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SEL DIFFUSION IN SOLID ARGON : THE ACTIVATION ENERGY
J. J. Burton and G. Jura
Inorganic Materials Research Division, Lawrence Radietion ILaboratory,
Department of Chemistry, University of California '

 Berkeley, California

October 1666

ABSTRACT

‘Using a Lennard-Jones 6-12 potential to represent the interactions
in a fec molecular lattice (argon) we have calculated the "sctivation

energy", E, in the Arrhenius equation

5 D e~E/RT‘
o

for self diffﬁsion to be75811'cal assuming that diffusion occurs'via a

‘vacancy exchange mechanism. This compares well with the experimental

‘valué of 4120 cal. . The relaxstion of the nearest neighbors to the

yacancy—diffusing atom pair were calculated aﬁd wete found'tbvloWer the
barrier by 50%. We have also found that for a divacancy exch@nge self -
diffﬁsion process the-activation energy, 4742 cel, is :n éﬁtisfactory'
agreeménf.wiﬁb experiment éﬁd the "frequency factor', DO; is greéternthan
that fprbmonovacancy.diffusion.

We have'calculatchthe activation Qnargies for néuﬁ and'krypton

impurity diffusion via monovacancy exchange throush sn srgon lutiice to

be 2187 and 3733 cal respectively.
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extensive calculations on the self-dirfusion coefficient in. solid argon

.and have obtained results that are partially in agreement with experiments.:

UCRL-16954 Rev.

. . INTRODUCTION

Theoretical calculations of self-diffusion coefficients have been made

for copperl"3 and argon.)‘L Even though the calculations for copper present

a number of serious problems, rough sgreement with experiment has been ob-

tained. It would appear that more precise caleculations could be made for

argon than for copper since argon, ior computationul purposes, is reason-
ably well represented by a two-body potential and does not have the compli-

: . L
cations of free electrons or core polarization. Fieschi et al., huve done
. }' .

‘Their.éprnential term is roughly 25% lower and the preexponential term

differs by ].OL’L from the.experimental values.

»Fieséhi and coworkers estimated tﬁe barrier td‘diffusion by allowing
thevfour néarest neighbbrs of the.diffusing atom to relax while the atom
aﬁd-vacancy interchanged. In a recent study by the present authars,6 a

progrém was developed which permits the calculation of'the:energy when all

of the nearest neighbors of an.adjacont pair of lattice sites are parturbed

either by the substitution of an impurity or & vacancy, or by & combinstion

of the two.

The expanded freatment in tﬁis paper gives a closer agreement with the
observed activation enefgy than that of the earlier computétioﬁ; Furthei—
mqre, the wofk done Suggests_that diffusipnvmayfoccur eqﬁﬁlly well iy the
éxchange of an atom with avdivacancy.rather fhén a mgnovécancy. It is true’
that the number bf divacancie; is low compared to the number of monoVEcancies;

but the barrier is approximately the same, and this mechznism leads to a

highier pre-exponeritial term when the Arrhenjus equation is used to describe

the diffusion process.
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It is evident that tﬁese and similar compﬁtations are really only
;pproximations, and the humerical values obtained Qre hdghly_limited.by
the assumptions that are necessary at thé present time. However, it is
felt that sufficient insight into the physical proceés can bé obtained

to warrant the effort that is expended.

o]

THEORY
It is known that most experimental diffusion coefficients? can be
fit by the Arrhenius equation
D=1D e'E/RT } ‘ (1)

i
where D the "frequency factor" =nd E, the "activation energy" are con-

'Stants. In some cases DS and E have been found to be ﬁempérature depen-

8,9

. dent.

For diffusion via éome.lattice-defect the Arrhenius equation (Eq. 1)

méy béyexpreSsed asY’lO

(2)

5 SH/R Sp/R -ER/RT -Bp/RT
D = vave e e e

Y is a numerical factor roughly equal to unity,'i is “the length of one
diffusion Jjump (i is equal to the solid interatomic‘distanCE'for most

vacancy diffusion mechanisms), ¥ is the vibrational freguency of the dif--

fusing atom, S, and E_ are the entropy ard cnergy of formztion of the

D D

p are the aclivation entropy :nd energy of

the mobion. ,Eg is the dillerence in energy between states L and 2 in

Fig. 1, the usual reaction coordinate diagram.

4
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MODEL

We assume that argon may be repfesehted by a Lemnard-Jones potential

of the form -
. B &
V(r) = - %

vherc ris the interatomic distance and & and B wre the constunbs given by
. ‘13 . . y s — 2w o0l o
Kihara™ which yield a solid equilibrium distance of 3.79A and an average
. . © ) : EY
energy of vaporization (from O K) of 2035 cal/mole. We assume that this

potential function is pair-wise additive and that all quahtum effects may

‘be neglected, We consider only the potential energy.

Of these assumptions, two may introduce serious errors. We assume
that the potential is pairwise additive. Sparnayl% has estimated that
three body forces contribute 10-30% of the potehtial energy of the system
and Jansen15 has shown that consideration of three gody forces explains the
observea stability Qflface centered cubic over hexagonai close packed
structures. The neglect of the kinetic energy may also intro&uce a éig-
nificant error in the canputed activation ¢énergy; this cantribution hus
not been evaluated at the present time. |

-Diffusion is assgmed to occur by interchange of an aton with a vacancy

at a nearest neighbor site (Fig. 2). We assume thuat ss the diffusing atom

" moves, the lattice continuously relaxes to & minimum potential configuration.

In this way, we consider correlation of the diffusing atom with its neigh-
bors to obtain a potential erergy diagram for use in an equilibrium colcula-
tion. We algo assume that E% in Egs. (2) and (%a) is the difference in

the potentlal energies of stutes L ond 2 in Fig. 1, vwhere coide 1 oveprescatbs
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now the minimum potential configuration of the lattice with a vacancy and

‘state 2 the minimum potential configuration of the lattice with the diffus-

ing atom displaced half the distance between its lattice site and that of

the vacancy.

CALCULATIONS

Using techniques previsasly «developed by the authorsé it was possible
to campute the potential encroy, EQ(xj, required to move the diffusing atoﬁ
from lts normal lattlce site to o distance x along the "réaétion coordinute",
Fig. 3, in an undéformed lattice. This involved summation of the potential
energy over the first through eighth nearest neighbors and use of a pdwer
series to express the contribution of the remainder of the lattice to Eo(x).
These computations were done with the aid of an IBM 7094 computer.

The eighteen nearesf neighbors to the di-defect (diffusing atom plus
vaéancy) were éllowed to relax to the configuration of minimum potential
energy; the difference in potential energy between the unrelaxed lattice
and the minimum potentisl configuration with the diffusing atom at (x)
is designated AR(x). Aliowjng'only nearest nei@hbars‘to relax ehd con-
sidering the symmetry of the lattice, determination of AR(x) is reduced to
simultaneously minimizing an expression in sixteen indepcndentbvariables.
This minimization was carried out by an ltcrative hall ingervel technigue
which fortunately converged. The relaxations of the nesrest neighbors
were found to be small ﬁhroughout the diffusion process snd are presented
in Table 1 for states 1 and 2 for self-diffusion. Because of the great
amount of machine time required to extend consideration to relaxations of

more distant neighbors and the only qualitative significance of the resultc,
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no attempt was made to relax the more distant neighbors.

E(x) = Eo(x) - AE(x)

- is thus the potential energy required to move the diffusing atom from its

relaxed lattice site to the positim (x) in the rclaxed lattice. E(x)
and Eo(x) are shown in Fig. 5. In Fig. 3 the distance between the initial
and final lattice positims is one unit. In accordance with our assump-

tions, we take

+
Vv

Calculations for impurity diffusim are essentially the same as for

where E. is the energy at the saddlepoint.

argon self-diffusion and were made far neon and krypton impurities. The

potential of argon was modif'ied as follows: Ar-Kr and Ar-Ne were related

to the 6-12 potentials of Ar,ll Ne,ll and KrlLL in the following way. If

Tp_a represents the gas equilibrium distance and UA A the depth of the well

in the gas

L AT Tap
A-B N
. 1/2
Up-B (Uy_a Up.p)
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RESUITS
In the above we have developed a method for calculating the potential
energy change of the system in going from initial state 1 to intermedicte
state 2 (Fig. 1); this is %(.5) and is equal to EJ in Eg. (2). For self

diffusion in argon
E$ = ©(.5) = 1798 cal

where the units are now in cal/mole for purposes of canparison with experi-

- mental results. We have previously obtained the energy reguired to remove
~an atom from the bulk of argon, leaving an isolated vacancy;6 the process

of physical importange involves the removal pf a bulk atan to the surface

of the crystal rather than to a position infinitely removed from tle crystal.
Assuming that the average bindiné energy to the surface is half the binding

energylto the bulk, we thaip
EV = 20i5 cal
In the Arrhenius Eq. (1)
E =f,E$ +E, = 3811 cal

“which is in surprisingly good agreement with the experimental work of

Boat05

RIET cal /T 0
D o= 15 e 1120 cal/RT en” fsec.
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m

It is interesting to note that Eg.is only slightly less than e for
argon. Comparisons of Mukherjee'sl5 tables of EV for a number of metals
with the "activation energics" for diffusion tabulatéd by Lazarus7 indi—
cates that this is generally true, assuming the d‘iffusion mechanism is mono-
vacancy exchange.

We have obgserved above thit EJ und T atre raughly equal for monova-

y
cancy exchange. We have previously shown that the energy of formstion of

. 6 _ ‘
a divecancy, B, , 1s less than twice the energy of farmztion of a mono-
2 .

vacancy, EV,

< 2EV = L4026 cal

An atom which is & nearest neighbor to both sites of the divacancy may
move by exchanging position with one of the vacancies. This mechanim
may be represented in & (111) plane and resultd in a rotation of the di-.

vacancy., For this mechanism

5l - 1280 cal
v,

- without relaxation; allowing the four ataas nearest to the saddle point

to relax reduces Eg to

2

| E$ = 950 cal
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No attempt was made to consider additional relaxations. For divacancy dif-
fusion, the "activation energy" in the Arrhenius expression (Eg. 1) is

: T
= F + T = 4742 ca
B _LV EV K42 cal

2 2

5

vhich is also in reasonable agreement with Boato's experimental result.

Diffusion may occur with o divachncy via two other mechanigms, In these

the diffusing atom is a nearest neighbor with only one of the sites of

the divacancy and exchanges with this site. This results in a splitting

of the divacancy leaving twc vacancies which arc either‘sccondvor third

nearest neighbors depending on which neighbor of the vacancy méves. Both

splitting processes have higher varriers than the totation of the divacancy.
No calculatio§s of 83; or sVé have beeﬁ made.té the authors' knowledge.

1.

However, SV must be larger than S, and S' 1is.certainly greater for diva-

5 Vv
cancy exchange than far monovacancy.
It woald thus appear that, in argen, the "frequency factor" for dif-

‘fusion via divacancy exchange if greater than that for monovacancy exchange

and the "activation energies" for both processes are essentially the same

\Ji

and in reascnable agfeement with experiment.” This waild imply that, in
fact,_the'prgferred self—diffusionvmechaniﬁn in solid argon, ‘and ﬁerhaps
in other clése packed solids, is nct monovacancy exchange as has been pre-’
vioﬁsly assumed, but rather is'divacancy exchange. This conclusion is
contrary fo intuition, whicﬁ would indicate that the concentration of digi
vacancies is foo low to be éignificant. However, though the concentration

of divacancies is very low, the barrier for motion is much lower for di-

vacancy éxchange than for monovacancy exchange and the "frequercy Tactor"
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is higher, which:leads, surprisingly, to a higher self-diffusion rate for

%

divacancy éxchange.
: =

v In order to account for Boato's” experimental results, the entropy
term for divacancy diffusion must be larger than that calculated by
FieschilL for monovacancy diffusion by roughly 10 entropy units. It would
be desirable to do extensive calculations on the divacancy exchangeAmechan—
ism ﬁo_find.whether this very large entropy term is in Ffact found.

‘Without difficulty it was possible to compute the "activatian encrgy”
in the Arrhenius expression for both cxamined mechanisms in & compressed
argon lattice. Under campression, a PAV term must be included in the
"activation energy". We have previouSly6 assumed that the formation of a
vacancy involves the removal of an atan from the bulk to the'surféce, that
the "volume" of an atom on the perfect surféce is equal to the average
bulk "volume", and that the surface binding energy is half the bulk bimiing
energy. With these assumptions we obtained the "activation energies" for
both processes in the campressed solid; these are shown in Fig. 5 as a
function of pressuie. Though the "activation energy” for divacancy diffusion
at low pressure is camparable to that of monovacancy exchénge, at high pres-
gures the divacancy mechanisn appears to have a higher "actilvation energy".

In diffusion work ane often studies the so-called "activation volume",

writing

AF = AE + PAV - TAS
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The energy term used in these calculations is not a true thermodynamic

state function and so we calculate the "activation volume' as

L AE(Pl) - AE(PQ) + Plav(P]_) + PQAV(PQ)

P - P

1 2

. . . . . i . . . ) b
Using our data for "activation energy" (Fig. 6) we have determined AV

for both mono- and divacancy self~diffusion

AV; = 1.2 atomic volumes
* .

AV = 1.8 atomic volumes
Vé'

No other vacancy type process can have a sufficiently low "activation
energy" to agree with the experimental results. However, it would be
desirable to calculate the activation energies for exchange, ring, and
interéfitial mechanisms in solid argon to assure that these do not give
suitable "activation energies".

We have found6 that the energy required to produce a vacancy adjacent
to an impurity atom is dependent.on'the nature of the impurity atan.
Assuming, as before, that the binding ehergy of an atan to the surfuce is
half the bulk binding energy, the encrgy required to form a vacarcy adjacent

to a neon impurity is
E, = 1882 cal

Using the programs developed for self diffusion we find, for monovacancy
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diffusion of neon through argon,

L EV' = 2187 cal

Similarly for krypton diffusion through argon

EV = 1658 cal

E$ = 2075 cal

E = 373% cal.
CONCLUSIONS

In this paper we have colculatéd the "activation energy" of self-
duffusion in solid argon based on a monovacancy exchange mechanism using

e

an equilibrium approach to the diffusional Jjump frequency. We have shown
that monovacancy exchange gives a value in agreement with experimentb for
the "activation energy", E, in the Arrhenius expression

-Ii/RT
o~/

D = D
0

We hove also shown that a divacancy exchargy mechanism far  self-diffusion
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in solid argon leads to a "freguency factor" greater than that for mono-

vacancy exchange and to a satisfactory value of the "activetion encrgy",

and that at high pressure the "activation energy" for divacuncy diffusion
is much greater than that of monovacancy dif fusion.
Finally we have found that tor impurity diffusion through argon vie

a monovacancy mechanism the "activetion energy” wuries greatly with the

nature of the impurity. .
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TABLE I

The relaxing atoms are grouped into sets of points

equivalent by symmetry:

(1,1,0)

(1,0,1) = (1,0, -1) = (0,1,1) = (0,1,-1)
(-1,0,1) = (-1,0,-1) = (0,-1,1) = (0,-1,-1)
(1,-1,0) = (-1,1,0)

(-1,-1,0)

(2,2,0)

(1,2,1)
(2,0

»0,0)

(1,2,-1) = (2,1,1) = (£,1,-1)
(0,2,0)

il

i

o>
(6y) is given for States 1 and 2 for one atam of
dz

each set..

X

v State 1 State ‘2
[1\ 6.42 % 1072 .5

1 6.2 % 1077 .5

0/ 0 0
[1) 6,52 x 107 2.5 lo'i
e} 0 2.52 x 10 %
\1.) 6.k2 x 107 6.88 x 107
-1 ) 6.2 w107 -1.17 X 10‘;
0 0 -1.88 x 1072
1/ 6.42 % 107 9.06 x 1077
[1 6,42 x 10:2 1.57 X 10 g
Yl : -6.42 x 10 -2.6%3 x 1077
Vol 0 0
{-1X 6.2 x 107 6.25 X 1072
1 6.42 x 1077 6.25 X 107
\()/ 0 0




_15_
TABLE I. (Continued)
«
¥y State 1 State 2
o
: : b 5
{2} 2,27 % 107, 6,25 x 1072
gg -2.27 X 107 5,25 X 10
\ O 0 0
| _4 _k
1! 5.59 x 107 2.50 x 107,
2 ) .80 x 10 1.12 X 10 4
R 5.%0 x 10~ 9.59 X 10
[2 315 % 1077 £.69 x 1075
0 0 -1.k6 x 107°
0 0 0

- UCRL-16954 Rev.
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Energy

State |

X
“Reaction coordinate"

MUB-11560

Fig. 1 The reaction coordinate diagram for diffusion
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Initial Final
configuration configuration
| MU B-13060

Fig. 2 Exchange with a monovacancy; diffusing atom is
cross hatched :



(kcal / mole)

Energy
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03 -0 Ol 03 05 07 09 Il 1.3
: X

MU B 11559

Fig. 3 Energy as a function of position for
diffusion vie monovacancy exchange;
E_is without relaxations, E is with °
re?a.xa,tions.
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Initial | Finai
configuration configuration
MUB-1306.1

Fig. 4 Rotation of a divacancy; diffusing atom is cross
hatchedo . ’ ’
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0 I 22 33
) P (kbar)

MUB-13062

Fig. 5 Activation energy as a function of pressure for mono-
and di-vacancy diffusion
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