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ARSTRACT: The self-diffusion in alkali halides containing F.centers is con-

sidered foc crystals (har have beco irradiated and for crystals

ro which ao electric f¡cld has beco applied. The procedure is

based on the determinadon oC the density oC vacancies in both

cases and the use oC {he formulae foc che self.diffusion coeí.
ficienc foc alkali halides which is a function oC che density oí

vacancies. It is found char in che firse case che diffusion
constan[ depends 00 the ¡ntcnsir}' oC irradiarían and in the

second case che diffusion coefficient depends 00 the F-ct:n£ers

existing in rhe alkali halide and the current passing through tlle
specimen.

1. INTRODUCTlON

The diffusion ol ioos in alkali halide crysrals 1-6 has beco srudied lor
many ycars. Effecrs like the influence ol surface roughness 00 rhe dercrmi ..
natioo ol diffusion consranrs 7 or rhe ('Hecrs of Shorr ..circuiting parhs of dif.
fusion coefficient mcasurementsB, are known. The role of dislocarions and
orher imperfections in the crysral has beeo taken into accounr io rhe deterrnj-
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nation of diffusion processes9. The purpose of this work is to determine the
diffusion coefficient as a function of the F-center formadon under different
conditions. ~Ie find the vacancy number when the sample is irradiated with
ionizing radiation and when an electric field is applied. This number is di-
rectly related to the expression for the coefficient of diffusion through the

formula 10

(1)

where a is the shortest interplanar distance, NV is the density of positive
ions per cm~\ N

V
is the density of vacancies and p the jurop probability of a

vacancy per second.

2. DlFFUSlON IN A CRYSTAL WITH F-CENTERS IRRADlATlON

PRODUCED

'l:-hére are many works on F-centers which mak'e use of kinetic
equation~ 1l.12.1~; the differences between these approaches reside in which
factors participate in the kinetic phenomena. Here we suppose the densit}'
of interstitials N, ' the density of vacancies NV and the density of electrons
in vacancies n

V
as the more important factors for the kinetic process.

We assume that only Ftenkel defects ate ptoduced and will call NA
th~ number of atoros per cm3that lost electrons during the irradiadon and nA
the electrons per cm~ whieh reroain bound to the atoros of the lattiee. The
assumptions to establish the equations describing the behavior of the

are the following: the increase of NV is proportional [Q the probability P of
forroiog a Frenkcl defect and its deerease is proportional to the ioterstitials
N, that are trapped in vacaneies (NV - nV). The proportionality constant io-
volves the trapping sectioo of ao ion by a vacancy a,V. Thence we can put

(2 )
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In che same way nV increases in time because [here are n electron~ in che
conduction band char are susceptible to be trapped in vacancies (Nv - nv)
with a probability CTeV and diminishes due to thermal ionizaríon lf1'V of che
F-center electron, dile to interstitials being trapped by che F-cencers with
probability u/y. Then
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Final1y, electrons from the atoms oí che lanice are lost proportionally ro che
ionizaríon radiation cate 8R and to che [hermal ionizadon probability 'eA and
are recovered (when chey reruro from che conduction band) with probability
creA; thar is,

Moreover we have [he electronic neutcality condition as:

"+ "y + "A = NA

and the constancy of atoms in che crystal as

(4 )

(5)

At (his poinr we can find sorne use fuI re lations minimizing the free
enetgy of ,he crystal F 14

N!
(N - ny)! Ny!

x

x N!
(N- N¡)!N¡!

x
Ny!

"y! (Ny - .y)!

(6)
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whefe W is (he thermal encrgy to form a Frenkel dcfece, EV is lhe e lectron

energy level oí [he vacane)', EA (he electron energv level oí an electron io an
atoro of (he larriee, and N (he nurober oí rhe atoros per cm3 in che lauicc.
Taking

and using Eq. (5) in !he form

nA' NV

=0 (7)

we obtain,

=-1 (8 )

(9)

In (he same way rninimizing F with respect to NV and nV and using Eqs. (S)
and (6) we have

( EV)S cxp - kT /Iv = /1 (!'Iv - IIV )

and

/l (!'lA - /lA) = S exp (- :~ ) /lA

whece S is (he electronic dcnsity in (he bando
Now, whcn ER = O, we gCt, froro Eq. (4),

=0

(lO)

(11)
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(12)

Now we suppose thar

= O bu, E!R '" O •

These describe the equilibriurn between inrrinsic lattice deffects and free
electrons for sorne (arbitrary) given non.equilibriurn total electron concen.
tration np = n + nV = NA + nA' In this rnanner we can write Eq. (12) in the
forrn

(13)

and on using Eq. (ll), Eq. 13) becomes

(14)

In this "serni.equilibriurn" condition Eq. (4) can be written as

(15)

and upon adding ,he term n, u,A S exp (- EA Ik1") ro bo,h members of ,he las,
equations we have,

(16)

which can be reduced utilizing Eq. (14), to give
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nr [arA S exp (- EA/kT) + arA n] = ER + ~A NA S exp (- EA/kT)

(17)

Now, frorn Eq. (9) supposing lhal N~« Nv leads to

combining chis with Eq. (10) thefe resulrs

N'exp[-(W-EV)/kT] NV
---------- =

n

(18)

(19)

00 the oeher hand it is a common face 15 chat n «nV ; so chat we may sup-
pose chat ne ~ nV if N~ « NV where N~ is (he density ot vacanCles mirial ..
ly in lhe pedect cryslal.

So from Eq. (19) we have

n'
'1 = -!:. S exp [(W - EV) /kT]N'

and putting this resull in Eq. (17) we can find

[(

N' exp (EV - W)/kT)) (n '" ER + a
A

S exp~ s~ erA

Assuming thar

exp (- :~) «n;exp[(W-Ev)/kT]

(20)

(21)

(22)

and taking into account that 'J~ » N~' we can conclude chat ne ~ NV and
hence Eq. (21) can be rewritten as
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N ~v-

Therefore (he expression foc [he diffusion coefficient is

D~.!..
3

(23)

where V is [he frcquency and ¿. is che activaríon energy associated with a,
jump. In deriving Eq. (23) we have neglecled ,he lhermal entropy 16 and lhe
change in (he vibrational frequency oí [he atoros next to holes 17.

3. DlFFUSION IN A SAMPLE WITH F-CENTERS PRODUCED

BY AN APPLlED ELECTRIC FIELD.

For simplicity we think in a semicircular disk DE uniform thickness d.
The periphery oí lhe disk is used as lhe anode, and an edge placed al lhe
centre aloog che thickness oí [he disk serves as [he cathode. The e lectrical
conductivity DE che crystal at aoy point roay be wriuen as nV~J.LF where e is
(he elecrconic charge and J1-p (he rnobility oí [he F-centers.

The electric ficld foc a current 1 passing through (he specimen will be
given by

e~- (24)

where r is (he distance froro (he cathode. The cate oí change ol nV duc to
lhis field is '"

fhen we can write Eq. (25) like

- ~ (n ¡J-E)3, V
(25)
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1
1Tde ,2

(26)

or

as r does oot depend on t Eq. (27) can be rewrittcn

a (nv + 1 In r)
____ D_F_1T_d_"__ = V _a_' (n + __ 1_ In r)

al F ar' v VF1Td"

(he soludon lO the Eq. (28) 15 known 19 and we can put

(27)

(28)

in r+ _A exp ( __ r' )
V t! 4VFtF

(29)

If time is measured froro (he instant of application of the electric field and
if (he current rcaches ies equilibrium value in a time much smaller compared
with the duradon of colorarían, we have

1 = nv = O at t = O

Now, under the same conditions as those of (he las t section NV ~ nV

A ( -)J .. '¡kT__ exp __ r_ " J

Vt! 4DFt

(30)

where we note thar D depends of ;:. Besides [he result is approximate
because (he diffusion of (he metallic impurity is oot along r, ir is perpen-
dicular to [he largest diamerer of [he crystal, and then we use ao average

on r. called r in Eq. (30).
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4. CONCLUSIONS

327

We have given two different expressions foc che diffusion coefficient.
In the firsr case D depends DO che rate oí radiation energy and ir is possible
[O obtain direcdy (he activadon energy as funcríon oí W and E

V
• In section

3 we have tteated a very particular case and we have made many simplifi-
cations in arder to obtain a simple mathematical soludon lO (he problem. In
any case we hope to have given ane approximate solution to (he real casco
The dependence 00 (he (hermal entrapy and another factoes chat we have nOI

caken into account have beco mentioned in section 2.

REFERENCES

1. A. D. Le Claire, Phil. Mag. 3 (1958) 921.
2. J. R. Manning, Phys. Rev. 136 (1964) A1758.
3. L. W. Barr and A.D. Le Claire, Proc. BdtCeram. Soc., I (1964) 109.
4. P. Süpti,z, Phys. Stat. Sol., 7 (1964) 653.
5. A. D. Le Claire, Phil. Mag. 14 (1966) 12"/1.
6. P. SÜptitz and J. Telrow, Php. Sta,. Sol., 23 (1967) 9.
7. M. WUlling, Serp. ~let. 3 (1969) 175.
8. T.S. Lundy and R. E. Pawel, Trans. ~Ie,. Soc., 245 (1969) 283.
9. L. A. Girifalco and H.I1. Grines, Phys. Rev. 121 (1961) 982.
10. A. J. Dekker, "Solid S,a'e Phys.", p. 172 Prentice-l1all (1962).
11. P. V. ~Iitchell, D. A. Wiegand and R. Smoluchowski, Phys. Rev. 121

(1961) 484.
12. Durand P., Farge Y. and Lambert M. J., Phys. Chem. Solids 30 (1969)

1353.
13. Y. Farge, J. Phys. Chem. Solids, 30 (1969) 1375.
14. ReL 10, p. 65.

15. N.F. "lott and R:H. Gurney, "Electronic Processes in lonic Crystals",
p. 143 Oxford 1953.

16. ReL 10, p. 72.
17. ReL 15, p. 29.
18. W. ) ost, "Diffusion in solids, llquids, gases", p. 47 Academic Press

(1960) .
19. A.B. Lidiard, "Handbuch der Physik", Vol. xx (1957), p. 335.



328

RESUMEN
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Se calcula el coeficiente de aurooifusión para halogenuros alcalinos
en los cuales existen centros F formados por irradiación de la muestra y tam ..
bién por aplicación de un campo eléctrico. El método consiste en determinar
teóricamente el número de vacancias que existen en los cristales con centros
F y substituir esa expresión en la fórmula para el coeficiente de aurodifusión.
En el caso de cristales irradiados se encuentra que el coeficiente de autodi.
fusión, depende de la intensidad de irradiación. F.n el caso del cristal al
cual se ha aplicado un campo eléctrico se encuentra que el coeficiente de au-
todifusión, depende del coeficiente de difusión de los centroS F en el halo.
gen uro alcalino considerado y de la corriente que pasa a través de la mues"
trae




