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The Relaxation Energy of Vacancies andrimpuritieel

In a Moleculaxr Lattice

" James J.'Burton and George Jurae

Inorganic Materials Research Division,
of the Lawrence Radiation Laboratory,
'~ and Department of Chemistry,
University of California,
Berkeley, California-

- ABSTRACT

‘The energy of relaxation and relaxation of su&rounding'atoms are

_computed for vacancies, large and small.impurity.aﬁoms, vacancy impurity
'atom diedefects, and di-vacancies in a .fee (argon) lattice,‘essuming
a Lennarngones potehtial endlneglecting all kinetic energy effects.

- It is found that at normal lattice spacing the energy correction is small
; : :

for all types of defects considered. Under cempression, relaxation energy

increases rapldly Relaxatlons are always small. It is found that

formatlon of a vacancy next to an impurity is preferred to formatlon of

isolated vacancy. Concentratlon of di-vacancies is found to be very small{<

vexcept at temperatures approaching the melting pomnt.
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H'.fof a change in the potential function.v'
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. INTRODUCTION

l ; the formatlon of a vacancy can be deduced 1t has not been p0551ble to '

‘ deduce the changes that occur in the 1mmed1ate nelghborhood of the

vacancy. In order to 1nvestlgate in deuail the lattlce dlstortlon in-

a.the 1mmed1ate v1c1n1ty of a vacancy, resort must stlll be made to

iofunctlon for the molecule under cons1deratlon, and then w1th 31mplify1ng.'h

i assumptlons, minimize the energy -of the system. Thls technlque has-notf"
h'Hbeen applled extens1ve1y to ionic crystals, it cannot be applled to

Jvmetals, and probably is of only qualltative 51gn1f1cance when applled s§"
” :tO‘molecular solids. “ObVlously, as lonp as only-the potentlal energy;uc

is con31dered the calculatlon is strlctly valid only at O°K.' The

usual subaect for computations of thls nature 1s argon.’ The monatomlc

__nature of the molecule and the symmetry of the lattlce minimize the

- work that must be done to obtaln an answer. To date, the only problem:§f7ﬁ:

; that has been cons1dered has been the formatlon of 8, vacancy in argon .

‘(

’:at the normal 1nteratom1c dlstance. In‘thls'paperg avmore'refined

!

.:iiexamlnatlon is made of this. problem. In addition'calcuiations areb
‘ made for the substitution of an 1mpur1ty atom in the lattice, for the j
- formatlon of a vacancy next to the impurity atom, for the formatlon of
" two adaacent vacancles, and also for the effect of a change of 1nteratom1c

_v,distance on the energy of fornatlon of the vacancy, and for the effect ’

v

3

Although some measurements have béen made from which>theienergy'of 1'5'*-lf*’

&

Hi]theoretlcal models.' The classlcal method has been to. assume a potentlal{fT'”"“:
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This paper will examine two of the more elementary lattice defect
problems, hamely perturbation of an infinite face centered cubic molecular
crystal in the neighborhood of a vacancy of an impurity atom and the

stability cf di-defects in fcc molecular crystals. In the present

'calculatlons only the potential energy is considered, and since the

v1brat10nal contrlbutlon to the energy is not considered, the results

are reasonably valid only at 0°K. Argon is used as the-solld and

- consequently the problem is simplified by the symmetry of-the'lattice
_and’thelnohatomic nature of the molecule. Presumably the resulﬁs . Ve

-.* obtained here would apply-qualitatirely to other molecular crystals.

Several calculations of the_energy of formation of a vacancy have

' been carried out in which the authors neglected kinetic effects. Girifalco

"and Streetmanl carried out calculations on a bcc lattice, considering -

all p01nts in a large box around the defect but neglecting dlstant

neighbors. They found the nearest and next-nearest nelghbors relaxing

inwards and a large (20%) energy correction due to relaxation. Kanzak12

~calculated relaxations around a vacancy in Ar (fec) using a Lennard-Jones 6-10

potentlal.v However he assumed the effect of relaxation on the energy"
was second -order in the relaxatlon and consmdered only nearest and next-
nearest neighbor interactions. He found that the nearest neighbors

relaxedetowards;the vacancy and the next-nearest away~ the relaxation

of the cext—nearest neighbors being”greater than that of the nearest;

Hall3 also calculated the effect of a vacancy on a fcc lattice and assumed

a second;order relaticn between relaxation and energy.  He found the.

i , oo : i
. nearest and next-next-nearest neighbors relaxing inwards towards the -

vacancy and the next-nearesﬁsrelaxing outwards. His findings showed

that the relaxations fall off rapidly wlth distance from the defect.



e

Nardelli and Repanai%éhiarottiu'and‘ForeMan and Lidiard:uhave“? ‘ﬂ.h:xff:'yf
- carried out dynamical calculations based on the Einstein model. | Nardellifs'fﬂ‘_-
. . : . : . . : : Y

':;relaxations agree with those found here and:his relaxation'energy iS_muChf_::~

larger than that found con31der1ng only potentlal effects. Foreman also

3 _determlned the energy of formatlon of a vacancy from heat capac1ty data-’

for solld argon and found that the predlcted relaxatlon energy was not
'}hlarge enough to account for tne smlllness of the energy of formatlon '

_of a vacancy, which was 25% lower than expected._

Alder, ValsnyS, and Jura6 ‘have calculated the relaxatlon of the R

surface of a semi-infinite fee ‘molecular lattlce and have found -that

the spacing between layers is greatest at the surface,’falling off"

z

' stéadlly to the equlllbrlum distance as one goes deeper into the latt1cé.-_5uh;(-
7 S g

N
i

| Stripp, and Kirkwood have calculated the interactlon of separated‘»,"

.
vacancles and have found that theyvattract with a force whose potentrai_fﬁ:.i-"
" varies as l/r6 where r is the separation of the-defects; s
Johnson8 has carried out statlc calculatlons on the stablllty of

dl-vacanc1es in metals and have found them to be stable in certaln-

confmguratlons.

. Our calculatlons of the relaxatlons around a vacancy in a fcc
‘lattlce show that “the nearest and next-next-nearest nelghbors move .

towards-the defect, and that the next-nearest move away. This is in
3,4,5

accord with'the latest calculations. The correction in the energy S

A of formation of the defect due to relaxatlon is small at zero pressure.'
i

In the present calculations the treatment is more general than in the | *i‘.?

-earlier statlc results in that the calculatlons are not restricted by

the assumption that only second order terms in the relaxatlon are
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" significant an&.that distant neighbors may be neglected. Since the same,

or essentially the same, treatment can be used when foreign atoms are

present or for a éompressed lattice, results are also presented for

.theéepcalculations. We have also calculated the enérgy of formation

of a vacancy next to another vacancy and next to a neon or krypton impurity.
In all cases the energy required to produce the vacancy is lower than
that in the perfect lattice. Relaxations around the di-defects and

energy corrections were small as in the case isolated defects.
CALCULATIONS

The model adopted for the infinite crystal is: (1) all quantum

effects may'be neglected which limits the results to heavy atoms

4because of the'neglect of the zero point energy; (2) only the potentlal

energy- need be’ con51dered thereby limiting the treatment to 0°K;
(3) the total potential is pairwise additive; and (L) the atoms 1nteraqt

w1th Lennard-Jones potential of the form

¢4
- V(r) = - -z
‘r- r
where r i1s the distance between the atoms. Calculations were carried
out both form= 12 and m = 7, the latter value was used for an isolated

vacancy sincg recent work by Alder and Van Thie19 indicates that argon

‘has a 6.7 pétential at high pressuro. It was also assumed that the

concentratlon of defects is so small that their 1nteract10ns may be

neglected.; A

Of all of the assumptions made in the calculations; the one most dpenf

to gquestion is that concerhing pair;wiée additivity. For thé perfect



- . or a poor potentlal functlon.

g

§

lattice, this-assumption.will"not"be in’erroraby nore*than\a few‘percent'”f;fj_ﬁyi;_

| at the most. However, in- the treatment of the problems con51dered here, ,[1} L

"7the error may be large. Sparneylo nas estimated that an error of as much
;'as 10- 30% mlght be made when the van der Waals forces are con51dered to | "
" be palr-Wlse addltlve.v Ja.nsenl:L has shown that con31derat10n of three:"wf;

[

'gibody forces can explain the stabllity of the face centered structure

- with respect to the hexagonal close pac&ed system. The latter, does nét-

7‘really show the necess1ty for the use of three body sums . since the energyi.V

- :‘

h?'dlfference between the. two structures is very small, only a few tenths
'f'of a percent. Ross1 and Danon12 have 1nd1cated that inclus1on of thre
‘r'body forces 1ntroduce a large error in the predlcted energy of vaporizan

f7tlon.v They attrivute this error to, either neglected four body forces'

On the ba31s of these assumptions the potentlal energy of the

h'lattlce can be written, :;1ﬂf jr,_g Ugi;:,f{7‘~~5,j3

coform =

R
L
NS
- .

g E — v-;‘ 2

#
M
o~
x
<+‘
g .
+
e
g
3
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'..where E

’ The last two were calculated by the method of Lennard-Jones and Inghaﬁ

-7- : R

T is twice the energy pf vaporization, o and B are the'parameters

" in the potential function, r is the interatomic distance and N is the

number of atoms in the lattice. Following the earlier work of Alder

'”"et al.,6 the edge of the unit cell is made 2, which places thevrestrictioﬁf

that the sum of the coordinates must be even, and the nearest neighbor'

distance is made unity. Under these circumstances the following values.

- are found for the parameters of the argon lattice:

‘@ = 1.0000000 . | : !"j
B = 0.59569996 | |
Ag' = 1h.h5392103
 ‘A = 1é.13188018

&

o é}

(

' and is in agreement w1th thelr earlier calculations. .

'ISOLATED METHOD DEFECTS

1

With the'abové aésUmptions the energy requireq-te evaporate a singie

b
¢

.atom from the lattice is

f

Ep = PApp - ohg

1]

- 7.22696051 Energy units

it

where'Ev is the mean energy of vaporizatien per'atom of the lattice.

If the lattlce is allowed to zelax around the defect the energy

v'of formatlon of the defect ED, 1s ‘obtained by con81der1ng all potentlal



i,vvlvpéiré-vinv'ol\iing‘rela)iing atoms

| 3 ;_vwhere AE 1s the change 1n the potentlal from the rele.xed to the rela.xed

R

.-v"state. , ‘ i ST S : :
- The vacancy is a.ssumed to be at (O O O) Assuming tha’c only the
' nearest nelghbors to the defect relax a.nd that they rela.x radla.lly
V and symmetrlcally, (l 1 0) (1-5 1-6 O), the energy of a single nearest L
| "':'nelghbor, w:.th rela.xatlon 6, 1s | ERE R
. (5) | o ‘-2- - -.2 'V(l’s;*."_-r.=l‘15-'-5’{?')""511"- e

X +y + 27 t=o2n

@i + v(2 25 2-25 o) + zv(a 25 o o) + uV(l 6 0) ,

o+ uv (2 25 1- 5, 1 5)

To s:.mplify the c’:"a:léuié.ti'qhs R t'ﬁe inflnlte su.mls expanded a.sfoil.lows*k

. l R ‘:-'?Ce + y2i+ ZQ __2n ST [ . ST

2., 2

= o B, V(1ebex, Lbey,z) -

"
)
i

1 <n <16

U aE g V(ebex, Lbayyz) -

NCRENOS



h.“ . ot

e

= Ell(ﬁ) is evaluated by direct summation while'E12(§) is obtained from

'~ a power series.

Eié(5),=,f.'°8233h86 B
.-t.03180536{(6x) + (By) + (az) }
- 00568381 ()" + (8y)" + (82)")
- .00057929((8)% + (8916 + (8281
. ;OOOQ71§5((5#)8‘+V(Sy)gif.(52)8}.
- 0o712398( (820 %(8y)? + (sx>2<az> - (a) <8z> %)
N .oi56962'{(6x)h(5y) + (5y) (52)
a <sx>u<az> CONCOL
o+ (o) (az> K <az> (ay> %
_.002707((ax) Hap)t + (sx) KCOMEE
o+ (Sy) (SZ) by

.oooeuosi(sx) (6y) + (8y) (6x)

4

4 () (82) + (Bz)" (SX)

“+ (8y) (OZ) + (52) (Gy) 2y
Sy

00285632[(6x) (oy) (62) 2y

>+ . :' .

1..002608((8x) (By) (82) +
(8x)(8y) (Z)- +
| <6x>2<ay)?<§z>ﬁ)=,l

The power serles expan51on is used rather than an integral as ¢ntegration

‘5 will not yield as accurate an answer when the lower limit is this small




.ﬂf§5=The power series expan51on glven is for a p01nt at (O 0 0) going to

“”’(6x,6y,6z) It is not fea51ble to expand '?Qi ';;f????'ff{kfl»lf

E (5) E (5) + Elg(b)

H_ln a power serles over all p01nts because of the slowness w1th whlch

u,_’such a series converges.,,;:ﬁ~,3‘? "

Summing over the twelve nearest nelghbors, the expre531on‘for th,

"f;energy is

: E(a) 6{v (2 26 2 25 o) + ev (2 25 o o)

“5 +: uv (1-5 1-5 o) + uv (2-28 1-6 1- 5)}iﬁ 3

gy 12E (e) + 12512(8)

' 'Jf~once-g }ri,=fj_?*ﬂ'm;sv

With thls we may write {~f;ﬁ3

‘ i'lpjwhere E is expanded as above.p_,;:a;

Similar and obvxously more complex expressions are written if more s

""?fatoms are permitted to relax.

';3:fothe only term in which the relaxations appear.

Mln&mization of AE was performed in*a step w1se manner. First the

J

v”*fﬁisolution for the relaxation of the nearest nelghbors was obtalned. _{”‘ ; ffl'




“".u.‘l '

155If TaAp represents the gas equlllbrlum distance and UA.A the depth of

-f“-11;f'

Y

: Thls was then the ba31s for the first approx1matlon when the nearest

and next—nearest nelghbors were. consmdered. The solutlon of thls was ,

Calculatlons for an 1mpur1ty atom are essentially the same as for »;?_”3

this the constants used for argon™

o
it

i}

.éEV

'-f‘weie‘modified-as'follOWS°

7

" the well in the gas ”"l

1 unit = 3.79 R
7.22696 units

_Ar-KR and Ar Ne pair potentlals were related

‘then used as a startlng point for the most complete calculations
'pe;formed. Calculatlons were made on an IBM 709h and an SDS 9lO.v.

: The mininum for AE for each.mole of relaxatlon examined»was found'

,‘by afhalf.interval technique. Because of the machlne time and labor

ovrequlred to carry the calculatlons to nelghbors more dlstant from the i: jtfllf:'

:af.defect and the qualltatlve 31gn1flcance of the results, computatlons

. were made only for the first three layers around the Vacancy..:

a vacancy, thls was done for a large and a small 1mpurity atom.f~ln ;

1y

;282$ilof16‘erge_ :

BRI P i

‘to the 6 12 potentials of Ar,; 'Ne;,. and Krls in. the following way.bv‘ @f.?




'Calculatlons for the relaxatlon of the nearest nelghbors was

',jlnltlally carrled out assumlng that the relaxatlon would preserve the

_?-xy, xz, and yz planes as planes of symmetry,TlThls involves s1x -

'7”1ndependent varlables and lt was found, w1th thls condltlon, that ED

g b

;fls mlnlmlzed by a relaxatlon whlch preserves the full (rotatlonal)

“T;gsymmetry about the defect.; Calculatlons for completeLy 1ndependent
ﬂrelaxatlon of the twelve nearest nelghbors, a th1rty-smx varlable'
":;¥problem, were not performed.L" | E . |

For the next- and next-next;nearest nelghbors 1t was, assumed tha'

?Tthe relaxatlons would also have the high symmetry establlshed for the

“Znearest nelghbors..

Those relaxatlons minlmlz:mor AE and AE are glven 1n Tables l-8

Relaxatlons are expressed 1n terms of the coordlnates., The lattlce

>i"i{p01nt with coordlnates (x,y,z) relative to the defect at (O O O) was
ﬁ»ﬁ;relaxed to the new posltlon (x-ox, y-oy, -Sz) and Sx, xy, and Sz are‘
;h;tabulated beneath x y, and 2. AE is ngen for each relaxatlon 1n the;w
vﬂ?ifunlts deflned above-; if}”tiifﬂ;gptﬁi%?g“ﬂ‘-fifklif: | : -
o In each case the energy ofvformatlon of the defect in the nnre-'" 3
':1"5'laxed lattice, Eg, is. given.; EO 1s the dlfference in. energy between R SR
eézéfthe perfect argon lattlce and the defective (unrelaxed) lattmce. Forlz:tva
f-ﬁnf;a Kr 1mpurdty energy is released on substitutlon of the 1mpurity atomii
;for the Ar atom, and the effect of the relaxation is to increase the |
”h;;f;anount ogvenergy released.: Creation of 8 vacancy or substltutlon of

”V,a Ne for an Ar atom requlres energy and the relaxatlon decreases the fﬁ

e amount requlred.




“the overlap with the remalnlng seven. nearest nelghbors is decreased.

‘ Thus the total relaxatlon and 1ts dlrectlon az‘e the result of both -

"absence of the attraction of the central atom, which 1s already a very

v_:-l3-

At first, the relaxatlon appear to be intuitively incorrect;‘

'However, an examlnatlon of- the geometry of the lattlce shows that
/for each relaxation, the motion of the atoms always 1ncreases the
overlap with some atoms and decrcases the overlap w1th others. Thevi“

,'1nward relaxatlon of the nearest nelghbors is obv1ous, and’ the small

magnltude'of the relaxation can be accounted-for on the basis of,the_u'

ifact that some. of the nearest-neighbors'Of the vacancy.are also..‘

nearest neighbors of the relaxing atom. For example, the atom at

(1, 1 O)Ilas as its nearest nelghbors atoms at (l 0 l), (1,0, -l), (O l l), ﬂ;ff?x‘"
~ and (0,1,-1). The inward motlon of these atoms increases. the overlap

~ between the atom (1,1,0) and the four mentioned atoms_relaxlng inwards T

that are its nearest neighbors*as well as the nearest neighbors-of the S

vacancy. At the same tlme the overlap w1th the vacancy dlsappears, and ':f?_,'.

increasing and decreas1ng overlaps.

Again for second nearest nelghbors any movement in the lattice

’;.1ncreases overlap,rserv1ng to keep the relaxation small. However, here
{tthe 1nteractlon between two of the relaxing (next-nearest nelghbor) |
:':atoms is small and the most 1mportant term is the absence of the '
| attractlon of the center atom, thus leadlng to a relaxation outward.._
“i:The behavior of the thlrd nearest nelghbors cannot be accounted for 1n

'thls way. The largest term seemn: by a thlrd nearest nelghbor is not the

small term.v Rather the 1mportant terms are due to the motlon of its own;‘-tpp:




"'dlstance lS decreased), nearest nelghbors of the vacancy are’ farther

T relaxatlon of the thlrd nearest nelghbors contrlbutes more to AE than

"11mpurity are of the opp031te smgn from those around 8 Vacancy, and a

o less rapldly than for surface relaxatlons.g' Also the numerlcal values L

, uf<those forfsurfaces, as these calculatlons are highly dependent on the 1;?

- f-repu181ve potentlal which is not accurate, while the latter depend

Jnearest nelghbors (two of wnlcn are nearest nelghbors to the defect
: and one a next-nearest nelghbor) It is 1nto the potentlal hole '9"'”
’created by the movement of these nearest nelghbors that the thlrd

]:nearest atom moves.f As pressure on the lattlce 1s 1ncreased (1nterat0m1c

;"up on the repuls1ve smde of the central atom and so can relax further.
1Jl1nto the hole. Next nearest nelghbors are less strongly attracted “
‘f:to the central atom and so move’ less away from the central atom.r Atfl
‘:5sufficiently hlgh pressure they would actually move toward the defect.t
'fsThe 1ncreased movement of the first two layers toward the vacancy leave
A-ithe thlrd nearest nelghbors a larger hole in whlch to relax, and so‘

'jjthelr motlon toward the center 1ncreases with pressure. That the’f

f}hthe second nearest 1s understandable as. there are twenty-four next-ne
fnearest nelghbors and only six next-nearest nelghbors.;f

Bxpectedly, the relaxatlons of the atoms around a krypton (largey

. eon (small) 1mpur1ty affects the lattnce qualltatlvely llke a vacancy, a~;i,d;“
'!except that the attractlon of the neon 1ncreases the relaxatlons.» )

For relaxatlons around an. 1nternal defeet AE is found to coverge "

‘”;rof the relaxations for internal effects: are of less slgnlflcance than f'?'fix

W

3

53;Efmostly on the l/r6 attractlve potentlal whose form 1s well establlshed'

i
-l
i



B >-15- v. -

-_v'ffCorfecting the energy of formation of a deféct‘by the amounts

" determined for tﬁfee’layérs of relaxatibn, we find ﬁhe»follcwihg:7; >'

_ Vac'anéyg |
| r  r/ro - 1.00 -
6v§_12' Potential .

‘7,226961
= 7.180463

i
it

o

it

7
I

iR |

Y

6 ’a7" Potential

=,

7.226961 o
19588, -

-l

S
=i
i

p = Te 072137'

-2.18 x 1072

B
1} ’

xfro= .0

6,- 12" Potential

I

451Q609058v

W
]

233165

‘5f9o X

S

S  -:6 - 7 . Potential -
= b.532035
= 3.44loky

.
b
i

‘vU . b

L

b
i

= -3.16 x 107t ;;:>‘

JIB
|




'..;,relax away from the vacancy.- Tho volume at thls dlstance corresponds

e fKrypton hmmumty

ke EB ,-1 l+311+17

2

axw

o .
|

L Fpeaestrs

‘. 4t:\_1t4’le'.j
nos

By varylng the 1nteratomle dlstance used 1n.the celculatlonsgit
;fls p0351ble to consider formation of . vacancres under hlgh pressure or.
igat a hypothetlcal dlstended lattlce.; ThlS was done for 1nteratom1c
Hvdlstances ranglng from l 06 to 8& tlmes the nornel drstance, the ~f
| results of these calculatlons are shown in Tables III and Iv.

.‘ As expected the relaxatlons 1nward. 1ncreased w1th decrea31né

' separatlon. For e 6 12 potentlal the smgn of the first relaxation

‘v'“changes at about l 03 ‘the normal dlstance so. that nearest nelghbors ;f
(

'Tffroughly tOJthe volume in llquld argon. Whether thls-corresnondence ls:;; iy
::“c01nc1dental or of some signlflcance has not been studled as the |
iibehavmor of the lattice under hlgh pressure was of greater 1nterest to lf'



L -17-

‘At sufflclently small separatlons,.even before the energy of
. . vaporlzatlon becomes p031t1ve, the potentlal energy of formatlon of a
:.vacancy becomes negatlve. " There are.twovprocesses whlch may be'examlned
.ln the formatlon of 8 vacancy | a constent:volume process,‘in which case:
.t-AA is the important thermodynemlc funct:on, and a constant pressure»
. Process for Whlch AF 1s of interest. | .
For constant pressure creatlon of a vacancy we con81der an 1nterlor :m.

'vatom removed to the surface of the crystal (and neglect surface relaxa-.

; tlons), Then

CAF = B+ PAV - TAS

:c]? R - where AE now refers to the energy of formation of a vacancyfvith'relaxe-
: tions;‘T‘=vO,»and P is obtained from the potential from -
| 3 . 3pe L E
. E - __(,ED) 1
T2 Ve or v
. - ‘7 T )
notlng that E° is tw1ce the average energy of vapoxiZation;:'For r=.9"

T we obtalned

| v e AR ;='_23.uoé-
v o : '_;, _»:;]'_eyt:_t‘ 'ZF,,=_ 11.73'

The constant volume process, for the formatlon of one vacancy per -

n atoms may be regarded in the followmng way: Starting w1th n atoms ) o

_with separatlon r, we go to n atoms and a vacancy in a lattlce w1th



}rlnteratomlc dlstance r-'=~(n+l l(3}r, For thls process we may readxly

”"compute AA and obtaln the followmng values for the formatlon of one

B ,yacancy per'n atoms5:withgr =f.9;j'5'

Comparlng the values of AI end AA found w1th the-average energy
"fef vaporlzatlon at ‘Zero pressure (3 66), we ‘would' expect that at some,;
'%not too hlgh uemperature the lattlce would dlsoraer, whatever the "f#i§7f
'actual form of the potentlal 1s. Thls 1s 1n agreement with the sﬁoek{
d "Aework of Alder et a1.9 who found a. flrst order tran51tlon in SOlld |
i‘Argon lylng on the e#tensmon of the norsal melting curve.g- |
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B . . Method

'.5: {_'.o.-._';. - In thle seetlon we assume (l) that there are two nelghborlng
v:vacanc1es located at (O 0 O) and (l 1 O), (2) that only nearest
| ;{.nelghbors.to the dl-defect.relax and (3) that the relaxatlons retain =
id  the symneﬁry of the lattice."On this baeie if becomes poésible.tofd
| wfite an expression for the>relaXation‘energy’similar to thaﬁ ofvan
‘,isolated vacancy;' This expiession can bevfeadily modified'to caloulate,.
~ relaxation energies for a vacancy nekt to an impurity atom or; as‘witnv
‘:the isolated #acancy, for ;acancy formation in.a eonpreesed lattiee. |
{ Next to such a di—defect ﬁhere are eighteen neareet"neighborsw
piue the impurity atom in that case. The problem becomes one of‘;
‘f>minimizing an energy function in sixteen Variables. iThis‘WAS»done;fn”
on anvIBM 709& using the Same'technique employed with the isolatedd‘gk'i.
: defect. Fortunately, it was found that the modified half lnterval. |

'technlque used dld lead to a convergent solutlon.
,Results

The di-defect results are glven in Table 9 The energy requlred

to produce a glven defect 1n a perxect lattlce w1thout relaxatlon is

s

]_} 3:_: ‘ :' ED, the relaxation energy 1s AE and the energy requlred to produce

- the defect is E Obv1ously

D*




TtThe energy required to 1ntroduce.a vacancy nent to.the other part of the
Txfdrf defect (vacancy or 1mpur1ty) in a relaxed lattlce, EV’ is the quantlty of
.real 1nterest in these calculatlons. ThlS value 1s also glven 1n : -
H:fTable 9. The energy scale used in this table 1s that deflned ‘in. the

- 1solated defect calculatlons and used throughout thls paper.'

. of the relaxatlon calculatlons is contalned in Appendlx I. In all cases

: the relaxatlons themselves are. small belng of the same order of magnltude o

':? overlap w1th its other nearest nelghbors. Relaxatlons 1nto the dl—vacancy ’

'fjtbehaved like those 1nto the 1°olated vacancy-‘ All nearest nelghbors

-,In the case of a krypton-vacancy defect the neighborlng atoms moved
'r”towards the vacancy and away from the krypton 1mpur1ty as expected

from the 1solated defect calculations.-v

" isin agreement with the attraction of vacancies predlcted by Stripp

”1it et al.7

The relaxatlons themselves are presented in. Table lO.v A dlscu551on

- as for 1solated defects. It was found that a krypton atom relaxed l 5% -.15”?i -
- 1nto the vacancy and a’ neon atom relaxes 3. 6%. These relaxatlons are .

i small as for the pure materlal, the impurlty atom rapldly 1ncreases 1ts gf;a;;ffl'

: :gj;relaxed 1nwards towards the vacancy-vacancy and the neon-vacancy defects.r@,;&[ﬁ'

'Comparison of Ev in Table 9 with the'energy required'to producef}7:7-“

an isolated vacancy indlcates that the energy of formatlon of & vacancy

_v'next to another defect is lower then that for an 1solated vacancy.' Eree}'vlﬁéﬂf"‘

L energies for formatlon of vacanc1es are correspondingly lower.f Th1S-»




behaves similarly. Concentration of di-vacancies is insignificant in

21~

It is pos51ble from theee results to- estlmate the relatlve concentra~

,tlons of Varlous defects. Follow1ng Kroger and Vlnk 16 we wrlte the

concentratlon of a glven defect [D] as

SD,/ k -ED/kT

] =

- where S. 1is the. entropy of formatlon of the defect and E is the total

D

energyvrequlred to produce the defect. SD may be calculated from

elementary statistics. ED may be separated'into‘a’kinetic energy.term,‘

'Kp, and a potential energy term, E;. This latter term has been obtained
© in this'paper for various modes of vacancy formation. if we assume '

'that, in the formation of a vacancy, KDeis independent of the location

of the vacancy, we obtain
1 .
L 8, /k -E_ /KT
| © [, ] Dl/k :"EDl/
o : : "1 e e
| [p,] s, /x -E. /KT
et Dy Dy

€ . e

for the relatlve concentratjons of two types of (vacancy) defects.

is plotted in Flg.].and2 ﬁn'varloustypes of vacaﬁcmes, where [D ] is

'always the concentratlon of isolated vacancies as in a pure argon lattlce. "

fD2] has been estimated by Foreman_and‘Lidlards-to be .l%.near the':

'melting point of argon. From a knowledve of the concentratlon of

isolated vacancies in pure argon,_we can obtaln the concentratlon of

various types of dl-defects.

From Fig. 1 we see that the formatlon of a vacancy next to a.

krypton atom is strongly preferred at lcw temperatures and less s0 at
1
hlgher temperatures. Concentratlon of vacancies next%to neon ;mpurltleeu‘




'“?éiK‘argon, partlcularly at low temoeratures, average energy Of vacancy

R S

;G-comberlson w1th the concentrailon.of vacanc1es‘excebt at hlgh temberatures E
;ef(> 80°K) where we approach the meltlng p01nt of argon, this is shown f.ﬂ”;
.;-1n Tlg. 2. S L
The preference for formauron of a.vacancy next to an. impurlty causes'

e oecrease 1n the average eneﬂgy oi formatlon of a vacancy 1n lmpure ';“

-t formatlon is plotted in Flg. 3 as a functlon of krypton concentratlon
‘jgat varlous temperatures.' The values shown here for hlgh 1mpur1ty ‘
j‘;concentration are- almost cert alnly not valid since’ the impurltles w1llv
B 1nteract and thls 1nteraction has not been 1ncluded in the calculatlons
'?}g"Slmllar curves,are'obtalned_for neon.“:f;' |
Throughoutlthese calculatlonsze heve considered‘tne:process-in .
g"which an argon atom is moved from the 1rterlor of the lattlce to |
i .
“llnflnlty. The process of phys1cal 51gnlf1cance 1nvolves the removal

_,?of the 1nterlor atom to the surfacc of the crystal.‘ Thlsvprocess=

‘,requlres roughly EV less enervy than the removal of the atom to 1nf1n1ty,-“uw5

where EV is the average energy or vaporlzatlon oflthe pure lattlce. f“"
?:Thls term does not affect any of the results presented thus far.g Consrderrng
: ,thls term, the energy requmred to produce a vacancy 1n an. 1mpure lattlce

"mey be obtained from Flg. 3 for the process of phy31cal s1gnif1cance.df
Thls we have used to estlmate the concentratlon of vacanc1es ln an.
'impure argon lattice at 8o° X, whlch is shown 1n Flg.,h_ Impurities i]h,j;w_éils'
-,are seen to increase the concentratlon of vacancxes.v Agaln values I -

: for large 1mpur1ty concentratlons are. not 31gnlf1cant. Even 1n rmpureﬁf

semples<the,concentrat;on of,vacanc;es predicted by.th;s model is mncb' L
"msmaller than that.determined'experimentally.s , ‘ o o .VJ:QTl.[? E



"could‘occurfat-not.too high,temperature.p‘

23 .
. CONCLUSIONS

The qualitative behavior of the relaxations around a vacancy are :

fairly independent of the ekact form of the repulsive potential.- As

 one would intuitively. expect "the effect of hlgh pressure 1s to drlve -

surrounding atoms further 1nto the hole left by a vacancy. For atoms

more distant from a defect than second nearest neighbors, the most

importaht contribution to their motion is the behavior of their own
nearest,neightors.

Relaxations around small atoms are qualitatively like those

‘around vacancies, while relaxations around large atoms are opposite

to sign to those around vacancies.

At high pressure it was found that an order-disorder transition ,

It was found that formation of a wvacancy next to auother_defectvis

energetically preferred to'formationvof an isolated vacancy. We have

: shown that the concentratlon of vacanclies next to. 1mpur1ty atoms 1s '

higher than that which would be expected from a random dlstrlbutlon

~of vacanc1es, partlcularly at low temperatures. From thls we conclude'

that the concentration of vacancles at a given temperature increases

.- - with impurity concentratlon.

We have also shown that the concentration of dl-vacancies is

-insignlflcant in pure argon except at hrgh temperatures (> 8o° K) where“

f

5,we approach the meltlng point of pure argon.

B [
g . . C . i
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':eThe relaxation of the atoms in set (A} in then described by three

;;?variables, (B} by three variables, (C] by two, (D) by three, {E} by

) f'.;f'two, and- (F}, . [G} a.nd {H) by one variable, for ry total of six’ceen

X .
L

'{,variables. . f_~.'f : >5“~ f ';f7'.:“;' fv;‘f lﬂ ]‘;.

The energy was minimized with respect to these sixteen variables .5-73'§

,?g?.’*iiil’f'v in the same manner as for the isolated defect. iffﬁ

N~

i - i .
o ! T . ———
P ,. . I '_ | S N PN
o T
2 ¥ A | o
B R ' coatl T

Lo 4}and the total number of variables to be considered is reduced to ten. .
S ':,.-.. ' ‘_: SR ' L S : : ' s
AT The energy was minimized as before. ’

S

s "
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FIGURE CAPTIONS . - . . .. -

, , ‘[D ] S . T . G
“Figure 1. 1n E—E— where {DQ] is concentration of isolated vacancies . |
2

in pure Ar and [Di] of ‘di-vacancies ih pure Ar.

- [p;]

© Figure 2. . In  —=
‘ a [p,

-in pure Ar and-[Dl] is the concentration of vacancies adjacent

where-[DQ] is concentration of isolated vaéanciéé,

" to Kr atoms in argon with .I% Kr.
'Figuxe 3. Average eﬁergy bf-creatiop‘of a vacanéy in an impure‘iattice o

- vs. -log (krypton concentration). Energy of vaporization }

from pure lattice is taken as 1. .

Figure 4. log [vacancy] vs. -log [impurity] at 80°K.
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