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I. Introduction

The production of defects in crystals exposed to
1 ,2

external radiation has been studied for many substances.
Crystals of LiH experience self damage when some of the H
lonB are replaced by their isotope T. The T ions undergo 
_ op decay into He atoms:

o
T ”— > He + e (1)

The T has a half life of 12.4 years and the £  particles 
have a maximum energy of 18 keV and an average energy of 
5.6 keV.

3Pretzel, Vier, Szklarz, and Lewis found that ato
temperatures below 0 0 ( the low temperature region )
LiH crystals containing several percent LIT expand by 
about 5 percent in 1000 days. The expansion is linear in 
the dose rate. In heavily damaged samples they found HMR 
signals that indicated the presence of metallic lithium, 
but not of hydrogen, gas. They observed the ESR signals of 
the body center cubic form of metallic lithium if the dam­
aged samples are heated to room temperature. They discovered
that the volume expansion was proportional to the growth of

o
an optical absorption band at 5400 A and a paramagnetic
center. They interpret the volume expansion by assuming

o o
that when the T decays into He , the He moves into an 
interstitial position and the resulting vacancy eventually 
captures the electron of the decay to form an P center.



Their results for the high temperature region ( from 23 
o

to 400 0 ) are more complicated. The volume expansion
undergoes a rapid first stage followed fcy a lesser
second growth stage. As the temperature increases the

ovolume expansion increases and at 400 0 amounts to over
80 percent growth in 200 days. In this high temperature
range several types of aggregations have been observed:
1 ) small particles of metallic lithium precipitate;
2) bubbles of He and Hg ( hydrogen gas and its isotopes )
form; and 3) cavities. The expansion plus these other
effects often cause the crystals to fracture.

4 o
Pretzel and Petty working at -196 C and using

X-ray diffraction, found no change in the lattice para­
meter of IiiH upon irradiation by external tritium P 
particles for 100 days. Alkali halides exposed under the 
same conditions showed a considerable increase in lat­
tice parameter. They attribute the growth in the alkali 
halides to the formation of Prenkel pairs in the negative 
ion sublattice.

5Jones et al studied the high temperature volume 
expansion of LIT, LiTD, and LiTPg. The expansion of LiH 
with 40 percent LIT observed by Pretzel et al falls 
between the expansion of LiTD ( 50 percent T ) and 
LiTDg ( 33 percent T ) observed by Jones et al &t the 
same temperature. They have fit their high temperature vol 
ume expansion to the form:
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V(t) = V^ ( 1 - exp(- d t ) ) (2)

where V(t) is the percent volume increase at a time, t,
Too is the final percent volume increase, and d is a 
constant. Pretzel's more comprehensive volume expansion 
data do not fit this form. 6

Souers, Jolly, and Oline found that the volume 
growth of LiH containing 40 mole percent LIT was pro- 
portional to the amount of Hg and metallic lithium pro­
duced in the first stage growth for temperature from 23 

o
to 250 0. They propose that the second stage growth is 

o
due to the He .

It is the main intent of this study to suggest a 
possible mechanism to explain the low temperature volume 
expansion of LlHsLiT crystals. In Section II interactions 
between constltutent ions and atoms that were used in 
the calculations are presented; in III the method of 
defect calculations is described; in IV the results of 
twenty-four defect calculations are presented; in V the 
mechanism for radiation damage is proposed; and in VI 
a summary of the results is given.



II. Quantum Mechanical Interactions

For the calculations of defect properties that are
discussed In IV two body repulsive Interactions between

+ — - — + + 
the host ions, I.e. Li -H , H -H , and LI -Li are needed.
For defects involving foreign atoms the additional Inter­
actions between the foreign atoms scad the host ions, i.e.

o -  o +
He -H and He -Li , are required.

Empirical functions for the repulsive interactions in
7LIH have been investigated by Varshnl and Shulka,

Their use in defect calculations has several drawbacks.
The experimental evidence used to determine crystal 
interactions: cohesive energy, lattice parameter, com­
pressibility etc., provides information for interactions 
in only a small region around the equillibrium internuclear 
separation. Thus there Is an uncertalnity about the func­
tional form of the repulsion since several forms can fit 
the data reasonably well. In addition, In defect calcula­
tions the ions surrounding defects move considerably off- 
site. Therefore, the interactions would have to be 
extrapolated beyond the range of the data. Finally, to 
study the radiation damage of LiHsLiT defects involving 
foreign atoms have to be considered. With empirical 
Interactions for the host ions, a separate method would 
have to be developed to obtain the interactions with the 
foreign atoms. 8

Fischer, Dellin, Harrison, Hatcher, and Wilson have
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determined quantum mechanical two body interactions for
LiH suitable for defect calculations. They used deter-
mlnantal wave functions made up of various one electron
functions. Using determinants made up of screened hydro-
genic wave f u n c t i o n s ^  exp(-Sr), they calculated the
cohesive energy, lattice parameter, and compressibility
for various values of the screening parameter, 5 ,
of the negative hydrogen ion,

She interactions corresponding to a hydrogen soreening
parameter of .S) (in atomic units) were used in this work.
This is a considerably more contracted hydrogen ion than
the free ion which has a screening parameter of .6875.
The value of the cohesive energy predicted by this model
is -9*69 eV per ion pair. Anderson determined the
experimental Value of -9.44 eV per ion pair. The lattice

o
constant is 2,216 A compared with the experimental value 

o
of 2.0415 A, The theoretical compressibility is 2.22 x 

-1 2 2
10 cm /dyne. Experimental values have been determined by

10 -12 2 
Stephens and Lilley of 2.88 x 10 cm /dyne, by

11 -1 2 2 
Weil and Lawson of 3.7 x 10 cm /dyne, and by Voronov 

12 - 1 2 2 
et al of 4.38 x 10 cm /dyne. The repulsive inter­
actions were fitted to the exponential Born-Mayer form,
A exp(-B r). The values of the repulsive parameters 
are listed in Table I.

Fischer et al determined the interactions between 
o o

defect He and Li atoms and the host ions using a 
generalization of the semi-classical interaction
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t3method developed by Wedepohl using the charge densities 
+  —

for the LI and H given above. The method Is described
in general In Appendix I, where the details of the 

o o
He and Li Interaction calculations are also given.
The values of the parameters are listed In Table I, The

+
interaction for the L1Q molecule was taken from the work 
of Plscher and Kemmey.
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Table I Repulsive Interactions In LIH

Interaction A in eV
0-1B in A

+ -
Li -H 257. 3.24

H -H 29.3 1 .8 8

+ +
Li -Li 1610. 7.29

o *
He -H 151. 2.94

o +
He -Li 616. 5.07

o -
Li -H 1 1 .2 1 .52

e +
Li -Li 65.4 1.94

Interactions are of the Born-Mayer form, A exp(-B r).
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III. Method of Defect Calculations

The energy of a defect crystal relative to the
energy of the perfect crystal, and the displacements of
the ions surrounding the defect were calculated using

15an extension of the method of Hatcher and Elenes.
In the model employed, the crystal is made up of point, 
polarizable ions, and is divided into two regions. Region 
I contains the defect and a number of surrounding ions 
that are allowed to displace and polarize. Region II 
begins at the boundary of Region I and contains additional 
ions that are allowed to polarize, but not to relax.
The energy of formation of a defect is written as the 
sum of electrostatic, repulsive, and polarization con­
tributions :

Edef = Estat + ^rep + Epol

each relative to the perfect crystal. The energy is 
minimized with respect to the displacements of the ions 
in Region I.

The electrostatic energy is given by:

E, H  ei e .i - e i e J (4)stat ~ 1 .1 __
1 ,3  rlj r l 3

where the sum is over all Ions in the crystal, ê  ̂and
iare the charges of ions 1 and j, r ^  is the distance 

between ions i and 3 in l̂1® defect crystal, and r ^
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is the distance between the ions in the perfect crystal.
The prime on the summation indicates that the sum is 
not taken when i — 3.

The repulsive interactions are made up of two body 
central forces of the Born-Mayer form, expC-B^ 
with the parameters listed in Section II. The repul­
sive energy is given by:

V p  = ^  AiJ “ P<-3i3 - A1J e*p(-B13 r^)
(5)

where the sum is over all ions in the crystal, but not 
when i = j.

The polarization energy is given by:

V i  =  - i f  p i  • S f *  <6 >

where the sum is over all polarizable ions, p^ is the
Induced electronic dipole on ion i due to the field

—ohgof the charges and dipoles external to it, and E^ 
is the monopole electric field at ion i due to the 
asymmetrical distribution of point charges around it.
The total field at ion 1 is the field due to monopoles 
and dipoles external to ion 1 :

5t°t = + gdlp (7)

The induced electronic dipole on ion i is given by:

Pi " °( i
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= 4  1 I f  S  + ^  1 j d l p

= + *  - Pj

3 (B)

where is the polarizability of ion i and the sum over 
j is over all dipoles but i. Eq. (8 ) holds for all dipoles 
and this set of simultaneous equations m y  be solved for
the Individual dipoles which can then be used in Eq. (6 )
to obtain the polarization energy,

Depending on the symmetry of the defect crystal the 
ions may be grouped into shells in which the ions have 
similar displacements and dipoles. This greatly sim­
plifies finding the minimum energy configuration and 
also the computer time needed to solve the set of linear 
equations In (8 ).

This method avoids approximations used in other 
16

defect calculations. Large regions of the crystal may 
be treated atomlstically. The dipoles are solved for 
exactly in the region allowed to polarize and there is 
no need to use a polarizable continuum. Honradial relaxations 
are allowed.

In practice from 50 to 60 ions were allowed to relax 
and polarize {Region I). For charged defects an additional 
50 to 60 ions were allowed to polarize to account for long 
range polarization effects (Region II). Eight symmetry
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types of defects were investigated: vacancy, divacancy, 
dinegatlve vacancy, quadrivacancy, body center inter­
stitial, face center interstitial, (111) saddle point 
for interstitialcy migration, and (110) saddle point 
for interstitialcy migration. The ions used and their 
grouping into equivalent shells is given in Appendix II.
The defects are illustrated in Figure 1.

+ o3The polarizability of the Li (0.029 A ) was taken
17from Tessman, Kahn, and Schockley. There is a large

«**
uncertainty in the value of the H polarizability -

7many widely varying values are reported in the literature.
The polarizability of the H , ,  used in this work

H"was determined from the Lorentz-Lorenz relation:
2

fc - 1 = 2 TT ( £* + ) (9)
2 3 11 H“

n + 2 3 r0

where r„ is the interionic distance and n is the refrac-
3tive index ( = 1.984- ) taken from Pretzel et al. The

o3resulting value is 1 .93 A which is much smaller than the
free ion polarizabllitles reported in the literature.

18
Pauling has shown that the polarizability of two electron
screened hydrogenlc wave functions is proportional to the

\Inverse fourth power of the screening parameter, •
The crystalline H Ion used in II (£■= ,9) therefore
should have a smaller polarizability than the free ion (£=.6875).

If the polarizability is held constant as the ions 
come closer together the defect calculations can yield 
unphysical results. The energy grows to unreasonably large
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Figure 1 (Continued)
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Plgure 1 (continued). 
Body Center Interstitial
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negative values. The Interaction "between a point charge,
q, and a point dipole, polarizability , at a separation 

2 4
r is - q /r and this can overcome the Born-Mayer re­
pulsion between the ions. This type of difficulty has

19been found in other ionic crystals. Scholz has found
this type of Instability for defects in the lithium halides20
and Quigley and Das have found this problem with off- 

+ 21 
center Li in KOI. Yamashita and Kurosowa had to
arbitrarily reduce the value of the anion polarizability
in the alkaline earth oxides in order to obtain agreement
with the experimental value of the Schottky pair energy. In22
a recent review article Barr and Lldiard have noted that
in defect calculations with constant polarizabilities the
results are usually below the experimental values indicating
that the polarization Is too great. They point out
that it Is reasonable that the polarizability decreases as
the ions overlap. Indeed, this is what Quigley and Das did
to correct the polarization energy.

The variation of the polarizability as a function
of the separation between the ions has been considered 

23by Goldberg, who has done a quantum mechanical study of 
the effect of the crystalline environment on polarizabil­
ities, and while the results are not directly applicable 
to this study he has shown that the polarizability de­
creases rapidly as the ions come together. Some simpli­
fied systems can be investigated. Consider a model of an 
Ion In which a nuclear charge + Z e Is surrounded by a



spherical charge distribution of radius aQ and total negative
charge -Q e. Classically, the polarization of such an ion 

24
is given by:

<* = »o §  <lo)

Given two of these ions, A, B with radii a_, b thenu o
when their internuclear separation, r, is such thht 
r "> (aQ + B0), the polarizabillties of the ions are 
given by Eq. (13). The point dipole model implies, as far 
as calculating the polarization is concerned, that the 
electron distributions do not overlap. Therefore, when 
r L (a>0 + bQ), it is assumed that the ions still contain 
uniform spherical charge distributions of total charge 
Q but that the radii contract to a and b, respectively, 
such that a + b = r and that a and b are in the same 
ratio as aQ and bQ. This means:

a = r a_ (1 1)
ao + *o

When this radius is used in (1 0) the polarizability de- 
3creases as r when r £. (aQ + ^0)* 4 similar calculation 

was carried out but with exponentially decreasing charge 
densities instead of constant charge densities. This is 
the functional form of the charge distributions for the 
soreened hydrogenlo wave functions used in the model of 
repulsive interactions. The polarizabilities are still 
constant when r ^ (aQ + b0 )̂  When r L (a0 + b0) the



1?

polarizability in this case depends on a convergent
3 4 5

power series starting with terms in r, r , and r.
It is assumed that the polarizability of an H ion 

is a function of the positions of the ions surrounding 
it. When the nearest ion to an H is at the equilibrium 
separation r Q or greater the polarizability has the con­
stant value given by the Lorentz-Lorenz relation, Eq,. (9).
When an ion comes closer to the H than rrt it is assumed

4 0
that the polarizability decreases as r, such that at

o3r = 0,<*= O f and at r = r Q9 = 1.93 A.



IV. Defects In Lithium Hydride;Lithium Tritlde

In order to deduce the mechanism for low temperature
volume expansion of LIHiLIT twenty-four defects were

+
studied. The cases considered are: 1) Li hody center

+ + 
interstitial, 2) Li face center interstitial, 3) Li

+
saddle point for (111) migration, 4) Li saddle point
for (110) migration, 5) H hody center interstitial,
6 ) H face center interstitial, 7) H (111) saddle
point, 8 ) H (110) saddle point, 9) positive vacancy,
10) negative vacancy, 1 1) divacancy, 1 2) dinegative vacancy,
13) q.uadrivacancy, 14) saddle point for positive vacancy
migration, 1 5) saddle point for negative vacancy mlg-

o o
ration, 16) He hody center interstitial, 17) He face

o
center interstitial, 18) He on a negative vacancy, 

o o
19) He on a divacancy, 20) He on a dinegative vacancy, 

o o21) He on a quadrlvacancy, 22) LI hody center interstitial, 
o +

23) LI face center interstitial, and 24) Lig on cation
site oriented along (111). In Appendix III the details
of the contrlhutions to the total formation energy and the
displacement parameters for relaxations ahout the defects
are given.* Tahle II Summarizes the energies of the defects
relative to the perfect crystal. Table III gives the
activation energy for migration for the various diffusing
ions and atoms to he described below.

+
LI Interstitials have the lowest energy in the 

hody center position. By subtracting the energy In the



Table 11

Energy of defects Relative to the Perfect; Crystal

1 . Li* Body Center Interstitial -3-8 eV
2. Li Pace Center Interstitial -3-3
3. Li+ (111) Saddle Point -3.54. 11 (110) Saddle Point -3.2
5. H” Body Center Interstitial -2.4
6 . H" Pace Center Interstitial -1.2
7. Hi (111) Saddle Point -2.9
8 . H- (110) Saddle Point -2.2
9. Positive Vacancy 6.3
10. Negative Vacancy 5.3
11. PI vacancy 9.0
1 2. Binegative Vacancy 13.2
13. Quadvacancy 16.6
14. Saddle Point for LI Vacancy Migration 6 .2
15. Saddle Point for H“ Vacancy Migration 5.4
16. He); Body Center Interstitial .2
17. He0 Pace Center Interstitial .8
18. He0 on Negative Vacancy 5.6
19. He^ on a Bivacancy 6.3
20. He): on a Binegatlve Vacancy 13.5
21. He): in Quadvacancy 16.7
22. li° Body Center Interstitial 3.7
23. Li° Jfeice Center Interstitial 4.9
24. Li£ on a Cation Site Oriented Along (111) 1.4



Table III

Activation Energy for Migration In H H

Speoles Direction Activation Energy, eV

Iii+ Interstitial (100) 0.5
(111) 0.3
(110) 0 .1

H“ Interstitial (100) 0.7
(111) 0.5
(110) 1 .0

He^ Interstitial (100) 0 .6

Id0 Interstitial (100) 1 .2

11+ Vacancy (110) 0.1

H“ Vacancy (110) 0,1



body center ease from the face oenter case the activation
energy through the face, i.e. along the (100), is ob-
tained. Two additional possibilities for migration were
considered. In the first case a body center interstitial+
might move along the (111) and push an on-site LI into the 
center of the diagonally adjacent body while the original 
interstitial ion occupies the vacated lattice site.
The saddle point for this lnterstltlaloy migration is 
shown in Figure 2 and by comparing the energy in this 
configuration with the body oenter case the activation 
energy for diffusion in this direction is calculated.
In the second case, it is possible for a face center in­
terstitial to move along the (110) in a similar manner,
and by investigating the saddle point the activation energy+
for migration along this direction is obtained. Li has 
the lowest activation energy of all the interstitial ions 
and atoms investigated.' +

The energy of a crystal with a Li interstitial is
+

less than the energy of a perfect crystal and a free Li 
at infinite separation. The increased electrostatic 
attraction and polarization due to the charged inter­
stitial is greater than the additional repulsive interaction.+
To form an interstitial Li in a perfect crystal a 
positive vacancy must also be formed. The formation 
energy of the Frenkel pair is 2.5 ( sum of the energy

+
of a positive vacancy, +$♦£) eV, and the energy of the Li



body center Interstitial, -3 .8  eV). Therefore, LiH will+
not spontaneously form Li interstitials.

The interstitial H ion has a lower energy in the 
(ill) saddle point configuration than in the body center

25case. Tharmalingam has found similar results for Cl 
interstitials in NaCl. The interstitial H also has a 
lower energy in the (110) saddle point than in the face 
center position. Therefore, in order to obtain the 
activation energy in the (100) direction the energy in 
the (111) saddle point case is subtracted from the 
energy in the (110) saddle point case. The energy of 
a negative vacancy is +5.3 eV and that of a H inter­
stitial in the (111) saddle point is -2.9 eV. Therefore, 
the formation energy of anion Frenkel pairs is 2**f eV.

The Sohottky pair energy ( sum of the formation 
energy of a positive vacancy, +6 .3  eV, and a negative 
vacancy, +5»3 «V, minus the binding energy per ion 
pair, -9*69 eV ) is 1.9 eV. The migration of either
vaoancy along the (110) has an activation energy of

30.1 eV. From conductivity data Pretzel et al determined
the experimental values of 2.*f - .2 eV for the Schbttky

+pair energy and .53 - .5  eV for the activation energy of 
the cation vacancy. The formation energy of a Schottky 
pair in LiH is less than the formation energy of either 
Frenkel pair indicating that the conductivity will be due 
primarily to vacancy migration in agreement with Pretzel's 
experimental results.



The clustering of vacancies Into neutral pairs tends 
to reduoe the electrical singularity of the Isolated vac­
ancies and Is energetically favorable. The binding energy 
of a divaoanoy Is 2.6 eV ( the energy of the divacancy com­
pared to the energy of separated positive and negative 
vacanoies). The binding energy of the quadrlvacancy con­
sidered is 1.4 eV (compared to two Isolated divacancies). 
However, the charged dlnegatlve vacancy is not bound and 
It is energetically favorable for it to dissociate Into 
two isolated negative vacancies.

In the neighborhood of a vacancy Ions of the same sign 
as the missing ion move away from the defect while ions
of opposite sign move toward the defect, 

o
He interstitials have a lower energy in the body 

oenter interstitial oase than in the faoe oenter con­
figuration. The theoretical activation energy for migra- 

o
tion of He along the (100) is .6 eV. Based on the size
and separation of He bubbles formed in damaged LIT
crystals Jones estimated the activation energy is ofo
the order of .4 eV. The addition of a He to a negative 
vacancy, a dinegative vacancy, and a quadrlvacancy 
raises the energy of these defects because of the

o
increased repulsion between the host ions and the He . 

o
However, He is bound to a divacancy, 

o
Li atoms have an activation energy of 1.2 eV* 
o + +

The Li may join with an on-site Ll to form Li2 on
an ion site which has a lower energy than the interstitial 

o +Ll . The Ll2 molecule is centered on a cation site



and oriented along the (111) direction.
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V. Radiation D a m a g e  In Lithium HLvdr Ides Lit hlum Trltlde

The experimental work of Pretzel and Petty demon­
strated that the £ particles were not responsible for

3the expansion. Pretzel explained the low temperature
expansion by assuming that the He formed In the P* decay
of the T goes Into the body center Interstitial position.
The volume expansion can be determined from the relax-

o
atIons about a body center He given in Table V* If p^ 
amd p2 are the components of the outward displacements 
for the Interstitial’s first nearest neighbors, measured 
in units of rQ» then the volume expansion of the cube 
containing the Interstitial Is given by*

3 3V s rQ ( 1 + Pi + P2 ) - r^ (12)
a- * 11 A 5 o o3

The expansion for the interstitial He using (12) is 7 A.
From the experimental volume expansion data and the half
life of the T Pretzel and Petty determined that an

o3expansion of 12.A A per beta decay was needed to agree
with experiment. Therefore, this mechanism Is insufficient
to explain the volume expansion.

2?Following Eshelby the volume expansion may be cal­
culated from continuum elastic theory. In a continuous 
isotropic elastic medium the relaxations around a spheric­
ally symmetric defect are given by:

0 r_
3r

(13)
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where d is the radial displacement at a point a distance r 
from the defect and 0 is a constant measuring the ’’elastic 
strength" of the defect. The volume expansion in an infinite 
medium caused by this displacement field is:

v = 4 if 0 (14)

For a non-infinite medium surface effects must be taken 
into account and the volume expansion for a finite spherical 
medium containing the defect is:

V = 4tT 0 5K + 4c;,;, (15)
3K

where K is the compressibility and C44 is one of the elastic-12 2
constants. The compressibility from II is 2.22 x 10 cm /

27 -12 2 
dyne and c ^  is ,48 x 10 cm /dyne.

In Table 7 are listed the relaxations for 136 ions
o

around a body center interstitial He • For each shell the
radial displacement was calculated and a value of 0 was
determined using Eg,. (13). The O's for all the shells were
averaged taking the multiplicity of the shells into account
and the value C=.047 obtained. The resulting volume expansion

03using eq. (15) is 8 A , in good agreement with the value 
calculated by Eq. (12) and still insufficient to explain 
the volume expansion.

o
When the T decays and emits the p  the He recoils.

The average recoil energy is 1.04 eV and the maximum
recoil energy Is 3.28 eV. It is possible that in recoil-

o +
ing the He might collide with one of the surrounding LI
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Table V Displacements Around a Body Center Interstitial He

Shell Multi- Typical Ion Position Displacement
plicity x y z x y z

1 1 0 0 0 0 0 0
2 it 0.5 0.5 0.5 .11 .11 .11
3 it 0.5 -0 .5 0.5 .08 -.08 00o.

it 12 1.5 0.5 0.5 -.01 .03 .03
5 12 1.5 0.5 -0.5

*0ft1 .10 -.10
6 122 1.5 1.5 -0.5 .01 .01 - .0 2 5

7 12 1-5 0.5 0.5 -.06 -.06 .06
8 It 1.5 1.5 1.5 -.005 -.005 -.005
9 it 1.5 1.5 -1.5 -.01 -.01 .01
10 12 2.5 0.5 -0.5 .0 0 5 .01 H0 •1

11 12 2.5 0 .5 0.5 .01 •02 .02
12 2 It 2.5 1.5 0.5 .01 -.01 .005
13 2 it 2.5 1.5 -0.5 .OJt -.02 .015

Shell 1 Is the Interstitial* The Displacement gives the
components of the displacement veotor of the Typical Ion
about its normal lattice site. The ion at («5»«5»»5) Is +
a Li .
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or H ions and transfer some of its energy. In Table IV the
maximum energy transferable in an elastic collision be-

o
tween the recoiling He atom and the host ions is presented*

A possible mechanism for the low temperature volume
expansion is suggested in Figure 2. In (a) a I ion is
about to undergo £ decay. In (b) the decay has just

o
occured and the recoiling He atom collides with one of its

+
six nearest neighbor Li ions and transfers some of Its

o
energy. From Table IV it is seen that for a He atom with

+
average recoil energy the LI could receive up to • 85 eV
of energy. Because of the low activation energy for the 

+
LI ( .1 eV along the (110) ) it Is probable that In many

+
of the collisions the Li will displace several lattice
constants away from its site and become a body center
Interstitial as is shown in (c), The Immediate result of

o
the beta decay is to have a He on a negative Ion site
with no relaxation of the surrounding Ions which raises
the energy of the crystal V.'S eV. The energy difference comes
from the nuclear energy of the ^ decay. The energy of the 

o
resultant He in a divacancy ( 6.3 eV ) and the body center

+
interstitial LI ( -3.8 eV ) is 2.5 eV and therefore the
reaction is energetically favorable. The relaxations of the

+
ions surrounding the Li interstitial are given in Table

03VII. The volume expansion using Eg.. (12) is 5 A and from
o3Eq. (15) Is 12 A. This is still not quite sufficient to

explain the observed volume expansion.
+

The Li will attract and capture one of the electrons
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Table IT

Maximum Energy Transferable in an Elastic Collision with.an He0

Ion Mass He0 energy
1.04 eV 3.28 eV

H" 1 0.78eV 2.46 eT-

T“ 3 1.04 3.28

li+ 6 0.93 2.92

Id+ 7 0.85 2.76

o oWhen a T decays into He , the He acquires an average
ofl .04 eV and a maximum of 3.28 eY of recoil energy, 

o
When the He with mass mge and energy Ege collides 
with an ion of mass m^ at rest the maximum energy trans­
ferable to the ion Ej_ is given by:

Ei = 4 “He "1 % e
(mHe + n̂ )2
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*Table VII Displacement a Around a Body Center Interstitial Dl

Shell Multi- Typical Ion Position Displacements
pliclty x y 2 x y z

1 1 0 0 0 0 0 0
2 4 0.5 0.5 0.5 .15 .15 .15
3 4 0.5 -0.5 0.5 -.01 -.01 H0 .1

4 12 1.5 0.5 0.5 0 .03 .03
5 12 1.5 0.5 -0.5 -.01 .05 0 .1

6 123 1.5 1.5 -0.5 -.02 -.02 -.01
7 12 1.5 1.5 0.5 .01 .01 • 04
8 4 1.5 1.5 1.5 .01 .01 .01
9 4 1.5 1.5 -1.5 0 0 0
10 12 2.5 0.5 -0.5 0 .01 -.01
11 12 2.5 0.5 0.5 .03 .055 .055
12 24 2.5 1.5 0.5 .005 -.005 • 01
13 24 2.5 1.5 -0.5 .035 -.035 -.035
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from the @ decay. She ionization energy of the Li atom in
the LiH crystal can he obtained by considering a cycle

28similar to the one used by Lienes and Smolouchowski to
o

estimate the electron affinity of 01 in NaCI:
o o(a) Ll (crystal) -^Li (free) -3.7 eV
o +

(b) Li (free) Li (free) + e (free) bU= 5.36
+ +

{c) Li (free) Li (crystal) &U= -3.8

(d) e (free) e (crystal) a TJ= 0
+ — o

(e) Li (crystal) + e (crystal)-=7Li (crystal) a U= X
X. AU= 0

o
In (a) a Li body center interstitial is removed from the
crystal with an energy change of -3.7 eV„ In (b) the free 

o
Li is ionized and the change in energy is the normal

+
ionization energy. In (c) the Li is put back in the body
center interstitial position with a gain in eneyigy of
3.8 eV. In (d) the electron is brought back from infinity
to the bottom of the conduction band. This energy change+
will be small and taken as zero. In (e) the Li in the 
crystal and the electron in the conduction band jninVand the 
change in energy, X, is the negative of the ionization 
energy in the crystal. The cycle is now complete and the 
net change in energy is zero. The ionization energy cal-

o
culated from this cycle is -2.2 eV indicating that the Li+
is unstable against dissociation into an interstitial Li

o
ion and an e in the conduction band. The Li may still be
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metastable however. In Table VI are presented the relax-
o

atlons for 136 Ions surrounding a body center Li. The ex-
o3 o3pansion using Eq. (12) is 14 A and using (15) is 19 A, 

o +The Li could stabalize by forming a Lig molecule ion
on an anion lattice site. The LI* (1.4 eV) is 2.3 eT lower

o
in energy than the Ll and considering the same type of
cycle would be stable by .1 eV. The volume expansion of
a ephdrevdrawn through the first nearest neighbors of the 

+ o3
Li„ is 12 A using the relaxations given in Table Till.

+
The LIg Is not a spherically symmetric defect and the
calculation of the volume expansion by continuum elastic26
theorey is more complicated. Townsend has solved the prob­
lem of the relaxations around a linear defect in an iso­
tropic medium. The displacement field is given bys

d = 0 r + L r(3ooB Q - 1) - 0 3sin©cos© kG

where d is the displacement at a distance r from the 
oenter of the defect and making an angle© with the axis of 
the defect, Xg Is a unit vector in the © direction, and 
D = 30(3 + 3Kc^)/6c^K. Only the first term on the left 
of Eq. (16), the purely radial term, contributes to the 
volume expansion and the total expansion including 
surface effects is given by Eq. (15)* The displacements 
about the LIg were resolved into radial and angular com­
ponents and the value of C was determined for each shell.
The average value of 0 = .0838. The expansion from Eq. (15) 

o3Is 14 A which Is sufficient to explain the volume expansion, 
observed.
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o
Table 71 Displacements Around a Body Center Interstitial Ll

Shell Multi- Typical Ion Position Displacements
plicity x y z x y z

1 1 0 0 0 0 0 0
2 4 0.5 0.5 0.5 .21 .21 .21
3 4 0.5 -0.5 0.5 .10 -.10 .10
4 12 1.5 0.5 0.5 .02 .05 .05
$ 12 1.5 0.5 -0.5 -.04 .09 - .0 9

6 12 1.5 1.5 -0.5 .03 .03 -.02
7 12 1.5 1.5 0.5 .02 .02 .04
8 4 1.5 1.5 1.5 .02 .02 •02
9 4 1.5 1.5 -1.5 .02 .02 -.02
10 12 2.5 0.5 -0.5 .005 0 0
11 12 2.5 0.5 0.5 .02 -.005 -.005
12 24 2.5 1.5 .5 .005

tryoo. 0
13 24 2.5 1.5 -0.5 .015 ©o. -.015
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+
Table VIII Displacements Around a Ll_

Shell Haiti- Typical Ion Position Displacements
pllolty i y 2 x y  z

1 2 0 0 0 0 0 0

2 6 1 0 0 • 08 0 0

3 6 l 1 0 .14 .14 - .0 6

4 6 l 0 -1 - .0 6 0 .0 6

5 2 l 1 1 0 0 0

6 2 l 1 -1 .04 .04 .03
7 6 2 0 0 - .0 1 - .0 1 1 - .0 1 1

8 12 2 1 0 0 .04 -.005
9 12 2 0 -1 .03 -.035 - .0 1

10 6 2 1 1 -.035 .045 .045
11 12 2 1 -1 - .0 2 .06 .0 0 5

12 6 2 -1 -1 .0? -.035 -.035
13 6 2 2 0 - .0 2 - .0 2 - .0 1

14 6 2 -2 0 .025 -.025 0

IS 6 3 0 0 000-5 .0 0 5 .0 0 5

16 6 2 2 1 -.005 -.005 .02
17 6 2 2 -1 .01 .01 - .0 1 5



36

+
The formation of the Lig would explain the para­

magnetic resonance observed in expanded crystals. The lig 
can also serve as the nucleus for precipitation of Li metal 
in heavily damaged samples.

It is difficult to estimate the fraction of &  decays
3that will result in interstitial lithium. Pretzel assumed

o othat the H in LiH has a radius of 1.4 A and the He a radius 
o +

of 1.0 A. In the model used in this paper the Li would then
o

have a radius of 0.8 A* Using a hard sphere model of the
oions it would be impossible for the He to move off the

site from which it was created without colliding with one
+

of its six nearest neighbor Li ions. The very low activation 
+

energy for Ll migration makes the displacement fairly easy.
The possibility of other mechanisms being present

+
cannot be excluded. More than one LI may be displaced by 

o +
a recoiling He atom; a Li may be displaced even though 

o
the He goes Into an Interstitial position; or the ions

o
displaced by the He may not be those adjacent to the
site where it was created.

In Pigure 3 a similar mechanism involving the H is
considered. The T in (a) undergoes decay and in (b) it
collides with one of its twelve next nearest neighbor H
ions and transfers some of its energy. It is less probable - o
for the H to displace in a collision with the He than 

+
the Li because of its higher activation energy. In (c) Is

o
shown the resulting He in a dlnegative vacancy (13.5 eV) 
and the interstitial H (-2.9 eV). The final energy is 10.6 eV
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o
which Is considerably higher than the 7.8 eV of the He on
the negative ion site which started this mechanism. Pretzel 

4
and Petty have presented arguements to show that if inter­
stitial H is formed it would ;Join with an on-site anion to 
form Hg. Since no hydrogen gas is observed at low temperatures 
this adds support to thentheoretical prediction that no 
interstitial H ions are formed. Therefore, the displacement 
sequence is energetically unfavorable for the H at low 
temperatures.

As noted in X, the high temperature radiation damage in 
LlH:LiT is much more complicated. Some comments on this 
temperature range can be made. The binding energies of the 
divacancy and quadrlvacancy Indicate the clustering of 
vacancies is energetically favorable and would help explain 
the voids observed at high temperatures. A possible mech­
anism for the formation of Hg at high temperatures is shown
in Pig. 4. Again, in (a) a T ion is about to undergo £> decay

o
and in (b) the recoiling He collides with one of its twelve
next nearest neighbor H ions. Because of the high temperature
it is very easy for the H to displace and the products+ o
shown in (c) result. The two nearest Ll ions to the He in
the dinegative vacancy are displaced considerably off-site
away from the defect. At these elevated temperatures it is

+
possible for these two Ll ions to migrate away leaving 

o +
a He in a quadrlvacancy (16.7 eV), the two Li Interstitials
(-3.8 eV each), and the H interstitial (-2.9 eV) is less

o
than the energy of the He on the negative vacancy (7.8 eV).
The H would now form Hg by the arguements of Pretzel and Petty.
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VI. Summary

The low temperature volume expansion of LiH:lID has
heen theoretically Investigated using a method for defect
calculations utilizing a point polarizable ion model of
L1H. Twenty-four defect calculations on 11H were performed
and the results interpreted. The theoretical model of the
low temperature volume expansion of Pretzel, involving

o
an Interstitial He atom, was shown to he inadequate in
explaining the observed expansion. An alternate mechanism

+
involving the formation of an interstitial lig molecule 
was suggested and shown to provide an explanation for the 
low temperature volume expansion. In addition, the mechanism 
accounts for the nucleation of metallic lithium and the 
presence of ESR signals. A mechanism for the formation of 
Hg was proposed and found to be unfavorable at low temp­
erature, but possible at high temperatures in agreement 
with the experimental results.
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Appendix X

1. Introduction

The diatomic quantum mechanical treatment of the 
repulsive interactions in LiH requires a considerable 
amount of computer time. For heavier ions the method may 
be impractical, A q.uicker approximate method might be use­
ful provided it did not sacrifice too much in accuracy.

Approximate methods for calculating the interaction
1 2 

energy have been used by Firsov, Abrahmason et. al,,
3,4 5,6

Abrahamson, and Wedepohl. Firsov used the Thoraas-
Fermi approximation, Abrahamson used the Thomas-Fermi-
Dirac method, and Wedepohl considered a general electron
distribution. All three consider the interactions of
similar atoms and, in addition, Wedepohl considers the
interactions between like ions. In each case the kinetic
energy is calculated as:

where is the electron density .ajid the integral is over 
the charge distribution. Further, Abrahamson and Firsov 
use the Dirac formalism for the exchange energy:

(1 )

(2)
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Both equations are derived for a degenerate electron gas 
and then applied to the atomic case. Therefore, this 
statistical approach should have a greater validity for 
heavier atoms.

As a first step towards obtaining an approximate method 
for the interactions we will generalise Wedepohl's work to 
include interactions between unlike ions and atoms.

2. Model

Atom or ion A ( B ) has a nuclear charge of +Za e 
( +Z^ e ) surrounded by a spherically symmetric electron 
charge distribution pa (ra ) ( Pfc(rb) ) which contains 
Qa ( Qfo ) electrons. The electron distribution has a 
finite radius a ( b ). As a convention it is assumed

V, (3 )

When the atoms interact it is assumed that the electron 
distributions do not distort and that each nucleus remains 
at the center of its electron distribution.

2. Terms in the Total Interaction Energy

The total interaction energy is written as:

^ v (4)

the electrostatic interaction between the two 
nuclei; the electrostatic interaction between the
two electron distributions; the Interaction
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"between the nucleus of A and electrons of B; the
Interaction between the nucleus of B and electrons o f A;

is the increase in kinetic energy due to overlap; 
and is the increase in exchange energy due to over­
lap. Rationalized inks units are used, Thus

H-fee. ■*- (5>
4. Calculation of the Electron-Electron Energy

Consider two elementary spherical shells, carrying 
uniformly distributed charges dq, dq* and having radii 
x and y. The force between the two shells for different 
distances between the centers, r, is given by:

da.
V \ ( X - v \ ? \  d?" “ H'vT'c.c. c l .  (6 )

d ̂  O  (g)
By using these formulas the force between the two spher­
ically symmetric charge distributions can be calculated 
by integrating between the appropriate limits. There are 
five cases to consider.

lAl ll°_°verlap_ £. _a„+_b :

. F  =  (9)

The distributions behave like point charges.
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cv

F\&uRt 4-

In this case the repulsive force is given by

v  %>C^) ̂  ̂  *-v> !'W d ^  C'*'

where
(10)

(ID
and

\  SL^ * ^  ' (12) 
Also Qsa is the total electron charge of atom A in a 
sphere of radius r-b about nucleus A and Qsij is the total 
electron charge of atom B in a sphere of radius r-a about
nucleusB, i.e.:

V>
Q ' & ck = s' ^ 1 ^

Q . 5>e>
r~ V- a.

-  i o

(13)

(14)
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iil.il _a_f _r_^_b^

(c-cO) —I

P\G ORE ^

This case does not occur for identical ions. The force is:

^ <̂ d ^ V ,c (15)

If the smaller sphere Is inside the larger one r ** \a-b\ 
then the limits of the last Integral change:

“  HTTtc.'C3'

+  *  C O A " * ^ tl' ̂  ̂

^  ^  ^  <l 6 >
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11y)_ a/2 J -_r_/_ a _

•r

The force between the two electron distributions is

''Vrctc. *

v  St-o.
”*1

+  C  ^  ^  > v T ^  *  ° M A
(i?)

The dashed lines in Figure 3 shows the limits of the
second integration in (1 7) and the semi-dashed circle is 
the limits of the third integration. In addition, if one 
sphere is Inside the other, r L \b - a^the limits of the 
last integral change:

+ dvi

•v C o .

+  ^  ir<'°
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1V1 E — S./2 _

F \ £ u R £  H

The force is
rt.'a-

* H” e< C i  CVJ

+  S c  ^  $  W i C - i i ^ d ^ c

*  t  ^  S  ^ J ? w  *- ^  > v ^  " 1
(19)

Again if the smaller sphere is inside the larger, r t~ 

\b - a\ the limits on the last integral changes.
e 7-

HttCo

V  ^  I ^  ̂  ^

v  ^ - 7  ̂ Cs-''t,c'i,̂ d^
V-V<X- r —!

(20)
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The electron-electron Interaction energy is calculated 
by Integrating the force from the internuclear separation, 
r, to a + b:

.e--1
< - >

The first term is lust the value of Eee when r = a + b.

*>. Calculation of the Electron Huclear Interactions

When r b nucleus A is outside electron distribution 
B and the interaction energy is

=  ’’   (22)
^ V

When r Ab the force between nucleus A and electrons B is
that between nucleus A and a point charge at B whose
charge equals the electronic charge in a sphere of radius 
r about B !

^  ^  t23)

The energy is given by:

t: ” Vivr €

Similarly.:
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6. Calculation of the Klntetlo and Exchange Energies

From (1) the increase in. the kinetic energy due to 
overlap is given by:

= X K  [  \  C f c ^ - V  ^  (26)

with
3>
S

~=L
*3

Vv ~ S

The integration is over the overlap region.

(2?)

s

The overlap region is divided into two parts by con- 
-structing a plane perpendicular to the internuclear 
axis through CD. By Pythagorafe theorem:

(28)

(29)

Consider first the left hand side of the overlap region, 
A cartesian coordinate system is constructed in the plane 
of the paper, centered on A, with an s axis along ADB
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and a t axis perpendicular to it. Consider an annular 
ring PP* which has ADB as an axis. pa and p^ are con­
stant over this ring. The contribution to the kinetic
energy from the left part of the overlap region is:

ci S'. - ^

(30)

Kith ' K
V) = ^ ^  3, V  ^  ^  ^

>t-x»

The contribution to the kinetic energy is obtained by 
Integrating over a similar coordinate system centered 
on B: e- $ s

(32)

with _ .
V V--o> f x  ̂ K

*>* 3 v * - 7 7  <\ - ( v  ̂

(33)

When r *- b-a sphere A is inside sphere B. Using the 
cartesian coordinate system centered on A the kinetic 
energy is ■

C ^  C" rr ^ fik̂H

tcKV
(3*0



using the quantities as defined, in Eq (31)*
For the exchange energy, Ea , the same integrals, Eqs.

(3 0), (32), and (3^) are used with the 5/3 powers re­
placed with 4/3 powers and with replaced by < o~:

7. Discussion

The equations were programmed for the Brookhaven 
CDC 6600 computer. Using the same charge distributions 
as in Section II we obtain approximate interactions for 
the same systems in about one-tenth the computer time.
The interactions have the same exponential dependence 
as the quantum mechanical work but they are about ^0- 
50^ too low over the region studied. Typical results 
are shown in Figure 6,

To improve the method a more extensive treatment of 
exhange effects that arise from the distortion of the 
electron distributions on overlap to satisfy the exclusion 
principle is considered. The exchange energy, Eq. (2), is 
a correction to the electron-electron electrostatic 
Interaction, A correction for the electron-nuclear 
interaction is sought.

A specific system, Li -H , will be considered, but 
the results will be quite general. If a(ra ) and b(r*>)
are the one electron wave functions about the Li and 
H respectively, then we can account for exchange effects 
in L1H by writing the wave function as a four by four 
determinant. The resulting charge distribution taking

(35)

+

+
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exchange effects into account is;

g O 'l -  O  3V>*CO (36)
•V H  <» cxC'c-'i ^

,where S is the overlap integral

S, ^  \ (37)

The charge distribution may be considered as being made 
up of a negative "electronic” charge distribution, Pey

(cl t v U  - C ' * V M  (.■ao'-t?'* -v (38)

which is the superposition of the free ion charge dis-
2

tributions increased by a factor (1 + S ), and an 
"exchange" charge distribution, Pext

^ (39)

which is a positive charge distribution concentrated
7in the region between the ions. Dick and Overhauser

first proposed representing this exchange charge as a2
point charge of magnitude +^S lying on the internuclear
axis between the ions. The validity of the approximation8has been demonstrated by Hafermeister and Zarht. The 
validity of this approximation was tested in this study 
by calculating the dipole moment of LiH using the 
exact charge distribution and a charge density with a 
point exchange charge, and the results uphold the validity 
of the point exchange charge model. The exchange.energy is

r’

physically equivalent to the interaction between the 
exchange charge and the electron distributions. In a



similar manner the effects of exchange on the electron- 
nuclear interaction can he accounted for by considering 
the interaction between the exchange charge and the nuclei* 
Since the exchange charge and the. nuclei have the same 
sign of charge this energy will be positive and will in­
crease the interaction energy. In Figure 6 the effect of 
adding this exchange correction to the interaction cal­
culation is shown. The approximate method now agrees with 
the diatomic qiiantum mechanical method to within 10/o over 
the region studied. The inclusion of the exchange-nuclear
interaction into the approximate calculations.of the H -H»
— o + o

H -He * &n<i Li -He Interactions also produced agreement to
within 10$ of the results of diatomic quantum mechanical
calculations of the same systems and over the range

o
studied. The interactions between the host ions.and He 

o
and Li were obtained for lnternuclear separations from 

o o
1.6 to 2*4- A in steps of 0.2 A. The wave function for the 

o
He was a screened hydrogenic one with a screening

o
parameter of 1.6875 ( z - 5 / 1 6 ) * For the Li the charge
density was taken from the SCF calculations of Herman- 

9Skillman. The interactions were fit to the Born-Kayer 
form, A exp(-B r) with the parameters given in II,
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Appendix II Equivalent Iona Around the Defects

As mentioned in III depending on the symmetry of the 
defect many ions may have similar displacements and 
dipoles. For example, If there is a vacancy at (000) 
then the six ions in the (100) direction are equivalent, 
the twelve ions in the (110) direction are equivalent, etc.
All the defects and host ions are put together into 
sh&lls. All ions in a shell are equivalent. The number 
of ions In a shell is called its multiplicity. The co­
ordinates of a typical member of the shell is presented.
The parameters which describe the components of the displacement of
the typloal ion are also listed. The values of the parameters
are given for the various defects in Appendix III. To find
the displaced position of the typical ion the value of
the parameter is added ( or if a negative parameter Is
listed subtracted) from the respective component of its
position vector.
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Table IZ_ Shells and Displacements Around A Vacancy

Shell Multiplicity Typical Ion Displacement
Position Parameters

X. Y Z

1 1 0 0 0  0 0 0  Vacancy
2 6 1 0 0 1 0 0
3 12 1 1 0 2 2 0
4 8 1 1 1 3 3 3
5 6 2 0 0  4 0 0
6 24 2 1 0 5 6 0



Table

Shell

1

2
3

4

5

6
7

8
9

10

11

12

13.
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;l Shells and hisplacements Around a Pace Center
Interstitial

Multiplicity Typical Ion Displacement
Position Parameters
r y z X y z

1 0 .5 .5 0 0 0

2 0 0 0 0 1 1

2 0 1 0 0 2 -2

4 -1 0 0 3 4 4

4 -1 0 1 5 6 -6

4 0 -1 0 0 7 8

4 0 -1 1 0 9 10

8 —1 -1 1 11 12 13

8 -1 -1 0 14 15 16

4 -2 0 -1 17 18 -18

2 0 -1 1 0 19 -19

4 -2 0 0 20 21 21

2 0 -1 -1 0 22 22
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Table Jg Shells and Displacements Around (111) Saddle 
Point For Host Ion Migration

Shell Multiplicity Typical Ion Displacement
Position Parame ters
x IT z X y z

1 2 .2 .2 .2 1 1 1

2 6 1 0 0 2 3 3

3 6 1 1 0 4 4 5

4 6 1 0 ‘ -1 6 0 -6

5 2 1 1 1 7 7 7

6 6 1 1 -1 8 8 9

7 6 2 0 0 10 11 11

8 12 2 1 0 12 13 14

9 12 2 1 -1 15 16 17
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Table XII Shells and Displacements Around (110) Saddle
Point for Host Ion Migration

Shell Mizltiplicity Typical Ion Displacement
Position .Parameters

________________________ £ J.-Z_________ £___Z,
1 2 .2 .2 0 1 1 0

2 4 1 0 0 2 3 0

3 2 0 0 1 0 0 4

4 2 1 1 0 5 5 0

5 8 1 0 1 6 7 8

6 2 1 -1 0 9 -9 0

7 4 1 1 1 10 10 11

8 4 1 -1 1 12 -12 12

9 4 2 0 0 13 14 0

10 2 0 0 2 0 0 15

11 4 2 1 0 16 17 0

12 8 2 0 1 18 19 20

13 4 2 -1 0 21 22 0
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Table JIIII- .Shells and Displacements Around a PIvacancy

Shell Multiplicity Typical Ion Displacement
Position Parameters
r y z ____  X y &

1 1 0 0 0 0 0 0

2 1 1 0 0 0 0 0

3 4 0 1 0 1 2 0

4 4 1 1 0 3 4 0
5 1 -1 0 0 5 0 0
6 1 2 0 0 6 0 0
7 4 -1 1 0 7 8 0
8 4 2 1 0 9 10 0
9 4 0 1 1 11 12 12
10 4 1 1 1 13 14 14
11 4 -1 1 1 15 16 16
12 4 2 1 1 17 18 18
13 1 -2 0 0 19 0 0
14 1 3 0 0 20 0 0
15 4 0 0 2 21 0 22
16 4 1 0 2 23 0 24
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Table XIV Shells and Displacements Around a Quadrlvacancy

Shell Multiplicity Typical Ion Displacement
Position Parameters

_________________________y . . . ___2__
1 2 0 0 0 0 0 0
2 2 1 0 0 0 0 0
3 4 2 1 0 1 2 0
4 4 2 0 0 3 4 0
5 4 1 1 1 5 5 6
6 4 -1 -1 -1 7 7 8
7 4 1 0 1 9 -9 10
8 2 2 2 1 11 11 0
9 2 2 -1 0 12 -12 0

10 8 2 0 1 13 14 15
11 8 2 0 1 16 17 18
12 4 3 1 0 19 20 0
13 4 3 0 0 21 22 0
14 4 1 1 2 23 23 24
15 4 1 0 2 25 -25 26
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Table XV Shells and Displacements Around a BinegatIve
Vacancy

Shell Multiplicity Typical Ion Displacement
Position Parameters
X y z X y z

1 2 0 0 0 0 0 0
2 2 1 0# 0 1 -1 0
3 4 2 1 0 2 3 0
4 4 1 1 1 4 4 5

5 2 2 2 0 6 6 0
6 4 2 0 0 7 8 0
7 4 1 0 1 9 -9 10
8 8 2 1 1 11 12 13

9 4 2 2 1 14 14 15

10 8 2 0 1 16 17 18
11 4 3 1 0 .19 20 0
12 4 1 1 2 21 21 22



Table X3PI Shells and Displacements Around a Body Center 
Interstitial

Shell Multiplicity Typical Ion Displacement
Position Parameters
X y a X y z

1 1 .5 .5 .5 0 0 0
2 4 0 0 0 1 1 1
3 4 0 1 0 2 -2 2
4 12 -1 0 0 3 4 4
5 122 -1 0 1 5 6 -6
6 12 -1 -1 1 7 7 8
7 12 -1 -1 0 9 9 10



65

Appendix 111 Energy Contributions and Relaxations Around the 
Defects
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,'

LI*1- Body Center Interstitial Table XVII
Ehergy Relative to the Perfect Crystal

Electrostatic -8.1 e.v.
Polarization -1*7
Repulsive 6.0
Total -3.8

Displacement Parameters

1 -.15
2 .013 .00
4 -.03
5 .01
6 -.057 .028 .01
9 -.01
10 -.04



Li* Face Center Interstitial fable Z7III
Energy Relative to the Perfect Crystal

Electrostatic -7*2 e.v,
Polarization — 1.7
Repulsive 5.6
Total -3.3

Displacement Parameters

1 -.23
2 .04
3 .054 -.03
5 -.056 — i09
7 -i038 -.04
9 -.02
10 .05
11 .00
12 .01
13 .02
14 -*02
15 .02
16 -.04
17 .0318 .01
19 .01
20 -.0321 -.02
22 -.04
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Li* (111) Saddle Point Table XIX

Energy Relative to the Perfect Crystal 
Electrostatic -7.5 fc.v.
Polarization -1.0
Repulsive 5.1
Total -3.5

Displacement Parameters

1 .12
2 .0 13 .02
4 .10
5 -.04
6 .017 .00
8 .01
9 .01

10 .01
11 - . 0 2
12 -.01
13 .0114 -.01
15 -.02
16 -.01
17 .01



LI* (110) Saddle Point Table . XX,'
Energy Relative to the Perfect Crystal

Electrostatic -6.9
Polarization -1.1
Repulsive Jux
Total -3.2

Displacement Parameters

1 .14
2 .07
3 .00
4 -.17
5 .14
6 .05
7 -.04
8 .00
9 .0310 .00
11 -.02
12 .00
13 .02
14 -.05
15 .08
16 .00
17 .02
18 -.01
19 -.02
20 .00
21 -.02
22 .00



H" Body Center Interstitial Table 2XSL
Energy Relative to the Perfect Crystal

70

Electrostatic
Polarization
Repulsive
Total

Displacement Parameters

1 —.12
2 -.02
3 .02
4 -.08
5 .00
6 -.02
7 .058 .04
9 -.0310 -.03

-7.4 e.v. 
-3.6
8.6

-2.4



hT Face Center Interstitial
71

Table XXII
Energy Relative to tiie Perfect Crystal

Electrostatic -7.0 e.v.
Polarization -1.6
Repulsive 7.4
Total -1.2

Displacement Parameters

1 - . 2 1
2 .09
3 .14
4 -.025 -.02
6 -.04
7 -.02
8 - . 1 0
9 - .0 1

10 .03
11 - . 0 1
12 .04
13 .0314 -.02
15 - . 0 2
16 - . 0 2
17 -.0118 .02
19 .05
20 -.03
21 .0122 -.08



H til-1) Saddle Point Table XXXII
Energy Relative to the Perfect Crystal
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Electrostatic
Polarization
Repulsive
Total

Displacement Parameters

1 .16
2 .19
3 .02
4 .11
5 -.06
6 .03
7 -.098 .03
9 .0310 .00
11 .00
12 -.03
13 .06
14 .00
15 - .0 6
16 .00
17 -.02

-10.3 e.v, 
-2.4

-2.9 -



H" (nor Saddle Point
Energy Relative to the Perfect Crystal

Electrostatic 
Polarization 
Repulsive 
Total

Displacement Parameters

-9*0 e.v.

1 .172 .19
3 .02
4 -.34
5 .136 .05
7 .00
8 .02
9 .00
10 .00
11 .00
12 .00
13 .00
14 -.03
15 .04
16 •*.03
17 .0718 -.06
19 .00
20 .0321 -.04
22 .00

73
Table
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Positive Vacancy Table ,̂ SSSt

Energy Relative to the Perfect Crystal

Electrostatic 7-5 e.v.
Polarization -1.4
Repulsive .2 _
Total 6.'3

Displacement Parameters

1 .072 -.01
3 -.01
4 -.05
5 .02
6 .02



Negative Vacancy Table XXVI
Energy Relative to tb.e Perfect Crystal

75

Electrostatic 5.8 e.v.
Polarization —* 4
Repulsive -.1
Total 5.3

Displacement Parameters

1 .14
2 -.033 -.024 .00
5 .03
6 .03



Dlyacancx Table XXtil
Energy Relative to the Perfect Crystal

7$

Electrostatic
Polarization
Repulsive
Total

Displacement Parameters

1 .11
2 .1 6
3 - . 0 2
4 .0 6
5 - . 1 8
6 .0 3
7 - . 0 3
8 - . 0 3
9 .1 0

10 - . 0 5
11 .0 2
12 - . 0 4
13 - . 0 7
14 - . 0 3
15 - . 0 7
16 - . 0 3
17 .0 4
18 - . 0 3
19 - . 0 3
20 - . 0 2
21 - . 0 6
22 - .0 1
23 .0 8
24 - . 0 7

10.2 e.v, 
- 2 , 9  

-U 8 _
9 . 0



Pine gat lve Vacancy Table XX9III
Energy Relative to the Perfect Crystal

Electrostatic 13,7 e.v.
Polarization - 2.2
Repulsive 2.0
Total 13.2

Displacement Parameters

1 .16
2 .11
3 .074 .10
5 .14
6 -.04
7 -.04
8 .02
9 .01
10 -.03
11 -.05
12 -- .01
13 -.01
14 .03
15 .06
16 -.03
17 -.04
18 .04
19 -.0520 .01
21 .00
22 -.02
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Quadvacancy Table XXIX
Energy Relative to the Perfect Crystal

Electrostatic 20,8 e.v*
Polarization -3.6
Repulsive -.5
Total 16.6

Displacement Parameters

1 .152 -v04
3 .02
4 .01
5 -.136 .09
7 .118 .02
9 -.0510 *04
11 -.0712 -.02
13 .0714 .00
15 -.0516 - .0 6
17 -.04
18 -.05
19 .00
20 .01
21 -.0322 -.05
23 .0324 -.03
25 .04
26 -.03



Saddle Point for LI* Vacancy Migration
Energy Relative to the Perfect Crystal

79
Sable XXX~ .

Electrostatic
Polarization
Repulsive
Sotal

Displacement Parameters

6.6 e.v. 
-2.6 
2.2 
6.2

. 16
1718
1920 
21 22

2
34
56
78 
9

10
11
12
1314
15

.06

.04

.01

.03.02.00

.01.06

.04.08

.04

.05.00.02

.01

.03

.01

.03.06

.00.00

.05
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Saddle Point for S" Va-panov Migration Table XXXX

Eaergy Relative to the Perfect Grystal

Electrostatic 4.7 e.v.
Polarization 1.6
Repulsive 2.5
Total 5.4
*

Displacement Parameters

1 • 092 .14
3 .00
4 -.10
5 .116 -.01
7 -.038 .00
9 .00
10 .0911 .00
12 -.02
13 -.04
14 #03
15 .00
16 .05
17 .02
18 .04
19 .00
20 .00
21 .01
22 -.01
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He0 Body Center Interstitial Table XXXII

Energy Relative to the Perfect Crystal

Electrostatic —4.1 e.v.
Polarization —4i0
Repulsive 8.3
Total .2

Displacement Parameters

1 -.11
2 -.08
3 .01
4 -.03
5 .04
6 -.10
7 -.01
8 .03
9 .03
10 -.05
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He0 Face Center Interstitial Table XX££II

Energy Relative to the Perfect Crystal

Electrostatic **3.4 e.v.
Polarization -1.9
Re puls i ve 6.1
Total .8

Displacement Parameters

1 -.172 .16
3 .04
4 -.03
5 .036 -.11
7 -.01
8 -.03
9 -.01
10 .08
11 -.0312 .01
13 .02
14 -.02
15 .06
16 -.04
17 -.02
18 .01
19 -.04
20 -.0521 .02
22 -.02
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He0 on Negative Vacancy Table XXXITT
Energy Relative to the Perfect; Crystal

Electrostatic
Polarization
Repulsive
Total

Displacement Parameters

1
2
34
56

.15-.,02 
- .0 1  
01 .02 
.03

5^8 e.v. 
.5
jl2 _
5.6

/



He^ on Divacancy Table XXXF
Energy Relative to the Perfect Crystal

Electrostatic 10,2 e.v.
Polarization - 5.8
Repulsive 1.9
Total 6.3

Displacement Parameters

1 .112 .13
5 -.02
4 .06
5 -.176 .03
7 -.04
8 -.04
9 .10
10 -.05
11 .02
12 -.04
13 -.0714 -.03
15 -.0716 -.03
17 .04
18 -.03
19 -.0320 -.02
21 - .06
22 - . 0 1
23 .08
24 -.07
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He ■ on a Dine eative Vacancy Table X2SE2L

Energy Relative to the Perfect Crystal

Electrostatic 15*5 e.v.
Polarization -2.3
Repulsive 2.2
Total 13.5

Displacement Parameters

1 *18
2 .10
3 .074 .10
5 .14
6 - .0 6
7 -.04
8 .02
9 .01
10 -.0311 -.0512 .01
13 -.01
14 .03
15 .0 6
16 - .0 3
17 -.04
18 .04
19 -.0520 .0121 .00
22 -.02



He0 in Quad.vacancy Table XXXVII

Energy Relative to the Perfect Crystal

Electrostatic 20.8 e.v.
Polarization - 3 * 7
Repulsive .4
Total 16.7

Displacement Parameters
1 .152 -.04
3 .02
4 .01
5 -.136 .07
7 .11
8 .02
9 -.0510 .04
11 -.0712 -.02
13 .0714 .00
15 -.0516 -.06
17 -.04
18 -.05
19 .00
20 *01
21 -.0322 -.05
23 .0324 -.03
25 .04
26 -.03
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LI0 Body Center Interstitial Table ZXX.VIII

Energy Relative to tlie Perfect Crystal

Electrostatic -5.7 e.v.
Polarization -4,1
Repulsive 15.6
Total 3.7

Displacement Parameters

1 -*21
2 - . 1 0
3 -.02
4 -.05
5 .04
6 -.09
7 -.038 .02
9 -.02
10 -.04



Li° Face Center Interstitial Table XXXIX
Energy Relative to the Perfect Crystal

Electrostatic -2.9 e.v.
Polarization -2V0
Repulsive 9.8
Total 4.9

Displacement Parameters

1 -.26
2 .14
3 .00
4 -.04
5 -.056 -.08
7 -.04
8 -.06
9 .02

10 .08
11 -i02
12 -.01
13 .01
14 -.04
15 .03
16 -.03
17 .01
18 .00
19 -.04
20 .0321 — .01
22 -.05



ro
+

39
on Cation Site Oriented Along (111) Table X35‘.

Energy Relative to the Perfect Crystal

Electrostatic -3.9 e.v.
Polarization -2.0
Repulsive 7.2
Total 1.4

Displacement Parameters

1 .06
2 .08
3 -.06
4 .14
5 - .0 6
6 - .0 6
7 .00
8 .04
9 .0310 .00
11 -.10
12 .00
13 .0314 .00
15 .02
16 -.02
17 -.01
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