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I. Introduction

The .production of defects in crystals exposed to
1,2
external radlation has been studled for many substances.’

Crystals of L1H experience self damage when some of the H

ions are replaced by thelr isotope T. The T 1lons undergo

o
P decay into He atoms:

T —) He  + e (1)

The T- has & half 1ife of 12.4 years and the © particles
have a maximum energy of 18 keV and an average energy of
5.6 keV,

Pretzel, Vier, Szklarz, and Lewis:’J found that at
temperatures below OOG ( the low temperature region )
LiH crystals contalning several percent L1T expand by
about 5 percent in 1000 days, The expansion is linear in
the dose rate. In heavily damaged samples they found NMR
signals that indicated the presence of metallic 1lithium,
but not of hydrogen gas. They observed the ESR signals of
the body center cublic form of metallic lithium if the dam=-
gged samples are heated to room temperature. They discovered
that the volume expanslion was proportional to the growth of
an optical absorption band at 5400 g. and a paramagnetic
center. They intexrpret the volume expansion by assuming
that when the T- decays into I-Ieo, the I-Ieo moves into an
inter=titial position and the resulting vacancy eventually

captures the electron of the B decay to form an F center.,



Their results for the high temperature region ( from 23
to 40000 ) are more complicated., The volume expansion
undergoes a rapid first stage followed by & lesser
second growth stage. As the temperature increases the
volume expansion increases and at 40000 amounts to over
80 percent growth in 200 days. In this hlgh temperature
range several types of aggregations have been observed:
1) small particles of metalllc lithlum precipitate;

2) dbubbles of He and H: ( hydrogen gas and its lsotopes )
form; and 3) cavities. The expansilon plus these other
effeets often cause the erystals to fracture.

Pretzél and Petty4 working at -19600 and using
X—:ay diffraction, found no change in the lattice para=-
meter of LiH upon irradiation by external tritium ©
particles for 100 days, Alkall halides exvosed undexr the
same conditions showed a considerable increase In lat-
tice parameter. They attribute the growth in the alkalil
halides to the formation of Frenkél pairs in the negative
ion sublattice.

Jones et a15 studied the high temperature velume
expansion of LiT, LiTD, and LiTDa. The expansion of LiH
with 40 percent LiT observed by Pretzel et al falls
between the expansion of IiTD ( 50 percent T- ) and
I:i'.'.‘])2 ( 33 percent'T’ )} observed by Jones et al &t the
same temperature. They have fit thelr high temperature vol-

ume expansion to the form:



V() Vo (1 -exp(-dt) ) (2)

where V(%) is the percent volume increase 2t a time, t,
Voo is the final percent volume lincrease, and d is a
constant, Pretzel's more comprehensive volume expansion
data do not fit this form.

Souers, Jolly, and Gline6 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
to 25000. They propose that the second stage growth is
due to the Heo.

It 18 the mailn intent of this study to suggest a
possible mechanism to explaln the low temperature volume
expansion of LiH:LiT crystals. In Section II interactlions
between constitutent ions and atoms that were used in
the calculations are presented; In III the method of
defect calculations i1s described; in IV the results of
twenty-four defect calculatlons are presented; in V the
mechanism for radlation damage is proposed; and in VI

a summary of the results 1ls gilven.



II uwantum Mechanica Interactions

For the calculations of defect propertlies that are
discussed in IV two body repulsive interactions between
the host ioms, i.e, L1+-H-, H--H-, and L1+-Li+ are needed,
For defects involving foreign atomé the additional inter-
actions between the forelgn atoms and the host ions, 1l.e.
Heo-H- and Heo-Li+, are required,

Empirical functions for the repulsive interactions in
LiH have been investligated by Varshnl and Shulka?

Thelr use In defect calculatlons has several drawbacks,
The experimental evidence used to determine crystal
interactions: cohesive energy, lattice parameter, com-
pressibllity ete., provides Information for interactions
in only a small region around the equillibrium internuclear
separatlon. Thus there 1is an uncertainity about the func-
tional form of the repulsion since several forms can fit
the data reasonably well, In addition, in defect calcula-
tions the lons surrounding defe~ts move considerably off=-
site, Therefore, the interactions would have to be
extrapolated beyond'the range of the data, Finally, to
study the radlation damage of LiH:LiT defects lnvolving
forelgn atoms have to be consldered. With empirical
interactions for the host loms, a separate method would
have to be developed to obtain the interactions with the
forelgn atoms,

8
Flscher, Dellin, Harrison, Hatcher, and Wlilson have



determined quantum mechanical two body interactions for
LiH suitable for defect caleulations, They used deter-
minantal wave functlions made up of various one slectron
functions. Using detefminants made up of screened hydro=-
genic wave functions,‘\' o~ exp(-Sr), they calculated the
coheslve energy, lattlice parameter, and compressibllity
for various values of the screening parameter, S ’

of the mnegative hydrogen lon,

The Interactions corresponding to a hydrogen screenling
parameter of .9 (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 coheslve energy pgedicted by this model
is -9,69 eV per ion pair, Anderson determined the
experimental ¥alue of -9.,44 eV per ion pair. The lattice
constant is 2,216 K compared with the experimental value
of $é0412 i. The theoretical compressibllity is 2,22 x

10 cem /dyne, Experimental values gavezbeen determined by
10 -1

Stephens and Lilley of 2,88 x 10 cm /dyne, by
Weil and Lawson11 of 3.7 X 10-12 cm?/dyne, and by Voronov
et a112 of 4,38 x 10-12 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 Ii atoms and the host lons using a

generalization of the seml-clasgslical interaction



13 '
method developed by Wedepohl wusing the charge densitles
+ -

for the L1 and H glven above. The method 18 described

in general in Appendix I, where the details of the

Heo and Lio interaction caliculations are also glven.

The values of the parameters are listed in Table I, The

interaction for the L}é molecule was taken from the work

of Fischer and Kemmey.



Table I Repulsive Interactions In LiH

o=1
Interaction A in eV B in A

+ -

Ili '-H 2570 3.24
H-AE 29,3 1.88
+ +
o - .
He -H : 151. 2.94
o] +
o +

I1 -Li 63.4 1.94

Interactions are of the Born-Mayer form, A exp(~B r),



III. Method of Defect Calculations

The energy of a defect crystal relative to the
energy of the perfeet erystal, and the displacements of
the ions surrounding the defect were calculated using
an extension of the method of Hatcher and Dienesls
In the model employed, the crystal 1s made up of point,
polarizahble lons, and 1is divided into two reglons, Region
I contains the defect and a number of surroundling ions
that are allowed to displace and polurize. Region II
beging at the boundary of Region I and contalins addltlonal
lons thut are allowed to polarize, but not to relax,

The energy of formation of a defect is wkitten as the

sum of electrostatic, repuisive, and polarization con-

tributions:

E E

def stat +* Brep *  Bpol (3)

each relative to the perfect crystal. The energy 1s
minimized with respect to the displacements of the ions
in Region I,

The electrostatic energy is gliven byl

Botat = ) ©4 D (4)
i,] rij i3

where the sum 1s over all lons in the crystal, e; and
ej are the charges of ions 1 and J, rij is the distance

between ions i and J in the defect erystal, and r

1)



is the distance between the lons in the perfect crystal,
The prime on the summation indlecates that the sum is
not taken when i = }.

The repulsive interactions are mede uplof two body
central forces of the Born-Mayer form, Aij exp(-Bia rij)
with the parsmeters listed 1in Section II. The repul-

sive energy is given by:

/

Erep = .i: Aij exp(-BiJ rij) - AiJ exp(--Bij rij)
1,)

(5)

Wwhere the sum is over all ions in the crystal, but not
When 1 = J.

The polarizatlon energy is given by

Bor = % :L_ Py fihg (6)
where the sum is over all polarizable ions, Dy is the
induced electronic dlipole on ion 1 due to the field
of the charges and dlpoles external to 1t, and Ezhg
i1s the monopole electric fleld at ion i due to the
agymmetrical distribution of point charges around it.
The total field at lom 1 1s the field due to monopoles

and dipoles externmal %o lon i@

E +

- - =
:ot - Eghg Eiip (7)

The induced electronic &ipole on lon 1 is given by:

- =tot
Py = o3 B
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- =chg =d1ip
_diEi + Ay By
= < BE e o 3ty 4(P3°T1y) - By
1 1
J riy° T3y

(8)
where &, is the polarizebility of ion 1 and the sum over
J is over all dipoles but i, Eq, (8) holds for all dipoles
and this set of simultaneous equations mey be solved for
the individual dipoles which can then be used in Eg. (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 conflguration and
also the computer time needed to solve the set of linear
~equations in (8).

This method avolds approximations used in other
defect calculatidnst6 large reglons of the crystal may
 be treated atomistically. The dlpoles are solved for
exactly in the region allowed to polarize and there is
no need@ to use a polarizable continuum., Nonradial relaxations
afe allowed.

In practice from 50 to 60 ions were allowed to relax
and polarize (Region I), For charged defects an additional
50 to 60 itons 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, divacency,
dinegative vacancy, quadrivacancy, body center ilnter-
stitial, face center interstitial, (111) saddle point
for interstitialey migration, and (110) saddle point
for interstitialcy mlgration. The lons used and thedr
grouping into equivalent shells is glven in Appendix II.
The defects are illustrated in PFigure 1.

The polarizability of the L1:7(0.029 K: )} was taken

from Tessman, Kahn, and Schockley. There 1s a large

uncertalinty in the value of the H polarizablility =-

7
many 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
H - 1 = 2 ( + ) (9)
- 3 A ¥ A H™

n +2 3r,

where r, is the interionic distancé and n i1s the refrac=

3
tive index ( = 1.984 ) taken from Pretzel et al. The

03
resulting value is 1,93 A which is much smaller than the
free lon polarizabilitiles reported in the literature.

18
Pauling has shown that the polarizability of two electron

screened hydrogenlc wave functions 1s proportional to the

inverse fourth power of the screening parameter, A~ ?é? .

The crystalline H- lon used in II (¥= ,9) therefore

should have a smaller polarizability than the free ion (6=,6875).
If the polarizability 1s held constant as the ions

come closer together the defect calculations can yleld

unphysical results. The energy grows to unreasonably large
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negative values, The interacition between a point charge,
a4, and a point dipole, polarizability , at a separation
T is - d.qa/r4 and this can overcome the Born-Mayer ree
pulsion hetween the ions, Thils type of difficulty has
been found in other ionic erystals, Scholzig has found
this type of instability for defects in the lithium halides
and Quigley and Dasao have found thls problem with off=
center Li+ in KOl, Yamashlita and Kurosowa21 had to
arbitrarily reduce the value of the anlon polarizabllity
in the alkalline earth oxldes in order to obtaln agreement
with the experimental value of the Schottky palr energy. In
a recent review article Barr and Lidiard22 have noted that
in defect calculatlions with constant polarlzabllities the
results are usually below the experimental values indicating
that the polarization ls too great, They point out
that it 1s reasonable that the polarizablility decreases as
the ions overlap. Indeed, this 1s what Quigley and Das 4did
to correct the polarization energy.

The varlation of the polarizability as a functlon
of the separation between the ions has been consldered
by Goldberg?3 who has done a guantum mechanical study of
the effect of the crystalline environment on polarizabil-
lties, and while the results are not directly applicable
to thls study he has shown that the polarizabllity de-~
creases rapldly as the lons come together., Some simpli-

fied systems can be investigated. Consider a model of an

ion in which a nuclear charge + Z ¢ 13 surrounded by a
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spherical charge distribution of radius a, and total negative
charge ~Q e.401assically, the polarization of such an 1lon
2 .

is given by:

A = .az g ‘ {10)

Given two of these lons, &, B with radiil 849 bo then
when their internuclear separation, r, is such that

r % (a, + B,), the polarizabilities of the loms 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
ri (a, + by),1t is assumed that the Llons still contain
uniform spherical charge dlstributions of total charge_

Q but that the radlil contract to a and b, respectively,
such that a + b = r and that a and b are 1n the same

ratio as aq and bo. This means:

il
H
)

a . 5 (11)

When this radius 1s used in (10) the polarizability de-
creagses as r when T 4 (a, + bo). A similar calculation
was carried out but with exponentially decreasing charge
densitles instead of constant chargeldensities. This 1s
the funetional form of the charge distributions for the
screened hydrogenic wave functions used in the model of
repulsive interactions, The polarizabilities-ére still

constant when r 7 (a0 + bo)‘ When r £ (ag + bo) the
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polarizability in this case depends on a convergent
power serlies starting with terms in r? r4, ‘and r?

It 18 assumed that the polarizability of an .H- ion
i1s a function of the positions of the ions surrounding
1%, When the nearest ion to an H- is at the equlilibrium
separation T, or greater the polarizabillity has the con-
stant value given by the Lorentz-Lorenz relation, Egq. (9).
When &n lon comes closer to the H- thaﬁ r, 1t 1s assumed

that the polarilizabllity decreases as r, such that at
o3
r=0,d= 0, and at r = vy, A = 1.93 A,
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IV, Defects Lithlum Hydride:Lithi Tritlid

In order to deducé the mechanism for low temperature
volume expansion of LAH:LIT twenty-four defects wWere
studied. The cases considered are: 1) L1+ body center
interstitial, 2) L1+ face center interstitial, 3) L1+
saddle point for (111) migration, 4) Li+ saddle point
for (110) migrﬁtion, 5) H- body center interstitial,

6) H~ face center interstitial, 7) H- (111) saddle

point, 8) H- (110) saddle point, 9) positive vacaney,

10) negative vacancy, 1i) divacancy, 12) dinegative vacancy,
13) quadrivacancy, 14) saddle point for positive vacanecy
migration, 15) saddle point for negative vacancy mige
ration, 16) Heo body center interstitial, 17) Heo face
center interstitial, 18) Heo on & negatlive vacancy,

19) Heo on a divacancy, 20) Heo on a dinegative vacancy,

21) Heo on a quadrivacancy, 22) Lio body center interstitial,
23) Lio face center interstitial, and 24) Lig on cation

site oriented along (111). In Appendix III the details

of the contributions to the total formatlon energy and the
disﬁlacement parameters for relaxations about the defects
are given. Table II Summarizes the energies of the defects
relative to the perfect crystal. Table III gives the
activation energy for migration for the various diffusing
lons and atoms to be described below.

Li+ Interstitials have the lowest energy in the

body center position, By subtracting the energy in the
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Pable III

Act tion Ene for M ation in LiH.

Specles Direction Activation Energy, eV
Ii¥ 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
110 Interstitisl  (100) 1.2
It* Vacancy (110) 0.1

H™ Vacancy (110) O.1

20
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body center case from the face center case the activation

energy through the face, i.e. along the (100), is ob-

tained. Two additional possibilities for migration were

consldered. In the first case a body center interstitial

might move along the_(111) and push an on~-gite L1+ into the

center of the diagonally adjacent body while the original

interstitial lon occuples the vacated lattice =lte,

The saddle point for this interstlitialcy migration 1is

shown in Filgure 2 and by comparing the energy in this

econfliguration with the body center case the activation

energy for diffusion in this direction ‘is caloulated.,

In the gecond 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 orystal with a L1+ interstitial is

less than the energy of a perfect crystal and a free L1+

at infinite separation. The Iincreased electrostatic

attraction and polarization due to the charged inter=-

stitial 1s greater than the additional repulsive interaction.

To form an interstitial Li+ in a perfect crystal a

rositive vacancy must also be formed, The formation

energy of the Frenkel pailr is 2,5 eV ( sum of the enersy
_ +
of a positive vacancy, +§.3 eV, and the energy of the ILi



body center interstitial, -~3.8 eV). Therefore, LiH will
not spontaneously form L1+ interstitials.

The interstitial H- ion has a lower energy in the
(111) saddle point configuration than in the body center
case, Tharmalingam2 has found similar results for 01f
interstitials 1n 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 eneriy 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 1s -2.9 eV. Therefore,
the formation energy of anion Frenkel pairs is 2.4% eV.

The Schottky pair energy ( sum of the formation
energy of a positive vacancy, +6.3 eV, and a negative
vacancy, +5.3 eV, minus the binding energy per ion
pair, -9.69 eV )} 1s 1.9 eV. The migration of elther
vacancy along the (110) has an activation energy of
0.1 eV, From conductivity data Pretzel et a13 determined
the experimental values of 2.4 ¥ .2 eV for the Schbttky
palr energy and .53 i «5 eV for the activation energy of
the cation vacancy. The formation energy of a Schottky
Palir in LiH 1s less than the formation energy of either
Frenkel palr lndicating that the conductivity will be due
Primarily to vacancy migration in agreement with Pretzel's

experimental results,



The clustering of vacancles into neutral pairs tends
to reduce the electrical singnlarity of the isolated vac-
anclies and 1s energetically favorable. The binding energy
of a divacanoy is 2.6 eV ( the energy of the divacancy ocom-
rared to the energy of separated positive and negative
vacancies). The binding energy of the quadrlvacancy'con-
gsldered iz 1.4 eV (compared to two isolated divacanciles).
However, the oﬁarged dinegatlive vacancy is not bound and
it is energetically favorable for it to dlssociate into
two isolated negative vacancies.

In the neighborhood of a vacancy lons of the same slgn
as the missing ion move away from the defect while ions
of opposite sign move toward the defeot.

Hbo interstitials have a lower energy in the body
center interstitial case than in the face center con-
Tiguration. The theoretical activation enérsy for migra=-
tion of Heo along the 1100) is .6 eV. Based on the size
and separation of He bubbles formed in damaged LiT
crystals Jonesu estimated the activation energy 1is of
the order of .4 eV. The addition of a Bbo t0 a negative
vacancy, a dinegative vacancy, and a quadrivacancy
ralilses the energy of these defects because of the
increased repulsion between the host lons and the Hbo.
However, HBO is bound to a divacancy.

Lio atoms have an activation energy of 1.2 eV,

o + +
The 11 may join with an on-site L1 to form Li, on

an lon site which has a lower energy than the intersastitial
o + ‘
L1 . Tne L1, molecule is centered on a catlon slte

23



and oriented along the (111) direction,

24
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V. Radlation Damege in Iithium Hydride:Lithium Tritide

R
The experimental work of Pretzel and Petty demon-

gtrated that the (=] particles were not responsible for

the expansion. Pret2313 explained the low temperature
expansion'by assuming that the Heo formed in the ﬂ’decay
of the T- goes into the bhody center interstitial position,
The volume expansion can be determined from the relax-
ations about s body center He0 glven in Table V. If Py
amd p, are the components of the outward dlaplacements
for the 1nterstit1a1's first nearest neighbors, measured
in units of To then the volume expansion of the cube

contalning the interstitial 1s glven by:

3 3 3
v = 8 (1+ p1 + pp ) =~ Ty (12)

Co= Q- AV ﬂs a] 3
The expansion for the interstitial He using (12) 1s 7 A.

From the experimental volume expansion data and the half
life of the T- Pretzel and Petty determined that an
expansion of 12.4 33 per beta decay was needed to agree
with experiment, Therefore; this mechanism is insufficlent
to explain the volume expansion.

Following Eshelby27 the volume expansion may be cal-
culated from continuum elastic theory. In a continuous
lsotroplc elastic medium the relaxations around a spherioc-

ally symmetric defect are given by:

d = C (13)

deﬂl
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where d is the radial displacement at & point a distance T
from the defect and C 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 w ¢ (14)

For a non~infinite medlum surface effects must be taken
into account and the volume expansion for a finilte spherical

medium containing the defect is:

v = 4w¢e BEK_+ dcaun_ (15)
. 3K
where K 1s the compressibility and cg4 is one of the elastic
-2 2
constants, The compressibllity from II is 2.22 x 10 em /

27 -12 2
dyne and oy, is 48 x 10 em /dyne,

In Table V are listed the relaxations for 136 lons
around a body center lnterstitial Heo. Foxr each shell the
radial displacement was calculated and a value of C was
determined using EBEq. (13). The C's for all the shells were
averaged taking the multiplicity of the shells into account
end the value 0=,047 obtained. The resulting volume expansion
using eq., {15) is 8 23, in good agreement with the value
calculated by Ba. (12) and still insufficient to explain
the volume expansion,

When the T- decays and emits the 8 the Heo recoils.
The average recoil energy is 1,04 eV and the maximum
recoil energy is 3.28 eV, It 1s possible that in recoil=-

0 +
ing the He might colllde with one of the surrounding Li
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Table V Displacements Around a Body Center Intergtitial He

Shell Hulti- Typical Ion Poslition Displacement
plicity = y z : x y z
1 1 0 o 0 0 0 0
2 L 0.5 0.5 0.5 .11 .11 .11
3 L 0.5 -0.5 0.5 .08 -.08 .08
R 12 1.5 0.5 0.5 =-.01 .03 .03
5 12 1.5 0.5 =0.5 -.0k .10  =,10
6 122 1.5 1.5 ~0.5 .01 01 -.025
7 12 1.5 0.5 0.5 -.06 -.06 .06
8 L 1.5 1.5 1.5 =005 ~,005 =,005
9 b 1.5 1.5 =1.5 =,01 =-.01 .01
10 12 2,5 0.5 -0.5 «005 .01 -.01
11 12 2.5 0.5 0.5 .01 «02 «02
12 24 2e5 1.5 0.5 .01 -.01 .005
13 24 2.5 1.5 -0.5 .04 -.02 015

Shell 1 is the interstitial. The Displacement gives the

components of the displacement vector of the Typlcal Ion

about its normal lattice site. The ion at (.5,¢.5,.5) is

o+
a Ll .

27 .
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or H lons and transfer some of 1ts energy. In Table IV the

maximum energy transferable in an elastie collision be-
o}
tween the recolling He atom and the host lons ls presented,

A possgible mechanism for the low temperature volume
expansion is suggested in Figure 2, In (2) a T ion is
about to undergo P decay. In (b) the decay hﬁs Just
occured and the recailiig He0 atom collides with one of its

s1x nearest neighbor I1 ions and transfers some of 1ts
0

energy. From Table IV it is seen that for a He atom with
average recoll energy the L1+ could receive up to . 85 eV
of energy. Because of the low activatlion energy for the

L1+ ( 1 eV along the (110) ) 1t is probable that in many
of the collisions the L1+ will displace several lattice
congtants away‘from 1ts site and become a body center
interstitial as is shown in (e¢), The i1mmediate reéult of
the beta decay 1s to have s Heo on a negative lon site

with nb relaxation of the surrounding lons which ralses

the energy of the crystal 7.8 eV, The energy difference comes
from the nuclear energy of the C decay. The energy of the
resultant Heo in a divacancy ( 6.3 eV ) and the body center
interstitial L1+ ( =3.8 eV ) is 2.5 eV and therefore the
reaction 1s energetically favorable. The relaxations of the
lons surrounding the L1+ intersgtitlal are given ln Table
VII. The volume expansion using BEg. (12) is 5 23 and from
Eg. (15) 1is 12 X? This is still not quite sufficient to
explain the observed volume expanslon,

o+
The Il will attract and capture one of the electrons



Table IV

Maximum Energy Transferable ln an Elastic Ceollision with

- an He
Ion Mass He® energy
1.04 eV 3.28 eV

H™ 1 0.78eV 2,46 eV.
T 3 ' 1.04 3.28

+
Ii 6 0.93 2,92

-
Li 7 0.85 2.76

When a T decays into He , the He acquires an average
of1.04 eV and a maximum of 3.28 eV of recoil energy.
o}
When the He with mass mg, and energy Eﬁe collides
with an ion of mass my at rest the maximum energy trans-

ferrable to the ion By is glven by:

Ey

4 mg, my By

(mHe + mi)z

29
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&

Table VII Displacements Around g Body Center Interstitial L%

Shell Multl- Typiecal Ion Positlion Displacements
plicity x y -4 x y Z
1 1 0 0 0 0 0 0
2 4 0.5 0.5 0.5 .15 .15 «15
3 0.5 =0.5 0.5 -.01 -,01 =,01
L 12 1.5 0.5 0.5 0 .03 «03
5 12 1.5 0.5 -0.5 -.01 «05 -.05
6 122 1.5 1.5 =0.5 -,02 =-,02 =,01
7 12 1.5 1.5 0.5 .01 .01 +Ol
8 k4 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 =Q.5 .035 =.035 =.035
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o
from the e decay, The ionization energy of the Li atom in

the LiH crystal can be obtained by considering a cycle
28
similar to the one used by Dienes and Smolouchowskl to

estimate the electron affinity of 01 in NaCl:

0 0
(a) Li (erystal) ¥Ii (free) al= -3,7 eV
) + -
(b) I1 (free) -3 Ii (free) + e (free) al= 5,36
+ +
(¢) I1 (free) » Ii (crystal) AU= =3.8
(d) e-(free) - e- (erystal) AU= 0

+ o o
(e) I1 (crystal) + e (erystal)-7Ii (crystal) al=_X
i:.AUE 0

In (a) a Lio body center interstitial is removed from the
cerystal with an energy change of =3,7 eV. In (b) the free
Lio is ionized and the change in energy is the normal
ionization energy., In (c¢) the L1+ is put back in the body
center interstitial position with a gain in enerxrgy of

3.8 eV, In (d) the electron is brought back from infinity
to the bottom of the conductlion band. This energy change
will be small and taken as zero. In (e) the_;[ai+ in the
erystal and the electron in thé conductlion band Join: and the
change in energy, X, is the negative of the ionization
energy in the erystal. The cycle is now complete and the
net change in energy 1s zero. The lonizatlion energy cal-
culated from this cycle is -2.2 eV indicating that the Lio
is unstable againat dissociatlon into an 1nterst1tial L1+

lon and an e 1in the conduction band. The Li may still be
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metastable however, In Table VI are presented the relax-
o

ations for 136 lons surrounding & body center Li., The exw
pansion using Eq. (12) is 14 23 and using (15) is 19 R?
The 11 could stabalize by forming a T} molecule ion
on an anion lattice site.‘The Lig (1.4 eV) 13 2.3 eV lower
in eﬁergy than the Lio and consldering the same type of
eycle would be stable by .1 eV, The volume expansion of
4;-ophare-drawn through the first nearest nelghbors of the
Lig 1s+12 EB using the relaxations glven in Table VIII,
The Li, ie not a spherically symmetric defect &nd the
calculation of the wvolume expansion by continuum elastic
theorey is more compllicated. Townsend26 has solved the prob-
lem of the relaxations around a linear defect in an 1so-

troplic medium, The displacement field 1s glven by:

- -— 2 M
d = 0T + DIX(3c08© = 1) - ¢ _ 3sinQcos® kg
3

2

>
T r (14)

H

where d is the displacement at a distance T from the
center of the defect and making an angle© with the axis of
the defect,?.e is & unit vector in the © direction, and

D = 30(3 + 3Kc44)/6044K. Only the first term on the left
of Eq., (16), the purely radial term, contributes to the
volume expansion and the total expanslion including

surface effects is given by Eq. (15), The displacements
about the Liz 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)
is 14 23 which is sufficient to explain the volume expansion.

observed,
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Table VI Displacements gfound a_Body Center Interstitial Lio

Shell Multi- Typlcecal Ion Position Displacements
plicity x y A x ¥y z

1 1 0 0 0 0 0 0

2 4 0.5 0.5 0.5 .21 «21 21

3 0.5 =0.5 0.5 .10 -,10 .10

b 12 1.5 0.5 0.5 .02 «05 «05

.3 12 1.5 0.5 -0.5 -.04 .09 -.09

6 12 1.5 1.5 =0.5 «03 03 =-.02

7 12 1.5 1.5 0.5 .02 .02 .0k

8 b 1.5 1.5 1.5 .02 .02 02

9 L 1,5 1.5 =1.5 02 L,02 =,02

10 12 2.5 0.5 «=0.5 005 O 0

11 12 2.5 0.5 0.5 02 =005 =,005

12 24 2.5 1.5 .5 005 ,005 O

13 2h 245 1.5 =0.5 .015 ,005 -,015
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+

Table VIIT Displacements Around a Liz

Shell Multi- Typlcal Ion Positlon Displacements

plicity x y z x y b4
1 2 0 0 0 0 0 0
2 6 1 0 0 .08 0 0
3 6 1 1 0 o1k Ak -,06
4 é 1 0 -1 -.06 0 .06
5 2 1 1 1 0 0 0
6 2 1 1 -1 -0l Ol <03
7 é 2 0 0 -.01 -,011 -,011
8 12 2 1 0 0 O  -,005
9 12 2 0 -1 .03 -.035 =-,01
10 6 2 1 1 -.035 .0b5  .045
11 12 2 1 -1 -.02 .06 .005
12 é 2 -1 -1 " 407 =.035 =.035
13 é 2 2 0 -.02 =-,02 -,01
14 6 2 -2 0 025 =-,025 0
16 6 3 0 0 00G5  .005 .005
16 6 2 2 1 -.005 =.005 ,02
17 6 2 2 -1 .01 01 -,015
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+

The formation of the L1, would explain the para-
' +

magnetic resonance observed in expanded crystals. The L12
can also serve as the nucleus .for precipitation of L1 metal
in heavily damaged samples.

It is difficult to estimate the fraction of P decays

3
that will result in interstlitial 1lithium, Pretzel assumed
- o o
that the H in IiH has a radius of 1.4 A and the He a radius
0 +
of 1.0 A, In the model used in this paper the Li would then

0
have & radius of 0.8 A, Using & hard sphere model of the
0
ions it would be impossible for the He to move off the

slte from which it was created wilthout colliding with one
-+
of 1ts six nearest neighbor Li 1lons, The very low activatlon
+
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

0 +
a recolling He atom; a Li may be displaced even though
0
the He goes’ Into an lanterstitial position; or the ioas
0

displaced by the He mway not be those adjacent to the

slte where 1t was created.

In Figure 3 a similar mechanism involving the E 1is
considered. The T 1in (2) undergoes P decay and in (b) it
collides with one of 1ts twelve next nearest neighbor #

ions and transfers some of its energy. It is less probable
for the H- to displace in 2 collision with the HeO than
the L1+ because of 1ts higher activation energy. In (c) is
shown the resulting Heo in a dinegative vacancy (13,5 eV)

and the interstitial H (=2.9 eV), The final energy is 10,6 eV
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which is considerably higher then the 7.8 eV of the Heo on
the negative lon site which started this mechanism, Pretzel
and .'E'etty4 have presented arguements to show that if inter-
stitial H- is formed 1t would join with an on-site anion to
form Hy. Since no hydrogen gas 1is observed at low temperatures
this adds support to thentheoretical prediction that no
interstitlial H- lons are formed. Therefore, the displacement
sequence 1ls energetically unfavorable for the Hq at low
temperatures,

As noted in I, the high tomperature radiation damage in
LiH:LiT is much more complicated. Some commenits on this
temperature range can be made, The binding energies of the
divacancy and quadrivacancy indicate the clustering of
vacancles 1s energetlically favorable and would help explain
the volds observed at high temperatures. A possible mech-
anism for the formatlon of Hp at high itemperatures ls shown
in Flg. 4. Again, in (a) a T ion is about to undergo ® decay
gnd in (b) the recoiling Heo collides with onre of 1ts twelve
next nearest neighbor H- ions. Because of the high temperature
it is very easy for the H- to displace and the products
shown in (e¢) result, The two nearest L:l.+ ions to the I-IeO in
the dinegative vacancy are displaced conslderably off-site
away from the defect., At these elevated temperatures it is
posslble for these two Li+ ions to migrate away leaving
a He0 in a quadrivacancy (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 Hy, by the arguements of Pretzel and Petty.
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VI, Summary

The low temperature volume expansion of LiH:ILiiD has
been theoretically Investigated using a method for defect
calculations utilizing a point polarizable ion model of
LiH, Twenty-four defect calculations.on LiH were performed
and the results interpreted, The theoretical wmodel of the
low temperature volume expansion of Pretzel, involving
an interstitial Heo atom, was shown to be inadequate in
explaining the observed expansion. An alternate mechanism
involving the formation of an interstitial L1; molecule
was suggested and shown %o provide an explanation for the
low temperature volume expansion. In addltion, the mechanism
accounts for the nucleation of metallic lithium and the
presence of ESR signals. A mechanism for the formation of
H, 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 T

1, Introduction

The diatomic gquantum mechanical treatment of the
repulsive interactions in LiH requires a considerable
amount of computer time, For heavier ions the method may
be impractieal, A quicker approximate method might be usew
~ful provided it did not sacrifice to¢ much Iin accuracy.
Apprgximate methods for calculating the interaction

2
energy have been used by Firsov, Abrahmason et, al,,

Abrahamson,’ and Wedepohl.’ Firsov used the Thomas-
Fermi approﬁimation, Abrahamson used the Thomas-Fermi-
Dirac metnod, and Wedepoul considered a general electron
distribution, All three consider the interactions of
similar atoms and, in addition, Wedepohl considers the

interactions between 1lke lons. In each case the kinetic

energy is calculated as:

2 .
— =L T - 3 - i
e - 2 ww (a) S Sz \ (1)
b =) ey < 3}

where.sris the eleciron density .and the integral is over
the charge distribution, Further,'Abrahamson and Firsov

use the Dirac formallism for the exchange energy:

A

Eo. = “o?:_\'em (%)361 S S’q‘?’drr (@)
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ﬁoth 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 én appfoximate‘method
for the interactlions we will generalize Wedepohl's work to

inelude interactions between unlike lons and atoms;

2, Model

Atom or ion A ( B ) has a nuclear charge of 42y e
( +Zb e ) surrounded by a spherically symmetric electron
charge distribution py({ry)} ( py(ry) )} which contains
@, ( Qp, ) electrons, The electron distribution has a

finite radius a ( b ). As a convention it is assumed
b X o (3)

When the atoms interact it 1s 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 asi

Ej” Baan, v Et’.c..ﬁ-..,"‘ E—nc,_e.q*' o g, v By, T Ea (4)

o~

E?mnhis the electrostatic interaction between the two
nuclel; R e is the electrostatic interaction between the

two electron distributions; ¥, 2 1s the interaction



‘between the nucleus of A and electrons of B;‘Eqé%}s the
interaction between the nucleus .of B and electrons of 4;
¥, 1s the increase in kinetic energy due. to overlap;

and Ea_is the increase in exchange energy due to over-

lap. Rationalized mks units are used., Thus

NSy T (5)

&4, CGaleculation of the Electron-Electroﬁ Fnergy

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:

| Ao, A

e ¥ loeuw o\ AF = WTFee X (6)
. , - | - c\%‘\l%‘ S S
jotl & T4 \ab) AF = o oo o (a*x-%”g _;:) (7)
c L.\Q-—\c\ | dF = O (8)

By using these formulas the force between the two spher-
ically symretric charge distributions can be calculated
by integrating between the appropriate limits. There are
five cases to consider.

(i) No_overlap_r _a_+ b’

' Qe Qo .

The distrlibutions behave like point charges,



FiGuRe A.

In this case the repulsive force is glven by

—
—

‘:e‘t U,"Te.c ey ‘_Qgp\Qp_) *~ QS&Q’A Q%HQ‘&% _
o NMEY) = * *
gv %(\96%{8': RRIOES S R K )C\JS‘X

(10)

where

GG = WO Cz,(\\-::\w\g 209 (11)

and
\ - _
e@(&.ﬁgy; Y (~ " 15‘) : (12)

Also Qg, is the total electron charge of atom 4 in a

sphere of radius r-b about nucleus A and Qg is the total
electron charge of atom B in a sphere of radius r-a about

nucleusB, l.e,:!

. (T | - |
Qeon = $o S§G) o | (13)
coo

Qse = N SRR (14)
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This case does not occur for identical ions., The force ls:

Fee. 7 hwe. X Y_Q%% . '
RPN NN SN

* gc %Q@%Sg—f QQ"WQ"‘::B\X (15)

If the smaller sphere is inside the larger one r & ia-b\

then the limits of the last integral change:
o d e--z. .
FQ—‘E— Wi Ge T [_Q‘SGJQF“

+ g %}-g\ A&\ig K g NG «(x,g\ Aq%

e &( Y G Gou\ Ay
Qe qeptg YT Ee l (16)
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" The force between the two electron distributions is
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The dashed lines - - — in Figure 3 shows the 1limits of the
second Integration in (17) and the seml~dashed circle is
the limits of the third integration, In addltion, if one
sphere is inside the other, rt \p - a\the limits of the

last integral change:

.

FQQ_ = ‘\":.Gc, wa K S; %C.\g\ d-a g:—%-&:(‘f-\d’x
X g:‘c‘ Céc“é\&»é ST"\-:‘ QQ“-\ @C\lé\ GV,
< O,
* Scon Ay ey TEVE i

Ty Q

| N G
A %('\E\% S:}T" L0 & ‘3)\11_“(18)
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The fordé is:
Fee = Weeo Cl[go %C‘@CL“B gs Ty Ay
Q(“)Qcﬂkl%\c\,\(
A g g“&\c\% Sv»‘a £Cx) &CH ) Ay

A Su_t AN Ay S\é_vagq.@ G C\“l( |
19

Again Af the smaller sphere 1s inside the larger, r &
\b - al the limits on the last integral changes.

e < -
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The electron-electron Interaction enexrgy 1is calculated

by Integrating the force from the iInternuclear separation,

r, toa + b:

o\ ,
Ra Ry, 2" ~ '
Eee. ¥re o (o.-s.—\ﬂ N g‘r .‘2“(‘- ) t""'\':v\ (21)

The first term 1is just the value of Eee when » = a + b.

5. Calculation of the Electron Nuclear Interactions

When r ¥ b nucleus A is outside electron distribution

B and the interactlion energy 1is
Mwe, v

(22)

E.\.\o.e‘o =

When r £b 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 s—phere of radius

T about B:

Fﬂo,‘q-b T o bwe, X2 ° NS SN c,\\} (23)
The energy 1ls given by:
— T et Qo \:'_l__ i \_\\\“ 1?,‘,(%)&:6 ,_\\_\]
Ene®% T T g ce {'—C" T e e S D (21) -g
Similarly:

o . s
Slge oy iutts\d\{'gcw}

) “\Qemz -;;-\-eb O, 'y \T‘“
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6. Caleulatlon of the Kintetic and Exchange Energies

From (1) the increase in the kinetic energy due to

overlap is given by:

S = s
O EXR R
E;'n. = \(L\ S S_ (ga&v\—\- Q’-b\f\\ -~ Qeﬁ-ﬂ‘\a——q@ﬁa‘i (26)

with ‘ ' -
(27)
FA\GURE S
The overlap reglon is divided into two parts by con-
.structing a plane perpendicular to the internuclear
axls through CD, By Pythagora®% theorem:
: \01“‘ CLL
t- .
AD = A ¥ 2 (28)
< o -\
: —— A
QVH = Q< (29)

Conslder first the left hand side of the overlap region,
A carteslan coordinate system is constructed in the plane

of the paper, centered on A, with an & axls along ADB



and & t axls perpendicular to it. Consider an annular
ring PP' which has ADB as an axis. p, and p, are con-
stant over thls ring. The contribution to the kinetic

| energy from the left part of the overlap region is:

S'
e = o thb&% S {ieo.cm*?g(x,_\'( - Qa T QL 1““

(30)
With . D:g_,_'\oﬁ..- \I‘z_
PH= 2 T¥  Ax AT Qo
. \|-3\
\‘}. 'l =
L . = - \ 3(.
Y o= (% ~ ) e [(T RN 1(31)

\?he contribution to the kinétic energy is obtained by

integrating over a simllar coordinate system centered

on B: 5
5 3, .
Ew = %Xy Sb a <, Ki&%\*mt\«fx’% \uﬂ“a\ =t e
(32)
with |
. - o . ‘l‘),
h"-f- Aé o+ Q - ('} .:. (\o- Sz\
. Yy Y
-5 )+ T - Ko = 2 Ay
\< | 1 2= ) (33)
When r L b-a sphere A is inside sphere B. Using the
cartesian coordinate system centered on A the kinetlc
energy 1is S
E \n. = Q-\-{ g ~ O d% S Yi chx \\ i Yb("( 1\1 ?L. {\\\ S"wo(\h:) ]
_ tak.

(34)



using the quantitles as defined in Eq (31).
For the exchange energy, E,, the same integrals, Egs.
(30), (32), and (34) are used with the 5/3 powers re-

placed with 4/3 powers and with K, replaced by th.'

o = T ( \‘h,

(35)

7 . Discussion

The Equations vere programmed for the Brookhaven
CDC 6600.computer. Using the same charge distributions
as in Section II we obtaln aspproximate interéctions for
the same systems 1in about one-~tenth the computer time.
The interactions have the same exponential dependence
as the quantum mechanical work but they are about 40-
504 too low over the region studied. Typical results
are shown 1n.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
- iInteraction 1ls sought,

A specific system, Li+-H-,'w111 be considered, but
the results will be quite general, If a(r,) and b(rb)

are the one electron wave functions about the Li and
H- respectively, then we can account for exchange effects

in L1H by writing the wavefunction as a four bj four

‘determinant, The resulting charge distribution taking



exchange effects into account is:

g(®) = ~ Qs &M A= (v ™) 23 (36)
¥ < () (T

where S is the overlap integral

L= LWy | | (37)

The charge distribution may be consldered as beling made

up of a negative "electronic® charge d;stributlon, Py

tan €)= — Qr?) (Radis) « aves) ) (38)

which 1s the superposition of the free lon charge dis-~
2
tributions increased by a factor (1 + S ), and an

“exchange"” charge distribution, pgy:

Py < S S SN 0»("'(’\\0(\:) (39}

which 1ls a positive charge distribution concentrated
7
in the region between the lons. Dick and Overhauser
first proposed representing this exchange charge as a
2

point charge of magnitude +4S 1lying on the internuclear

aXls between the lons. The vallidity of the approximation
8 .

has been demonstrated by Hafermeister and Zarht. The
valldity of this approximatlion was tested in this study
by calculating the dipole moment of LAH using the '
exact charge distribution and a charge denslty with a
point exchange charge, and the results uphold the validity
of the point exchange charge model. The exchange energy is
physically equivaleﬁt to the interaction between the

exchange charge and the electron dlstributions, In a



similar manner the effects of exchangé on the electron=-
nuclear 1nteract10ﬁ can be accounted for by considering .
the interaction between the exchange charge'and the nuclel.
Since the exchange charge and the,nuclei have the same
gsign 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 cale
culation is shown, The approximate method now agrees wlth
the diatomic quantum mechanical method to within 10% over
the reg}on studied., The incluslon of the exchange—nuclgar'

interaction into the approximate calculations.of the H -H,

e} + o]
H -He » and Ll ~He interactions also produced agreement to
within 109 of the results of dlatomic guantum mechanical

calculations of the same systems and over the range

studied. The Iinteractions between the host ions.and ﬁeo

and Lio were obtalned for 1nternuc1ear separations from

1.6 to 2.4 A in steps of 0.2 K. The wave function fox the
o

He was a gcreened hydrogenle one wlth a screening
parameter of 1.6875 ( z - 5/16). For the Li the charge
density was taken from the SCF calculations of Herman-
Skillman? The interactions were fif to the Born-~lMayer

form, A exp(~B r) with the parameters gilven in II,
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Appendix II Eguivalent Ionsg Around the Defects

As mentioned in III depending on the symmetry of the
Gefect many lons may have similar dlsplacements and
dipoles. For example, i1f there 18 a vacancy at (000)
then the six ions in the {(100) direction are equivalent,
the twelve ions in the (110) direction are equivalent, etec.
All the defects and host lons are put together into
shélls. All ions in a shell are equivalent. The number
éf ions in a shell is called its multipliclity. The co-
ordinates of a typlcal member of the shell is presented.
The parameters which descrilibe the components of the displacement of
the typical lon are also listed. The values of the parameters
are given for the various defects in Appendix III. To find
the displaced position of the typilcal lon the value of
the paramater 1s added ( or Af a negative parameter is
listed subtracted) from the respective component of 1lts

position vector.
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Table TX Shgl}_a and D;sp_;_acements A:_-o;md A Vacancy

Shell Multiplicity Typlcal Ion Displacement
' Position Parameters
X ¥y Z x ¥ z
i 1 o 0 0 O 0 O Vacancy
2 6 1 0O O 1 0
3 12 1 1 0 2 2 0
4 8 1 1 1 5 3 3
5 6 2 0 o0 4 0 ©
6 24 2 1 0 5 6 0




Table l Shells and Digplacements Around a Face Center

Interstitial

Typical Ion

Displacement

Shell Multiplicity

.Position Parameters

x vy z X ¥y =z
1 1 0 5 .5 0 O O Interstitial
2 2 o 0 0 0o 1 1
3 2 0o 1 0 0 2 =2
4 4 -1 0 © 3 4 4
5 4 -1 0 1 5‘ 6 =6
6 4 0o -1 o o 7 8
7 4 -1 1 0o 9 10
8 8 1 =1 1 11 12 13
9 3 -1 =1 0 14 15 16
10 4 -2 0 =i 17 18 -18
11 2 0 -1 [ o 19 -19
12 4 -2 0 0 20 21 2t
13 2 0 =1 = 0 22

22




Tabie X Shells and Displacements Around (111) Saddle

Point For Host Ion Migratlon

Shell Multipliclty Typlecal Ion  Displacement
Position Parameters
X Yy _Z X ¥ =z

1 2 2 2 .2 1 1 1 Interstitials
2 6 i 0 o 2 3 3
3 6 1 1 0 4 4 5
4 6 1 0 =1 6 0 =6
5 2 1 1 1 T 7T 71
& 6 1 1 =1 8 8 9
(f 6 2 0 0 10 11 11
8 i2 2 1 0 12 13 14
9 12 e 1 -1 15 16 17
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Table XII 8§ g _and Dlsplacements 1 Sadd
: : r Hos a-tion
Shell Multiplicity Typical Ion Displacement
Position -Parameters
x ¥ 2 S A
1 2 2 2 0 1 1 0 Interstitials
2 4 1 0 0 2 3 ¢
3 2 o o 1 0O 0 4
4 2 1 1 0 5 5 0
5 8 1 0 1 6 7 8
6 2 1 -1 0O 9 =9 0
7 4 1 1 1 10 10 1
8 4 i -1 1 12 =12 12
9 4 2 0 O 13 14 o
10 2 0O 0 2 c 0 15
11 4 2 1 0 16 17 O
i2 8 2 0 1 18 19 20
13 4 2 =1 0 21 22 0




Table XITT Shells and Displacements Around a Divacancy

Shell Multiplicity Typical Ion Displacement
Position Parameters

. N S, AR P S A

1 1 o 0 0 0 O O Vacancy

2 1 1 0 O O O O Vacancy

3 4 o 1 © 1 2 0

4 4 1 1 0 3 4 0

5 1 -1 0 © 5 0 ©

6 1 2 0 0 6 0 O

7 4 -1 1 0 7 8 o0

8 4 2 1 0 9 10 O

9 4 o 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 o

14 1 3 00 20 0 0

15 4 o 0 2 21 o0 22

16 4 1 0 2 23 0 24



Table XIV Shells and Displacements Around a Quadrivacancy

Shell Multiplicity Iypical Ion

Displacement
Posltion Parameters
X _ Y 2 X ¥ .z
L 2 c 0 0 0O O O Vacancies
2 2 1 00 0 O O Vacancies
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 ' T 8
T 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 o 1 16 17 18
12 4 3 10 19 20 0
13 4 3 2 0 2t 22 0
14 4 1 1 2 23 23 24
4 1 0 2 25 -25 26




ITable XV _ Shells and Displacements Around a Dinegative

B Yacancy
Shell Multipliclity Typical Ion Displacement
Positlon Parameters
X I 2 x Jy ..z
1 2 0 0 0 0O O O Vacancies
2 2 1 0 0 1 =1 0
3 4 2 1t 0 2 3 0
4 4 1 1 1 4 5
5 2 2 2 0 6 0
6 4 2 0 © 7 0
7 4 1t 0 1 9 =9 10
8 8 2 1 1 11 12 13
9 4 2 2 1 14 14 15
10 8 2 o 1 16 17 18
11 4 3 1 0O 19 20 O
12 4 1t 1 2 21 21 22




Table XVI Shells and Displacements Around a Bodz Center
Interstitial

Shell Multipliecity Typical Ion  Displacement
Posltion Parameters
X ¥y .z x y =z
1 1 S 5 .5 0 0 O Interstitial
2 4 c O o 1 1 1
3 4 o 1 0 2 =2 2
4 12 -1 0 0 3 4 4
5 12: -1 c 1 5 6 =6
6 i2 -1 =1 1 7T T 8
7 12 -1 =1 0 g9 g9 10
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ILT ar Contributions and Relaxations A;cound the

Defects



I;:L'" Body Center Interstitial Table XVII
Eﬁargy Relative to the Perfect Grysta]_---__;_.:

Electrostatic -8,1 e,v.
Polarization YA
Repulsive- 6,0
Total -3.8

Displacement Parameters

i - 15
2 .01
3 +00
4 -003
5 .01
6 -,05
7 .02
8 .01
9 -.01
10 -.04



Li*-Eaee Center Interst;gial

Energy Relative to the Perfeet Crystal

Electrostatic

Polarization

Repulsive

Total

Displacement Parsmeters

h ped ek b -l ’
FAAD = OWONOAN LGN -

-.23

04

.05
-.03

-, 05

-9
-,03
- 02
«05
- 00
01
.02
-.02
.02
-, 04
<03
.01
.01
-.03
-.02
-, 04

=7:.2 e,V,.
-1.7
—=ab
~3.3

Table XVIII
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1a* (111) Saddle Point Table XIZ |
’.n-ﬂﬁﬁéféj'ﬂéiéfiﬁélfo the Perfect Crysfal o
Electrostatic =T.5 8.V,
Polarization -1.0
Repulsive S
Total -3.5

Displacement Parameters

.12
« 01
.02
«10
- 04
.01
.00
.01
.01
.01
=-,02
-,01
.01
=-,01
-,02
-001
.01

IOV U N = OO 0~ VT 2o =

-l bk b ok b b omb b




11” (110) Saddle Point

_“Eﬁéféi'ﬁéiéfiﬁélﬁo the Perfect Orystal

Electrostatlc
Polarization
Repulsive
Total

Displacement Parameters

14
.07
-017
14
.05
-004
+00

.00
—.02

.02
-, 05
.08
.00

O HWN = OV TN U=
.
O
o

k. ok el aedh andk snd wel mmh .

R —
- QO\Ww
1

.
oo
o

22 .00

"‘609
-1.1

4,7
-3.2

Table .X%:*
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H™ Body COenter Interstitisl ‘ Table XXI
”.'”'ﬁﬁéféeréléfive to the Perfect Crystal

Electrostatic aT.4 €.V
Polarization -3,6
Repulsive 8,6

Total ;2;4'

Displacement Parameters

1 m, 12
2 -,02
> .02
4 -.08
5 .00
6 -, 02
7 .05
8 04
9 -003
10 -.03



Hi Face Oenter Interstitial

Table XXII

' Eﬁéréj-ﬁéiéfifé‘fé the Perfect Crystal

Electrostatic

Polarization

Repulsive

Total

Displacement Parameters

o ok enbk b wmk i ek =d b b

NN
=00V ~NNONPFFUN=000O~ON LU=

-o21
.09
14

-,02

-,02

‘-.04

-,02

-.10

-.01
«03

=-,01
.04
.03

-002

-o,02

-.02

-,01
.02
«05

"'003
Ol

-,08

-7T.,0 @,V.
-1.6
Lok
-1.2

i}



H (111) Saddle Point

Energy Relative to the

Elec@rostatic
Polarization
Repulsive
‘Total

Displacement Parameters

.16
.02
«Hl
-.06
+03
-:09
.03
<03
.00
.00 .
=-.03
.06
.00
-.0€
.00
-.02

SN OJFEWO~OWONOWHFUIN-—-

[P S S W N R T p—

Perfect Crystal

=-10.3 e,v.
-2.4 ‘
2.8

2.9 ¢

Table XXIII
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H™ (110) Saddle Point - Teble XXIV

Energy Relative to the Perfect Crystal

Electrostatic =960 ,V,
Polarization g B0
Repulsive | _8.8
Total -2.2

Displacement Parameters

AT
.19
.02
=34
.13
.05
.00
.02
«00
ey
00
.00
.00
-.03

VU L0 D = OO =3 W 010 =

[ W e s e Y



T4
Posicive Vacancy ' Table XXV - |
Energy Relative to the Perfect Grystall ‘

Electrostatic T:5 e.v.
Polarization -t b
Repulsive —2

TOtal o 6.3
Displacement Parameters

.07
""’¢01
-‘01
-.05

.02

.02

AL 0D =



Negative Vacancy:

Table XXVI

Energy Relative to the Perfect Crystal

Electrostatic
Polarization
Repulsive
Total

Displacément Parameters

o4
-003
-, 02

.00

Q3
- .03

OV U1 N =

5.8 e.v,
-4

75



Divacancy
".-ﬁﬂéfgy Relative to the Perfect COrystal

Electrostatic
Polarization
Repulsive |
Total

Displacement Parameters

.11
.16
-,02
.06
-, 18
.03
"'-03
"003
-.05
.02
-.04
=, 07
-.03
"'007
""003
o4

--03
._.03
-,02
-.06
-.01

.08
n-.O?

- b b b ek ek b ek b ek .
O OO~ £ WM =00 X0~ NN -

Y LY
N-oO

o
Ul

Table XXWII

10.2 e.vV.
-209

1.8

9.0

76
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Dinegative Vacancy ' Table XXWIII
Energy Relative to the Perfect Orystal -

Electrostatic 13.7 e.V.
Polarization - =2,2
Repulsive 2,0
Total 13;2

Displacement Parameters

PO owd sk amh ok ack md anb ek b ok
QU OO~ VN~ OW OO Ul -
!
L]
<O
—h

oo
n -
1
L ]
O
)Y
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Quadvacanéx Table XXIX

Energy Relative to the Perfect Crystal

Electrostatic 20,8 e.v.
Polarizatlon =3.6
Repulsive =25
Total 16.6

Displacement Parameters

15
-
902 : :
.01 _ ;
-.13 |
.09
.11
.02
-005
.04
"'-07
-.02
07

-.05 .
"’005 i

PO =b vd gk b vk b ved =d ek b
CW OO U~ OW O-IW &0l —

e
|
o

¥

NN
OV BN
3
L J
O
o




Sadd;e Point for Lg Vacanqx Mi grat;og Table XXX .
" Emergy Relative to the Perfeet Crystal ' -

Electrostatic 6.6 e.V.
Polarization -2,6
Repulsive 2,2

Total 6;2.

Displacement Parameters

.06
04
-,01
-003
.02
.00
-, 01
.06
-.04
.08
.04
-005
.00
.02
15 .01
.16 o035
17 .01
i8 03
19 -.06
20 .00
21 .00
22 "005

b ok gmb ank wmb
20N = O O~]IOVW PO =



Saddle Point for HT Vacancy Migration Table XXXX

.........

-

Electroatatic 4.7 e.v.
Polarization 1.6
Repulsive _ 2.2

Potal 5.4
Displacement Parameters

09
A4
--10
W11
-.01
"003
+C0
09
.00
-.02
-. 04
»03>
«00
05 .
.02
.04
.00
.00
.01
--01

ok wslh ek enb snb smbh e oub

RO =
=0V~ IOUWHUN—=OWE~om Ui



Heo Body Oenﬁér Intgrstigial Table XXXII

Bnergy Relative to the Perfect COrystal

Electrostatic ~4.,1 e.v.
Polarization b5 0
Repulsive 8.3
Total .2

Displacement Parameters

-.11
-.08
.01
-, 03
JO4
-.10
-.01
.03
.03
-,05

O\ -1\ 0l o —

ol



Heo Face Center Interstit;al

.Energy‘Relative to the Perfeet Crystal

Electrostatic 3.4 e,v,
Polarization 1.9
Repulsive 6,1

Total | .8
Displacement Parameters

-..‘]7
.16
.04

"'003

-.11
""‘01
-003
-,01

O mb oand o b aid b b ko

QWO LUV~ OW O~V 00—
L]
2

o
O =
1
*
Q
no

Table XXAIII



Heo on Nega‘tive-fv_ac%-cg Table XXXIV

Energy Relative to the Perfect Orystal

Electrostatic: 5.8 e,v.
Polarization -5
Repulsive 2
Total 5.6

Displacement Parameters

.15
-, 02
=301
e Q1

.02

03

O\ W) -



He® on Divacancy Table XXXV~
" Energy Relative to the Perfect Orystal o

Electrostatic 10.2 e.v,
Polarization - 5.8
Repulsive .9
Total 6.3

Displacement Parameters

.13
-.02

POV N = =t ot ooh ol ek b b ok b
U= 0WVE-TOV LI ~-0W0W O~ LU0 -—
1
.
Q
Wi



He9 on & Dinegative Vacancy
- Energy Relative to the Perfect Crystal

Electrostatic T 13.5 e.v.
Polarization -2.3
Repulsive 2.

Total ‘ 13,5

Dlsplacement Parameters

.18
.10
.07
.10
14
-.06
"'104
02
.01
"003
—.05
+01
-.01

G\ 010 = OO 00~ OW Ul 0 =

b et md ek mb b sab

1? “004
8

Table XERVE
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Ee? in Quadvacancy | Table XXXVII |

Energy Relative to the Perfect Crystal

Electrostatic 20.8 e.v,
Polarization - 3.7
Repulsive . B
Total 16.7

Displacement Parameters

i .15
2 -.04
3 .02
4 .0t
5 -,13
6 .07
7 .11
8 .02
9 --05
10 .04
11 -007
12 -.02
13 07
14 .00
15 -.05
16 -.06
17 -.04
18 -005
19 .00
20 +O1
21 "’-03
22 -.,05
23 .03
24 -.03
25 .0



0

Ll _Body Center Interstitisl
Energy Relative to the Perfect Crystal

Electrostatie -5.7 e,v,
Polarization - emdpey 1
Repulslve 13.6

Total ) 3-7

Displacement Parameters

-

-.21
-, 10
"-02
-.05

L0k
-009
-.03

.02
-.02
-, 04

oW @It o =

Table XXXVIII

o7



Lio Face Center Intergtitial
| ’Energy Relative to the Perfect Crystal

Electrostatic

Polarization

Repulsive

Total

Displacement Parameters

N =W OO~V =

e Y

-.26
14
.00

~.04

~.03

-.08
-0k
-.06

02

.08
-;02
-.01

"'2.9 e, V.

Table XAXIX

88



-~

I:ig on Catlon Site Oriented Along (111) Table XL~

Energy Relatlve to the

Electrostatic
Polarization
Repulslve
Total

Displacement Parameters

.06
.08
-, 06
L4
-.06
-, 06
.00
.04
.03
.00
"'.10
.C0
«03
.00
.02
-,02
"'.01

~I MR U = OO 03~ VI 01O =

L e e e e ]

Perfect Crystal

-3.9 e.v,
-2.0
L2

1.4

89
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