increase in the maximum
dengtty at the nearest neighbor H 1lon from 0.092 (at.u.)-3
to 0.107 (a.u.)'j. Thus there 1s a definite contraction of

this ion as it relaxes, This will be more evident from the

results discussed in the next section.

C. Polarizability

With the method described in V-A, the total charge
density as a function of the distance from a glven center
was used to find the scresning parameter Q for an equiv-

alent Slater hydrogenic wave function. This was done for:

1) Pree 11" and B 1ons described by the same Gaussilan
atomic orbitals as used for the crystal models,

2) LAY and H ions in LiH,

3) 11¥ and ™ ions and He 1n LiHiHe, for two different

values of relaxation of the nearest nelghbor ions.

The values of g and the corresgponding values of the
polarizability,« , calculated from Bq. (20), are given in
Table VI. Compared to the free-ion value of 5 for H of 0,64,
found by uslng the Gausslan orbltals, the screening para-
meter for H in the crystalline state LiH has increased to
0.724, indilcating a contraction of the lon in the crystal.

As the H  1lon relaxes in the LiH:He state, > increases to
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0.769 for P, = 0.20 and to 0,785 for P, = 0.22, indicating

1
further contraction of the ion as it moves away from the
lattice site,

It should be noted that Hurst's closed-shell func-
tlon15 gives an optimum value for the crystalline S of
0.7724 as compared to 0.6284 for the free icn, The free-
ion values are not the same because, in the present calcu-
lation, the exponents for the two Gausslian orbitals used
for H were not determined from the Slater free-ion value
(0.6284), but were scaled from values for He as described
in IV-B, 1In Hurst's calculations of the crystalline
value, only one H 1on was structured, It was surrounded
by point ions to simulate the crystal fleld and the energy
was minimized with respect to g, 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
L1* 1ons are structured, as well as s1x of the twelve sec~
ond nearest H ions. In both calculations, the interionic
distance was taken to be the experimental valiue, Compar-
ison of the results found here with those of Hurst shows
that there 1s less contraction of the H 1ion in the crysg-
tal field when there 18 structure on the ions surrounding 1it.

Hurst has noted that “the magnitude of the interac-
tion between .., first neareast nelghbor point charges and

the electrons of H would be at a8 maximum if the central

icn were a poilnt charge, For this reason the central hy-
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dride 1on contracts until the interaction 1s offset by the
increase in kinetic energy and electron-electron repulsion
energles.,” The contractlon of the certral lon 1s less 1if

trere 1s structure on the surroundlng ions presumably be-

cause of the additlional kinetic encrgy and slectron-elec-

tron repulsion energles due t¢ this structurs,

For the L1+ ion, the value of g for I1H 1s the same
as that for LiHiHe and 48 slightly larger than that for the
free ion with two Gausslian orbitals, This 1s 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 1s low compared tc the usual free-«ion value of
2,.6875, The two values are not the same because the para-
meters used rfor the two Gausslan atomle orbitals were agaln
not ealculated from the single Slater value,

The polarizability of the H™ 1lon in the LiH crystal
as found from the screenling parameter 1s about 2.5 times
the value of 1,93 ; found from the Lorentz-Lorentz rela-
tion given in Eq,(19). However, as determined from the
screening parameters, the polarizability deoces decrease as
the H 1lon is displaced from the lattice site. The 1,93
value corresponds more closely to the higher § values used
in the point-ion defect calculations,

The polarizability of the Li* ion is the same for
the free ion and for the LiK and LiHiHe states, It is

about 1.4 times the Tessman, Kahn and SchockleyB? value of
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0,029 EB determined from refractive data in crystals, but
it is in reasonable apreement considering the small number
of Gaussian orbitals that were used in computing what is a
primary property. Sternheimerﬁo has calculated the elec-
tronic polarizability of ions by considering the pertur-
bation of the wave function by an external field. Using
wave functions of Lowdin,51 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 1,6875 found with the
variation method., The nine Gaussian atomic orbitals
were determined by }*qu.inagal+6 by a variational pnrocedure.
With the screening parameter found here the corresponding
c('value is lower than the 0,203 33 value used in the
point-ion defect calculation. The latter value was deter-
mined from the single Slater value by Pauling.za The re-

sults obtained here show that there is some contraction of

the He in LiH:He.
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VI, sSummary

The two-body interactions for the crystalline states
I1H and LiHiHe have been calculated by the Heltler-London
method and vied to determine repulsive interactions for
point-ion models of these states, The model for LiHiHe has
been used to calculate formation and activation energles for
the He defect,

A many-body model has alsoc been constructed and an
approximate sclution of the Schrodinger equation has been
found for the region in the vicinity of the defect, LCAC-
MO-SCF calculations of formation and activation energiles
have been carrled out with this model, The effect on thse
formation energy of the polarization of the ions near a
face-centered interstitial defect has been studied by using
orblitals with p-type symmetry, and results have been com-
pared with classeical calculations of the polarization energy
in the point-lon defect model,

The total charge distribution in the defect region
corresponding to the probabllity density found from the
LCAO-MO-3CPF calculations has been used toc cbtain charge
denaity contours around the ion and defect sites in LiH and
LiHiHe, The radial variation in the charge density has been
used to show contraction of the H 1ion in the crystal and to
estimate the polarizabilities of the 1ons in the crystal
fleld. A decrease in polarizability of the H- ion with dls-

placement from the lattice site has been demonstrated,
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Fig, 1 L1 = H repulsive interactions for various

E wave functions,
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Fig, 2 H™ - H repulsive interactions for various

H™ wave functions,
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Fig. 3 Positlions of structured lons for body-centered

defect calculations in LiHiHe,
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Fix. 4 Positions of structured ions for face-centered

defect calculations in I[.1HiHe,
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Flg, 5 LCAO=-MO=-SCF formation energy for body-centered
He defect in L1H versur relaxation of nearest-

nelghbor H  ion, with s-type atomic orbitals,
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Fig. 6 ILCAC-MO-3CF formation energy for face-centered
He defect in L1H versus relaxation of nearest-

nelghbor H ion, with s-type atomic orbitals,
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Ftg, 7 LCAO~MO-SCF energy for face-centered He defect
in LiH versus relaxation of nearest-nelghbor I

ion, with s- and p-type atomlc orbitals,



s

[

L L T
L .

[ w L

"

. N P .
o N D U
LT e
s TN

A4

65



66

Fig. 8 Charge density contours in the

vicinity of H ions in LiH.

Maximum density is 00,0917 (a.u.)-B
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Fig. 9 Charge density contours in the

+
vicinity of Li ionsa in LiH,

Maximum density 1is 3.4526 (a.u.)-’3



Fig.

10

Charge density contours for

molecular orbital with lowest
orbital energy in LiH. Maximum
density 1s 1.7261 (a.u.) >

Orbital energy ts -2,3870 a.u.
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Pig,

11

Charge density contours for

He defect in LiH:He, Maximum
denstty 1s 1.6265 (a.u.)"3

Orbiltal energy is -1.1095 a.u,
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Fig. 12 Charge density contours in the

+
vicinity of L1 1ions in LiH:He,

Maximum density 1s 3.1353 (a.u,)
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Fig. 13 Charge density contours in the

vieinity of H ions in LiHiHe.

Maximum density is 0,0967 (a.ua.)"3



Flg,

14

Charge density contours for
molecular orbital with highest
orbital energy in LiH:iHe, Max-
imum density is 0.0513 (a.u.)“:j

Orbital energy 1s -0,3728 a.u.

72




Appendix A

T, open configuration energy for & heteronuclear
four-electron system can be evaluated following the work
of Hosen52 for evaluating the repulsive potential of nor-
mal He atoms. The unsymmetrized wave function for a four-

electron gystem with spin included can be wrltten as
L= a(1)(1)0(2) (2 (3) <(3)a(4) 3(k) (A-1)

where a and b are 13 hydrogenic atomic orbltals for center

one and are of the form

a = (513/“)é e~ )T

(A-2)
b = (“23/w)% o= 0. T

where gl and 52 are open-shell parameters, PFor a(l) and
b(2), the coordinates refer to electron 1 and electron 2,
respectively, PFunctions c¢{(3) and 4(4) are similar func-
tions for center two with open-shell parameters Sj andJEQ

and with coordinates referring to electrons 3 and 4, For

the helium problem, gl = 33 and 52 = ’u.

Hurst15 has used an open coenfiguration antisymmetrized

two-electron function for a single ion in Li1H, either Li'

or H, in a crystalline field, This function is written as

2(1,2) = {a(1)b(2) + a(2)b(1)] x
LA (1)8(2) - 4(2)41) ]

For the two centers considered here, the two-electron func-

(A-3)

tions may be written as



.3k(1,2) = (adbd] + |beay]

:1.1(3,4) = ledd sl + jdac s

(A-4)

The four-electron function will then be of the form

o (123k) =%, (1,204 (0,4)

(A=5)

The total antisymmetrized wave function can be con-

structed by permuting the four electrona on the two centers,

Thus

Tz = ke (1P 238)
Ve

[
which glves

1y (1234)

(4-6)

l\.ik(la?)"kl(B“) + ik(34)*'ﬁ1(121\

1 .
2 (23)6 (k) +Ltk(1u)w1(z3)J

- 0, (13)4 (24 mk(zu)u.lua)\g

This can be shown to be equivalent to
4'11"141 -4, '#3"'414

where

Y1 = |aKbjeads | 'llj = ladbic A |

'\}2 :‘a':‘ib<xcfx‘d 5 Lh& = \a}b.;o %d*f\

The total energy 1is given by

- ; i
I , Bual

H
E=EM- ——r—
R

(4-8)

(A-9)

(A-7)



A-3

where
Hy, = 4Q - 2,131 - 2,11 3kl (Ae10)
+ 40 013) (k1) - 2 |19k
The integral Q 18 glven by
Q = gé(l)b(z)c(3)d(u)53(1)b(z)ctj)d(u) arc (A-11)

and the integrals corresponding to the brackets are ob-

talned by cyclically permuting the electrons in the in-

tegral Q as

\ 1]

(13Kl =
(13) (k1) |
ERVA

f

follows

a(1)b(Jy)e(k)a(1)H@J)b(1)e(k)Ad) at
a(1)b(J)e(k)d(1)Ea())b(k)c(1)a(l) a¢
a(1)b(J)c(k}d(1)Ha(3)b(1)e(1)d(k) A«
a(i)b(j)c(k)d(l)HP(J)b(k)c(l)d(i) d:

The remalning terms in Eq. {(A-10) are

7 Y13}
"

P13k |

7\ 19y (k1)

) (o]

The

Hrby unity 1n all of the integrals in H

130+ |16l 23]+ 26l - 2]12)- 2134] (A-12)
T134)+ l243) + 1123] + |142]
) . f , (A-13)
+ (128 + {132] + (238] + 143!
lazzm] + {aw)e3)) + (12)u)) (A-14)
112341 + (18321 + 11283] + 1342
(A-15)

- 2{1423) - 2'1324 |

expression forfﬂAA can be obtained by replacing

AA® The Hamiltonlan

for the four-electron case 18 given by



A=l

2 _ 5 h o, , &4 (A=16)

l‘: rl . I‘i' ‘rij R

vwhere 5k and Zl ar~ e nitelear charges, B i1s the inter~
nuclear separation and the summation runs over tne four
electrons. When thils Hamiltontan is substituted into
Eq. (A~%), varlous one- and two-center integrals result,
The followlng notation willl be used

a8 = 34 c = h1

b=sz d=h2

where 8 1refers to 11" and h refers to H . Table A-1
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 (split nuclear
attraction), The two-center two-electron integrals cor-
respond to the interactlion between two charge distributions,
For Coulomb integrals, both charge distributions are sin-
gle-centered, In exchange integrals, both charge distril-
butions are shared by the twe centers,

If the one-electron operators in the Hamlltonilan

are written as

and the two-electron integrals are written with 1/ry,



Table A=l

Integral Type

1. One-center
a) one-slectron
electron charge
nuclear attraction
b) two-electron
Coulomb
2, Two-center
a) one-electron
overlap
nuclear attraction
split nuclear
b) two-elec*ron
Coulomb
hybrid

exchange

A-5

Example

(slis]l

(51 l.:.lr.: Bl)

(51321%19152)

(h1|81)
Ciplpiey)

1
(hyigisy)

1
(hyhylg sy85)

1
(hlslg; l_hlﬂl



A-6

understood, the gquantitlies in HAA bacome

- = (81'!H'||S-l) + (32‘}'“82) + (hllthl)

+ (ho Hiho) + (8ysp5!8735)
2 2 1°21'2] (A=17)

+ (31h1131h1) + (slh?}slh?)

: - 2 2 2
(13) = (s1 Hlsl) (h1182) + (h?\Sz) - f(hllth
+ (s,iHs,) (5" + (hyisy)" - 2(hyiny)"
2 2 2
+ (hy'Hing) (hptsy)  + (hplsy) - 2(syis))

-

. 2 l 2
(hotHlhy) (hylsy) + (hyls,) - 2(s;ls;)

+

4 (syVs,) (s His,) + (hjih,)(hyiHinhy) ]

+

2i(hjis{)(hyl Hisy) + (hy) s,)(hy} Hisy) (A-18)
+ (hzlsz)(h21H182) + (hzisl)(hzﬁﬂisl)
2 2
(h,!a,) (hlhlislsl) + (hltsz) (hzhzlslsl}

2

+

+

2 _ 2
?pbl\h?) F81811’?8?) - 2(8yi85) {(hyjhyihoh,)

2:(hy1sy) (nysyieysy) + (nysyihphy)
+ (ny1s2) (hpsy(sysy) + (hpspinghy )|

+ (hlgsl)?(hlsl|szaz) + (hys i hyh, )
+ (hzlsl);(hzsllszsz) + (hzsllhlhl);
+ 2(s1185) (hyhy(sy85) + (hphpisys,)]

2{nihp) (yhplsysy) + (nyhylspsy)))

-+

+ (hysyihysy) + (hpsyihpsy) + (hysyihys;)
+ (h2321h232) - 2(8182(8281) - 2(h1h2|h1h2)



A-7

é::‘(idk) = (81[ Hlsl)(hll h2)(h1l32}(h2l32)

-+

+

+

(s Hisp)| (hyl1sy)(hy13p) + (hpisy)(hplsy)|
(splHIsy) (hyl s7) (hythy)(hylsy)
(hy1HIhy ) (hylsy)(hylay)(sylsy)
(hy {Hihp)! (hyleg)(hplsy) + (hpisy)(nyisy),
(hpVHihy ) (hylsy)(hyis,) (s 18,)
(hylHisy )i {(hyithy)(hptsy) + (hyisy)(syis;y),
(hinﬂlsl)j(hilhz)(n2|sz) + (hitsl)(si.sz); Hh-19)
(hplH185) [(hythp)(hytsy) + (nplsy)(syls,)
(hy B sy )| (hyihy)(hyisy) + (hplsy)(syisy),
(s 185)| (hyi85) (hysy hyhy) + (hyls;)(hys,ihghy)
+ (h) s5)(hysylhyhy) + (hyisy)(hys thohy)
+ (hysyis,hy) + (hys,lisyhy)
(hy13y) [(hp1ey ) imhytsp8,) + (ny1s,) (nphyisys,)
+ (hyihy)(hy8 18 8,) + (hys ihihy)
(hy)s) | (hpis,) (nyhyisys,) + (hytny)(n sy 8,s,)
+ (hpsyi8y8,) + (hysyihyhg )
(hyl8,) (hy18,)(hphyisy8) + (hih,)(hys, 18,8, )
. (hysyl8y8,) + (hysyisys,) + (hzszlhlhzlé
(hz\sz)%(hllhz)(hlsz\slsl) + (n,s \8.8,)
+ (hys,ihyh, )
(hy 1) (b8 18 hy) + (Bysyiepny)”



(13)(k1);= 2(81\Hi82)(3ﬂ32)(h11h2)2
+ 2(hqIHihp) (sy185)2(nyihy)
+ 2(h1[Hlsl)(hzlaz)z(hllsl)
+ 2(h1IHisz)(hzlsl)z(hliﬂz)
+ 2(h21H432)(hlisl)z(hzisz) (A-20)
+ 2(h21H191)(h1192)2(h2131)
+ (hyiny) (s 8,18,8,) + (8715,) (hjhythoh) )
+ (hz‘sz)z(h1'1|31h2) + (hlpsz)z(h2311slh2)
¢ (hp1s)) (hysp1sany) + (hylsy)®(hpsplsphy)
+ L(hyihy) (8 185)(hh,l8;8,)
+ 4(h s )(hy18,)(hys 1h,s,)
+ u(h1132)(hz!sl)(hzslthlsz)

P (13k1) = (s)'Hia,)(hyihy) + (hy1Hihy)(sq18,)
x L(hznsl)(hl|32) + (hzmsl)(hlisl)5
+ fthllH}sl)(hzﬁsz) + (hzhHrsz)(hllsl);
x ‘(h11h2)(51l32) - 2(h1\52)(h2181)5
. (A-21)
+ I(hllﬂisz)(hzlsl) + (hy'His ) (hy18,),
x  (hylhy)(syisy) = 2(hy\sy)(hyls,)]
+ (hyisp)(hyisy) + (hylsy)(holsy)l (hhylsys,)
+ (hyihy)i(hyis,) (88,1 h08y) + (hyi8,)(8;8,18,h, )
+ (hllsz)(slszihzsl) + (hllsl)(slazjszhz)J
+ (s718,)| (hy18,) (R hyisihy) + (hyisy ) (R h, 18,k )
+ (hliSZ)(hlhzihZ"l) + (hl!sl)(hlhzlhzaz)]
- 2(hyls,)| (hy 18,)(hys ia hy) + (hyis, ) (hys ls h )l
- 2(hyisy)|(hyis,)(hps,ls hy) + (hplsy ) (hys,is,hy )]
+ Lnyiny)(sgis,) - 2(hytsy)(hy1s,) (hys,l 8 h,)



The quantityaﬁAA is given by

i 2 2 2
Noo=b - Zi(hllsl)o + (nplsg)” + (hylsy) "+ (hp)sy)” |
+ h\(al\sz)z + (hy h2)2 l
- 4)(hylhy) (hyi85) (hptsp) + (hllsl)(hpisl)i
+ (89185) (hyisy)(hy1sq) + (hplsy)(hp|sp) -
+ 4 (hyte ) (hy18,)° + (nyley) (ngley)”
+ (18,07 (hiny)" |
- 14,L(sllsz)(hllhz).‘!(hz\sl)(hleSZ) (A-27)
+ (nyisq)(hylsps) - 2(hyisy)(hpisp)

X (hllsz)(hz\sl)-

In order to check the result for the open-shell case,
the formulae were specilalized to the closed-gshell case by
setting 8y = s, = 3 and hy = hy, = h, The expression for HAA
then becomes

Hap = 21 - (nis)" (s His) + (b HIn)
+ hlth|s)3 - (hi{8) (h H's)

2,
+ 2.2 - (his) (ssihh}

T 2 3 (A“Zj)
+ 2'3(hls)” - 1) (hslhs)
- “(h}s)é(hslss) + (hhlhs):
+ (8s{sas) + (hhlhh)
and
. r 2! ¢
ANV |1 - (his) (A-24)

where a factor of slxteen has been dropped in both (A-23)

The expression for the energy 1s then equivalent to
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that given by Eq. (€) in Section II.

A numerical check for the closed-shell case was made
by recalculating the curve for L17- H™ 1ncluded by Slater
in his discussion of Karoc and Olson's calculation5u of the

LiH molecule,



Appendix B

The LCAC-MO-SCF problsm consists of obtalning an
approximate solution of the Schrodinger equation for elec-
tronic motion in the field of a group of fixed nuclel and
a group of point 1ions,

r‘.{; ‘J = E (B"l)

where Ee is the electronlc energy of the system and i is

the electronic wave function, The Hamiltonian operator 1is
glven by
o= h{1) + Fl_ (B-2)
1)

where h(l) 1s the one electron operator which includes
“nuclear attraction” terms to the polnt tons, and where the
sum extends over all electrons.

The solution of Eq, (B-1) is found by use of the
Variation Principle, The varlational wave function used

+

i5 a single determinant of M doubly-occupled molecular

orbltals,
' det (1) -(1)1;(2):(2) ... (B-3)

coe v (2H - 1) (2K - 1)4M(2M);(2n))

S S
p 2M

where the molecular orbitals are formed from linear com-
blnaticons of atomic orbitals, For a bagis set of N func-
tions, N

where || are the Gaussian atomic orbltals and Yr are Vvar-

1 1



table coefficients,
iy
Roothaan 3 has showr that the coefflcients le can

be determined by solving the eigenvalue problemn
FY =" GY. (B-5)

where_?r 18 a column vector with components le' hr 1s the
orbital energy and G is the NxN overlap matrix ol the basls
fur~* Yens

Glj == (?11“1) (B-()

The NxN Pock matrix F 18 glven by

F o I 4+ 2 -K (B-7)
where

Hyy = (iiih(lliwj) (B-£)

Jiy =2 krUryekn) (B-9)

Kyy = xalavkigna) (F-10)

F.

and the elements of the "density matrix®” are piven hy

k1 = Yrk'n (B-11)

where the summation is over the occupled orbitals. The
two-electron integrals are as shown 1n Table A-1, Appendix
A, with the notetiun as used in Eq. (A~17). The total
energy is given uy

E = trace | (H + F) | | (B-12)

Since the matrlix F 1nvolves the values of Yr

1!
the sclution of Eq. {(B-5) is found by an iterative process,
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An initial estimste 1s mamde for Y and thls 1s used to com-
pute , J and K., These are used with H and G to find a new
set of N vectors Yr and associlated orbital energies-‘r by
solving Eq. (B-5). Of the N orbitals, M are occuplied and

N - ¥ are virtual orbitaels, The process 1s repeated until
tre Lotal energy of the occupled orbltals converges within
a srecified 1llmit,

b3

This iterative method, described by Roothaan can

te carried out for the defect problem with the POLYATOM

bl designed for non-empirical celculations of the

program
properties of molscules, Those lons that are not structured
in the many-body mocdels for L1KH and LiHiHe are treated 1n
the same way as the nuclel iIn the structured centers, with
the {onic charge replacing the miclear charge,

The program conslsts 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-elactron functions, which are determined by the
symmetry properties of the structured group of ions and by
the symmetry types of the functions themselves, can ba
specified as 1nput to this part of the program. No labels
are created for integrals which are identically zerc and
labels referring to Integrals related by symmetry properties
are stored ccnssescutively,

In the second part of the program, the one-clectron

functions themselves are fed in and the overlap, ¥inetic

energy, nuclear attracticn and electronic repulsion integrals
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are evaluated, All iIntegrals with values below & 1imit spec-
1f1ed as input data are eliminated, Also calculated in this
part of the program 18 the "nuclear repulsion” energy, which
includes the electroststic interaction of the point lons in
this problem,

The third part of the program performs the SCF cal-
culations by an indirect 1terative sclution of kg. (B-%5)
with the 1limit of convergence specified as Input data, The

actual problem solved 1922

F'U = UE {B~173)
wharea

F* = VFV (B=14)

t

VGV = 1 {(B-1%)
and ‘

Y = UV (B-16)

56

This method differs from the usumsl A-matrix method,

Symmetry orbltals corresponding to lrreducible rep-
resentations of the symmetry group can be introcduced as in-
put to this part of the program, If thls 18 done, the eigen-
value equation 18 reduced to a set of equations for each sym-
metry type since orbitals belonging to different represen-
tatlons are orthogonal. The occupancy of each symmetry type
must be specified, The sclutiorn of the SCF calculation will
not give the ground state energy unless the cccupied orbit-
als correspond to the M lowest orbital energy eigenvalues,

In the output of part three, the total electronic en-
ergy, which 18 the energy tested for convergence, 18 broken

down for each iteratlon into the one«~electron energy, includ-
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ing kinetlc and potential, and the two-electron potential
energy. The part of the one-electron potential ener-gy which
represents a "nuclear attraction” to a point lon wi 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 1on, to glve the total Inter-
action energy between 8 structured ion and a point lon, The
constant total value of the "nuclear repulsion®™ energy found
in the second part of the program is added to the total elec-
tromic energy at each iteration to give a total energy for
the model, Because there 1s no overlap repulslve energy be-
tween point ions, this total energy has no physlical meaning.
It 1s agssumed that thils energy cancels in the mcdels of L1H
and LiH:He,

The ccefficlents Yri are given for each iteration
along with the corresponding ortital energlies for the final
Y,y values., The other matrices may also be printed out by

use of the appropriate program controls,
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